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ABSTRACT

The New Zealandvibrating hammer compaction test procedinas beenproven to
provide inconsistent results. As supported by the Opus investigation, repeatability and
reproducibilityvalues of the New Zealanda®dard for the vibrating hammer compaction
test method are higher than thosalues found instandardsboth in America and the

United Kingdom.

The research examined the variability in the vibrating hammer compaction test results.
Two approaches were implemented to achieve a sound and scientific understanding of the
variability associated with the test resul Firstly, repeated testing of the vibrating
hammer compaction test was conducted under constant conditions to determine the
natural variability of the test. Secondly;r&y diffraction tests were conducted to verify

the homogeneity of the source aggtedaeing used for testing.

Results have confirmed thide variability is signifcantly large considering the te$igve
beenconductedunder constant test conditiorignder these conditionfctors that could
possibly affect the reliability of the testesults have been kept the same throughout
testing.The natural variability in the source aggregate explains approximately 30% of the
observed variation in the Opus Interlaboratory stédyevident in the resultshé amount

of compactive effort applied tthe sample during compaction determines the degree of
Dry Density achieved

X-ray diffraction results have shown that there are some differences within the aggregate
in terms of physical properties and mineral constitudttsvever, it is unknown to what
extent, if any, these differences contributed to the variation in the vibrating hammer

compaction test results.

Future research is recommended in areas such as the amount of contribation
segregation and degradation has on the variatidgheoksults Additional testing should
be done on aggregates passing the 19 mm sieve to observe whether oversized patrticles

have the effect of interlockingnd interfering with compaction.
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Chapter 1. INTRODUCTION

1.1 Research Motivation

Vibratory hammer compaction is a relatively new approach in aggregate laboratory
testing. Origindly, the test had been developed specifically for the compaction of
granular aggregates. The reason for the development of this test was that the Standard
Proctor compaction method was deemed an ineffective approach to compacting snaterial
of a granular nare. The issue with the Standard Proctor test method was that the
granular material would often break down and displace when struck by the impact
rammer(Farrar, 2000; Felt, 1963However, the method which was adopted by the New
Zealand Standards authoriffdZS) for the vibrating hammer compaction test was also
deemed inadequate due to its inconsistent nature. Consequently, Opus Ltd conducted an
inter-laboratory investigation to identify the degree of variability in the vibratimgrher
compaction test results where the study found repeatabilityeggndducibility values of

the New Zealandribrating hammer test method to be significantly higher than those
specified in the British and American Standards. Therefore, it is evidenthdoy t
repeatability and reproducibility values in the Opus investigation that the New Zealand
test produces inconsistent results and therefore may need revision and/or minor
alterations(New Zealand Standards, 1986b; Opus International Consultants Limited,
2008) The variation and unreliability in the results of tkesttis not only apparent in New
Zealand(NZ) but also by countries abrog@ritish Standards Institution, 1980; Opus
International Consultants Limited, 2008)

The purposef laboratory compaction is to determine the Maximum Dry Density (MDD)
and corresponding Optimum Water Content (OWC) st ttiese values could be targeted
in field compaction. Howeveprevious research has shown ttre laboratoryibrating
hammercompation test adopted in NZ produces unreliable aighificantly variable
results. Thereforeresearch is essential to identify theasons for the variability and

where possibléo better control those variables.

This researchkindly funded by the New Zeahd Transport Authority (NZTAdhrough a

Roading New Zealand projeatill undertakdaboratory testing facilitated by Stevenson
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Ltd. It will consider one source aggregate material (Greywacke) to detertimne
minimum statistical variation associateth the test methoddopted irNZ.

1.2 Research Objectives

The primary objective of his research was to determine a sound and scientific
understanding of the variabilityrithe results of the N¥ibrating Hammer Compaction
Test(New Zealand Standards, 198&hjough rigorous testingnd provide conclusions

and recommendations based on the results obtakifsskntially,there aretwo fadors

which caninfluence the ibrating hammer ompaction testesults The first factor ighe

natural variabilityin the properties andnineral constituens of the aggregatevhere
samples taken from the same aggregate source tested under the same test conditions can
yield different resultsThe seond factor being th&est conditions of the expenent Such
ashammer type and age, mould size &chnician experiencgWilson & Shamseldin,

2010) The research focuses on identifying the natural variability in the test procedure.
Thus, although aggregate quality control awadural aggregate variabilityill be briefly

tested, a large portion of the research will be focused on conducting the vibrating hammer

compaction tedb note its variability

1.3 Research Methodology Overview

The research methodology wadit into threemain phases.

Phase 1 Review of Literature i A comprehensive review @ppropriatditerature
availabe.

Phase 2 TestingT The testiig phase was further split into threages, namely:

1 Quality Control Testing Strength and durability tests were carr
out on the source aggregate to ensure a certain level bfyqwas
maintained

1 Vibrating Hammer Compaction TestifigThis is the main stage ¢
the testing phase. Condingf the vibrating hammer test a sufficie
amount of times to obtain viable data t@yde statistical analysi
on the results.
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1 X-ray Diffraction testingi Perform Xray Diffraction tests tc
determine any variability in the properties and mineral compos
of the source aggregate.

Phase 3 Results Analysis and Conclusiong Evaluationand analysis of result
obtained from the testing phase to provide conclusions
recommendations

1.4 Organisation of the Thesis

The structure of thehesis follows froma literature review of existigp studies through to
testing,analysis and presetitan of results obtained. ThiseStion provides an overview

of the subsequent chapters of thedis.

Chapter Zprovides an introduction to the theory of compaction. The chapter blegins
defining the pavement structure followed by an outline of the compagtiocess
including the importance of compaction. The compaction curve isdbseribed where

the two variables which make up the curve, the Water Content and Dry Dexrsity
explained. The types of laboratory compaction used today are then reviewed. Fiel
compaction is then briefly outline&pecifications relating to the compaction of unbound
pavement layers in New Zealand are then discudsdidwed by a summary of the

chapter.

Chapter 3describeghe typical aggregates used in New Zealand for thecbasse layer

in pavement construction. A brief history of the types of aggregates sourced for
basecoursés initially introduced in thechapter. Aggregate qualityontrol tests are then
describedollowed by a review of the Xay Diffraction analysis usefdr identifying the
variability in the properties and mineral constituents of the source aggrégateffect of

an aggregatesd grading on its performance

the chapter.

Chapter 4 reviews and describes the possfhktors which could contribute to the
variation of the vibratindgpammer compaction test resultsalsodescribes the ruggedness
test,which is usedin identifying factors which have a major effect on the variatioa of
test experimentA case study wich is relevant to this research is then discussed. The

chapter is then summarised.
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Chapter 5provides a review of thegarious vibrating hammer compactioest standard
methodologies available, including those from thated States of AmericlUSA) and
United Kingdom UK) test standarddn this chapterthe New ZealandStandardfor the
vibrating hammer compaction test metheccompared tonternationalstandards which

have adopted a slightly different approach to using the vibrating hammer for compaction
testing. Evaluation ofeach section of the standaisl conducted tdfind any major

differences between these standards

Chapter 6describes the research methodoltiggt has beeadopted to successfully and
efficiently perform the research. The researcdkdaare first identified, followed by a
detailed description of the methodology of each of the three different types of test

performed

Chapter 7presentsand discusses the results obtained from the various tests conducted in
the researcHt begins by rief introduction to the chapter, followed by discussion of the
guality control test results obtained for the source aggregate. Chapter 7 then discusses the
statistically analysed results of the vibrating hammer compaction tests. And finally the

results & the X-ray diffraction tests are discussed.

Chapter8 providesthe conclusions drawn from the research and the recommersfation
important issues within the vibrating hamnmmpaction topic which requirgurther

research



Chapter 2. COMPACTION OF PAVEMENT

MATERIALS

2.1 Pavement Structure

2.1.1 Introduction

Pavements are primarily designed to provide a stiff surface that serves a specific
transportation needlhe surface stresses by theetypressure on the pavement must be
transferred to thesubgrade (underlying materidteeneath the pavement)ith the least
amount ofunrecoverableleformationstrain The function of a pavement is thus to reduce

and distribute the surface stresses to an acceptable level at the subgrade. This basic
function must be conducted under differeeasonal and environmental conditionsl an
without permanent deformatioor cracking. The initiation of any of these distress
conditions would reduce the functionality of the pavenfeiang, 1993; Thom, 2008)

The key mechanism used in the transfer and reduction of loads in a pavement is the use of
layers of decreasing strength from top to bottom. The differentdaiistributethe load

thus decreasing itsntensity with depthandresulting insubgradestresses being much

less than stresses on th@rface These lower stresses at the subgrade ensure it does not

undergo excessive deformatiaiapagiannakis & Masad, 2008)

There are two basic pavement typeswith a number of variations ®ach type. The two
types used in the roading industry are flexibid @igid pavements. Theoretically, flexible
pavements transfer uniform stresses throughout the layers but defecre non
uniform. Converselyor a rigid pavementhe transferred stresses are not uniform but the
deflections areuniform. In practice, he stress and deflection distributsahroughout the
flexible and rigid pavements depewnt the relative stiffness of thep layersto the

underlying granular layerf$iuang, 1993; Thom, 2008)
2.1.2 Flexible Pavements

The crosssection of a genar flexible pavement is showm Figure 2-1. The layered

systemconsists ohigh gradematerials orthetop where the intensity of stress is hayid



Chapter2.Compaction of Pavement Materials

inferior materials at the bottom where #teesdntensity is low. Starting from the top, the
pavement consists afwearing surface, ls@course, subbase and subgi@dem, 2008)

Basecourse |

Subbase

D me

Figure 2-1: Cross-section of Hexible Pavement(Papagiannakis & Masad, 2008)

The wearing surface is the top course of a flexible pavement, sometimes called the

surfa@ course Within NZ, the wearing surface igsually made froman Asphalt mix

(AM) layeror Chipsal (CS) The CS surfaces better known atite 60sur f ace dr ess
many parts of the world such as the United Kingdom. It is considered the dominant
surfacing type in NZ and comprises of a uniformly sized stone chips embedded onto a 1

to 2mm layer of sprayed bituméhransit New Zealand et al., 2009he wearing surface

must be tough to resist distortion under traffic and provide a smooth andesisthnt

riding surface. It musalsobe impermeabldo protect the entire pavement and subgrade

from the weakening effect of watérhom, 2008)

The baseourse layer sits directly below the surface layer, as shovaigure 2-1, and
helpsprovide additional load distributionhere the imposed load on the surfacerse is
spread over a bigger area of the road bBseauseit lies directly below the wearing
surface layer, it experiences the second highest intensity of strébsedepth of the
baseourse layer largely depends on @aifornia Bearing RatioGBR), a measure of the
bearing strengtipf the layers below it (Subbase and subgrade laykm@so depends on
thetraffic characteristics of the road being bsilich aghe Annual Average Daily Tfac
(AADT) and Equivalent Standard Axle€$A). The basecotwse layers are usually
congructed in NZ from unbound aggregatesas will be discussed in &tion 2.2.1,
unbound aggregates are essentially-reend particles with no cohesioBue to this
fact, compaction becomes a key role in achieving the desiredgsiref the basecourse

6
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layeras it compresses the freeund particles tightly together and provides confinement
as shown irFigure 2-3. In New Zealandtypical basecourse aggregatexjuire a 95%
minimum relative compactioto adieve the desired strengthhus aggregates used for
the basecourse layer must bempacted effectively tprolong the pavemets desigrife
andto avoid pavementlamage such as ruttirfglenning, 2008a; Hoffman, 2008; Transit
New Zealand, 2005b)

The baseourse layer also se¥s to contribute to frost resistance and rdtage and
swelling control. Ifwater reaches the subgrade, it may cause it to shrirskvell; the
basecourse layer serves as a surcharge load imposed on top of the subgrade reducing the
amount of swiing or shrinkage taking place.h& basecourse layatso contributes to
drainage. As water entethe pavement structure through craeksl jants, an open

graded basecourse layer can carry this water away to the rogHisatey, 1993)

The subbase is the layer of material beneath the basecourse alty emsists ofarger
sizedcrushed aggregate. This material has better engineering properties, such as modulus
of elasticity, than the subgrade layer thus resulting in a higher beapagity however,

it is lower in quality than the basecourse lagieove it It is important to note that the use

of two layers, basecourse and subbase, consisting of aggregates is for economic reasons.
The basecourse is the stiffer layer because it uses higher quality aggregates and because
the stressntensity decreaselirther down the layers, lower quality aggregates can be
used thus forming the subbg&apagiannak & Masad, 2008; Thom, 2008)

The final layer in the pavement is the subgrade and can consist of the {ettalsoil or
compacted filimported from different locations. If the-gitu soil is used, the top layer of
soil isusuallyscarified sometines undercuandthe replaced fill is themompacted to the
desired density an@ptimumWaterContent(OWC) (Huang, 1993; Thom, 2008)

The thickness of eaclayer varies with the type of axle loading, available materials and
expected pavement design life. The expected design life is the number of years the
pavement is expected to provide arequhte servicevith the expected ESAefore it

requires asset interil@on and amajor rehabilitations required
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2.1.3 Rigid Pavements

In contrast to flexil® pavements, rigid pavements canpbeced either directly on the
prepared subgrade or on a single layer of granular or stabilised m&tguaé2-2 shows

a crosssection of a generic rigid pavement structure. As is the case with flexible
pavements, the subgrade is often scarifiégehded and compacted to the desidedsity.
Above this layer is the basecourse which has the same functiois &mn the same
material as the basecoursger in the flexible pavementhe top layer is constructed
from either unreinforcedor reinforcedconcrete and acts as an impervious layer that
reduces water ingress. It also provides a-s&sgilstant smooth siace on which viicles

can operate. The disadvantagfeusing concrete is that it cracks undeermalstresses.

To counter the effect of shrinkage, transverse contraction joints are built into the
pavement. Load transfer devices, such as dowel barplaaed in the joints to minimise
deflections and reduce stresse=ar the edges of the slaff®apagiannak & Masad,
2008)

Figure 2-2: Cross-section ofRigid Pavement(Papagiannakis & Masad, 2008)

2.2 Compaction Process

The compaction process (also known as densification) is defined asntlogal of air

voids from the materiddy application of mechanical energy with zero or minimal change
in the water contgt. Compaction should not be confused vaithi consolidation, which is

void reduction in saturated soils over a length of time due to the expulsion of water.
Compaction modifies and enhances¢hgineering properties of the material. Compacted

materiak display higher strengithower permeability and lower compressibil{®rnevich

8
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et al., 2007) Carson (2004) defines compaction
i ncreasi ng t hGarsoi(20043best explams thissby thd useafliagram as
shown inFigure2-3.

Loose Soil (poor load support) Compacted Soil (improved load support)

Figure 2-3: Soil Structure Before andAfter Compaction (Carson, 2004)

The expulsion of air durmn the compactionprocess causes both the siéyn and unit

weight of the materialo increase. Although similar, these two parameters are different

and are commonlgonfused betweeeach other. Density is the amount of mass per unit
volume and is expresseds k g/ mj (kilograms per meter C|
the other hand, unit weight refers to the measure of weight per unit volume and is
expressed as kN/mRilo Newtonsp er met er cubed])Dmavkheata., t he s
2007)

The degree of gopaction is expressed in terms of the dry density. (The reason for

expressing the degree of compaction by the dry density aidim@ b ul k densi ty
the bulk density contains water, and water offers no streHgtice the performance of a
compacted materiaan be best expressed as thmant of dry soil solids per unit of
volume(Drnevich et al., 2007)The formula used to calculate the @rgnsityis as

follows:

., p TU'TT -
p TLTO D
where:
. = Dry Density of Soil (t/m3)
» = Bulk Density of Sail (t/m3)

0 = Water Content expressed as a decimal number



Chapter2.Compaction 6bPavement Materials

However it is important to note that Dry Density (D) not adirect measure of material
properties, that jsdifferent materialwith the same or similar DD will not exhibit the

same or similar engineering propert{€snevich et al., 2007)
2.2.1 Importance of Compaction

Compaction is an imperative processidg the pavement construction phasesnsuring
the desired performance levels from the pavement are achl{i€lhedtopher et al., 2006)
Budhu (2000) mentions that compaction is one of the most popular techrafues
aggregatgropertyimprovementSome of thesenprovementsnclude

The increae in shear strength of the aggregate.
The decrease in compressibility; reducing the potential of excessive long term
settlemenbof fills and soils

1 The reduction in permeability; restraining flow whter thhough the compacted
basecourse layer

1 The general decrease in void ratio; this helps prevent \iratar being withheld
by the basecourse laygéhus maintaining strength and stiffness properties

1 Achievinga state of increased unit weight

These aggregataroperty enhancements are vital to prolioggthe life of the pavement.

To achieve an optimum degree of compactidaximum Dry Density (MDD)must be
reached. The MDDargely depends on th&ater Content(WC) of the aggregateThus
preliminary laboratory @mpaction tests are conducted on the sample to obtain the MDD
value and corresponding Optimum Water Con{@WC) value. Subsequent to obtaining
these values from laboratory testing, optimiigid compaction can bergetedaccording

to these values.

In addition, New Zealand pavemerdee fatiguestructureghat arepredominantt (>90%)
unbound granular aggyates These types adggregateand pavementsely heavily upon
reaching design compaction levels to be able to withstand an adequate design life of
repeated traffic cycles. Thuschieving the desired compaction levels is immensely
important to getting the expected design life outhaf totalpavementstructure(Black,

2009; Henning, 2008a)

10
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Unbound aggregatese a skeleton of particles with principally no cohesion to keep these
particles stuck together. Thukere must be a significantly high degree of confinement of
these particles to achieve the desired stiffness of the unbound granulaClaryamement

of these particles is provided by the horizontal stresses that arise as a result of compaction

and subsequent traffic loaditjew Zealand Institute of Highway Technology, 20Q00)

Contractors a required to determine thaboratoryMaximum Dry Density (MDD) and

the Optimum WaterContent(OWC) by using the Vibrating Hammer Compaction method
specified in the NZS 440Zest 4.1.3. This test will set the target dry density that the
contractor must@hieve when compaction occurs e field (Frobel & Moulding, 2006;
Transit New Zealand, 2005b)

2.3 Compaction Curve

2.3.1 Introduction

The Water Content (WC) at which a material is compacted defines the degree of
compaction achievedThe WCis usually expressed in percentayal is defined as the

ratio of the mass of the water to the mass of the sinlids aggregate

Defined as the mass per unit volume, Dry Den$iYD) is considered an important
property of engineang stabilisation. The symbol used to denote Dry Density iand is
expressed in terms of kg/m3 (or t/m3). The degree of deissitgfined byhow loosely or

closely the particles are packed.
2.3.2 Water Content 1 Dry Density Relationship

Subsequent to edining laboratory compaction results, the OWC at which the MDD
occurs is determined from the graph of plotted restiligoretically the results obtained
from the laboratory vibrating hammer compaction festuces a bekhaped curve. The
peak of the arve is defined as the Maximum Dry Density (MDD), the WC at which this
MDD occurs is better known as the Optimum Water Content (QWC)

The Dry Density and Water Content relationship varies depending on the type of material
being compacted. According to tBeitish Standard of the vibrating hammer compaction
test i BS 1 padt 4 Ts2n@ethods for laboratory reference density and water

contentr Vi brating hammer o aggregate compacti on

11
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as shown inFigure 2-4. The first two formsare discussed in the next twecsons to

come where the convex downwards curve appears wtteesivematerialis compacted

the convex upwards curvehown inFigure 2-4 occurswhen cohesionlesmaterial is
compactedBecausehis research is testing a cohesionless unbound granular aggregate,
more focus will be given to the curve produced by camsss material. The flat curve
where the material dry density is independent and insensitive tedter contentis rare

and does not occur often ahence will not be discuss€BS EN 13286 4, 2003)

e’ )

al b} c)
Convex upwards Convex downwards Flat

Figure 2-4: Different Forms of Compaction Curves (BS EN 1328 - 4, 2003)

Cohesive Material

An optimal degree of compaction will only reachedvhen the Optimum Water Content
(OWC) has been achieved. This is because compactive forces are regigtedriztion
between themateriad articles. The water availakl in the voids helps reduceigh
friction. For every aggregatéype there exists an Optimum Water Content and a
Maximum Dry Demsity as illustrated irFigure 2-5. It however must be noted that the
curve shown below is a typical e baed on a compacted cohesive mateAal will be
discussedn the next $ction cohesionless gradedaterials exhibit a slightly different

curve.

From Figure 2-5, it can be seen that water contents less than the OWC prawide
increase in dry density if the water content is increased, this is where the increase in water
acts as a lubricant and helps reduce friction between particles. However, at water contents
above the OWC, the increase in water prevents the expulsion ahdior water and

hence alecrease in dry density is obseryBdanevich et al., 2007)

12
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Zero Air Voids Line

-

Maximum Dry Density

Increasing Dry Density

Optimum Water Content

|

Increasing Water Content

Figure 2-5: Typical Compaction Curve for Cohesive Material(Drnevich et al., 2007)

The Zero Air Vods (ZAV) lineshown inFigure2-5 is a property of thaggregatehat is
dependent on the Solid Density of the soil. The ZAV represents the soil when it is fully
saturated, i.ethe voids in the soil are completdiijed with water (no air). It can be

calculated using the following formufdlew Zealand Standards, 1986a)

14

' —VU (2.2)
where:
' = Dry Density at saturation (at Zero Air Voids) (t/m?3)
' = Density of Water (t/m3)
' = Solid Density of Soil Particles (t/ms3)
0 = Water Content (%)

Cohesionless Material

Most of the ganular méerials behave differently dung compaction and hence exhibit
unusualcompaction curvehan that observed for cohesive sol®r these materials, the
Maximum Dry Density (MDD) is at either drgonditions (0% WC) or neasaturation,
while lower dry denity valuesareo bt ai ned at i (Bergesomeeal.,il1998;e
Forssblad, 1981; Hilf, 1991; Parsons, 1992; Pike, 19X2)example of a typical granular

soil compation curve is shown ifrigure2-6.

13
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Forssblad (1981gxplairs that effective compaction at owelny conditions works well
for graced materials with as much as 30#tes. In contrastBrandl (2001) reported that
even though the Maximum Dry Density may occur at eden conditions, the MDD
should nevertheless be chosen abttser peak where the Optimum Water Content lies
near saturatignhe supports his argument by exping that if the material wat® be
compaced at overdry conditions it would favour longerm grain rearrangement and

hence differential deformation.

On the other hand, eompacted layer of material where the MDD and corresponding
OWC were achieved on the sdtiuoska@touroHence ur ve cC

Brandl 6s (2001) report suggests that I f t he
saturation curve, a slightly lower Water content should be chosan@g/C to prevent
the O0bpheagebehaviour of the | ayer.
Zero Air Voids Line

2

w

=

L

A

e

A

an

§=

@

1

5

k=

0 Increasing Water Content

Figure 2-6: Typical Compaction Curve for Granular Material (Drnevich et al., 2007)

The low dry densities that occur in thengmaction curve of granular materiak
intermediate Wier Contents (as seen kigure 2-6) is explained by a phenomenon
known as bulkingHilf, 1991); the range of Water Contents at which this phenomenon
occurs are cadld bulking Water Coents. Gpillary stressewhich existunder low Water
Contents cause bulking. Tension stresses amaeiiin partially saturated materiahere

a curved surface develops at thevaater boundary. The tension stresses (amader

14
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available within the materiphelp keep the particles in place and resist the compactive
effort applied on the sample (USBR, 1990). Thims phenomenon only occurs at
intermediate Water Contents because the tensile stresses do not exist at completely dry
conditions,and begin taeduce as the aggregattarts to saturate; allowing for higher

compactive effort and therefore effective compac{Bergeson et al., 1998)

Engineering judgement should be exercisgden selecting the OWC, to achieve the
appropriate MDD. This is because, as mentioned earlier, soesetancurve would
indicate that, at completely dry conditions, the OWC emlespondindMDD have been
achieved, however these values should not be chosen due to the fact that a compacted soil
that is too dry favours long term grain rearrangement and liffieeential deformation.

Also on the other hand, if the optimum appears to be on the saturation line (ZAV) then
the optimum should be selected a little below this value, because at saturation level the

compacted layer would be rather spongy.
2.3.3 Compaction Suitability

A various number of laboratory compaction tests have beenlopexdk to suit the
different aggregate types that exist. Thedterbnt aggregatetypes require different
methods of compaction in order to be compacted correctly to an optimumTaigels
because different aggregateshave differently under the application of loads. ian

two materialtypes are cohesionleasid cohesivenaterials This research deals with the
compaction otohesionlesgranular graded materials. Thitss important to analyse the
different methods of compaction and determine the advantages and/or disadvantages of

these methodgarticularlywhen compacting granular graded materials.

2.4 Laboratory Compaction

This Sction discusses the different methods of compaditd discusses the advantages
and/or disadvantages of each technique relative to granular soils. Compaction processes

in a laboratory can be classified under five categdgtiesford, 1975) namely:

Impact Compaction
Static Canpaction

1
1
1 Kneading Compaction
ll

Vibratory Compactionand

15
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1 Gyratory Compaction
2.4.1 Impact Compaction

Developed originally by Proctor in 1933 to aid in earth dam stabilis@ficoctor, 1933)
Impact compaction is one of the most widely used compaction techniques today. The
Proctor test (named aftesiteveloper) basically involves dropping a hammer of a known
weight from a set height onto the sample. The test is relatively easy and cheap to, perform

however some disadvantages exist withie tesi(Luxford, 1975)

Felt (19%8) reports that the impact compaction test is not suitable for cohesionless
material containing sands and/or course graded crushed stones or similar material
possessing inherent angular stability. Felt (1968) further explains that the test is
unworkable vith cohesionless material due to a number of factors; filstigguse there is

no confinement othe samplethe cohesionless particles easily displace when struck by
the rammer. Second, the impact force is considered small and limited when compacting
cohesionless soils. Third, the mould restraint and friction between the particles oppose the

requirement of the particles packing closer together by moving horizontally.

Furthermore, repetitive ramming degrades the sample. Rdpprttoover, Kumar and

Best (1970) and Dulap (1966) confirm that impact compaction does not produce
satisfactory results when compacting esionless granular materials due to degradation

of the sampl e. Strikes produced by the i mpa
granular material otherwise known as degradafi@irar, 2000; Felt, 1968Pegradation

tends tomcrease and become more of a problem as the percentage of coarse aggregates is

increased in graded materi&lohnson & Sallberg, 1960)

An article by Sherwoo1970)showed that reprodudility of the impact compaction test
is unsatisfactory for compaction control purposes. Howelierdegree of reproducibility
was considered acceptable for design purposes. Heénceuld be argued that this is

unacceptable for testing purposes.

In additon, another problem in using the Proctor test on granular materials is that it is
very difficult to get a flat surface of the specimen by levelling the top of the mould for

testing measuremeniStrohm et al., 1967)
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A new procedure was later adopted by the New Zealand Stan@Z&4402 Test 4.1.2

Heavy compaction) to account for the improvements in w@olgy in field compaction

equi pment . The O6Heavyd compaction test w b
60Modi fied Proctord compaction test is |l arg
few minor changes such as a heavier rammer that is dropped fgoeater height and the
compaction is done in five layers rather than three as in the standard Proctor test
(Hausmann, 1990)he differences between the twotsesre provided ifable2-1.

Table 2-1: Comparison of the Stanérd and Modified Proctor Compaction Test
Methodsi Reproduced from(Brandl, 2001)

Detail Standard Compaction  Modified Compaction

Mould Volume(cm?d 1000 1000

Mould dameter (hm) 105 105

Mould height(mm) 115.5 115.5
Rammer diametgimm) 50 50
Rammer dop height(mm) 300 450
Rammemass(kg) 2.7 4.9

Number of layers 3 5

Blows per layer 25 25

Energy inpui(kJ/m?) 596 2703

The modified compaction test was still deemed ungattry for use on granular
materials. Due to thesame problem mentioned earlier for the standard Proctor, the
cohesionless nature of unbound granular material catsegarticlego simply displace
under each strike of the rammer. The granular matemaige under each successive
rammer blow, however not much actual compaction or densification occurs. Thus, in
order for effective compaction of granular material to take place, mamént of the

particles is vitato prevent the displacement of partic{eaxford, 1975)

In addition to the standard and modified Proct@thods ofcompaction, another impact
compaction methgdknown as the Marshallammer Compaction Testas introduced
specifically for compacting dense graded agates although this method was never
actually implemented. In short, the Marshall Hammer test uses a slightly bigger hammer

(in diameter) and a smaller mould than the standard and modified proctor tests. These
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changes allow for increased confinementtfad sample preventing (to a certain extent)

from displacing freely and actually compad¢tinThis test was found to produce
Maximum Dry Densities of graded aggregates which were much more achievable in the
field than the standard and modified compactiwthodqgRoberts, 1976)

2.4.2 Static Compaction

Static compaction involves compressing a-Wwedghed specimen in a cylindrical mould

by placing it in a compression testing machine. Compression forces are progressively
increased until the Maximum Dry Density is reach@thusmann, 1990)However
because of the way the test is done, particle orientation is likely to be diffienenthat
achievedn the field since the field technique of compaction is not simulatadynvay

in this testA report conducted byohnsa and Sallberg (1962howed a few factors that
influence the test, these include:

1 In order to prevent segregation graded granular aggregates must be placed
into the mould very carefully.
1 Long periods of static load application onto the sample resultgouisson of

water producing a Maximum Dry Density at unrealistic water contents.
2.4.3 Kneading Compaction

Inspired by the kneadingction produced by the sheepsfoot roller (Ssetion 2.5) in
field compaction, the kneading compaction laboratory test was geeelBimilar to the
sheepsfoot roller in the fieldthe laboratory compacton efforts on the sampleare

gradually built up then gradually released.

The development of an automatic kneading compalyoDodd and Dunlop1971)
showed that the kneading compaction method is not suitable for the compaction of
granular materials such as sand; it was observed that surface deformation occurred under
the compactor foot and thaompaction results were unsatisfactory. Significantly higher

Dry Density (DD) values were achieved at lower Water Cost¢wC) by vibratory

compaction.
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2.4.4 Vibratory Compaction

Compaction of granular soils and aggregates is oftamfoundedby the lack ofan
appropriate test metho@ther methods of compaction such as impact compaction have
been deemed unsuitable to compact these types of soils due to their cohesionless nature.
Thus, new methods such as vibratory compaction have beefoded in an attentgo
bettercompact these types of soilSince feld compaction equipment us#brations to
compact aggregates effectively, vibratory compaction yields a better correlation between
field and laboratory result€ompaction by vibratory mearcan be achiedein two ways

as illustrated ifFigure2-7.

|
§

a) Vibrating Hammer Gmpaction b) Vibrating TableCompaction

Figure 2-7: Methods of Vibratory Compaction

The difference between the twaroceduress that thevibrating table methodFigure 2

7b) places a static surcharge load on top of the sample contained within a mould and
appliescontinuousvertical vibrations from the bottom. In contrasitie vibrating hammer
method(Figure 27a) utilizes a vibrating hammer which is placed on top of the sample
contained within the mould arappliesvibratory forces for a specific set tinfieom the

top. The vibrating hammer method is considered better due to the fact that it better
simulates field compaicin (Drnevich et al., 2007)Since this research is concerned with

the vibrating hammer compactitest focus will be given to this method.

Initially designed for heavy duty demolition work, vibrating hammers Wages utili sed

for soil compactionBeng considered the most suitable for the compaction of granular
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soils, the vibrating hammer compaction method providé® required confinement
granular aggregataseed in ordefor effective compactionln this method, compaction
occurs by vibrationwhich means the specimen is compacted thoroughly throughout its
depth(Luxford, 1975)

Since its development, extensive research has been carried out on the vibrating hammer
test not to only ensure its validity but to also seek i acceptancéy international
standardsAuthoritiessuch as the American Society for Testing and Materials (ASTM),
British Standards Institution (BSI) and New Zealand Standards (NZS).

The first to perform a thorougimvestigation and research on the u$dhe vibrating
hammer compaction test was Parsons (19@M)ere the focus was ofive different

factors affecting the test:

Type of hammer andper size used
Magnitude of static load applied
Period of operation of hammer

Size and shape of moyldnd

= =4 =4 =4 =

Voltage supplied to hammer

The resultsn P a r s o0 n s idves{igat@roled)to the adoption of thidratory hammer
compactiontest by the British Standards Instituti@BS EN 13286/ 4:2003 Unbound
and hydraulically bound mixturésPart 4: Test methods féeboratory reference density
and water content Vi br at i n g(BSHENM3286- @, 2003; Luxford, 1975)
ASTM approved the vibrating hammer test in December 284 result of research
conducted byDrnevich, Porchaska and Evameerea comprehensivénvestigation wa
conductediy them at the Univsity of Purdue in Indiana regarditige vibrating hammer
test and its reliabilit(IHS, 2010) Thus thetest is slowly being recognised worldwide,
however due to some of its uncertainties (such as its repeatability and remfibguc
some parts of the world (such as Aus#&prlcontinue to usdhe Standard Proctor

compactiormethodfor granular materials
2.4.5 Gyratory Compaction

Gyratory compaction is the result of research and studies conducted by the U.S Army

corps of Engineers and the Texas Transportation Inst{feteg et al., 2003) The
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compaction method has shown great promise for compacting granular base course
aggregates. Because sample preparation is done in one layer, segregation and

stratification are prevente@.uxford, 1975)

There are conflicting reports on the degradation that occggatorycompactionSome
authors havebserved very little or ndegradation in the sample whilst others have stated

significant amounts of degradation Haeen observeflLuxford, 1975)

2.5 Field Compaction

It is important to understand the process and theory behind field compaction in order to
devise a satisfactory laboratory experimental compactioceplure which replicates @n

realisticallyrepresents actual compactionthe field.

Because of the advancements and improvements in field compaction equipmemne
recent yearsthe MDD and corresponding OW@rthe reachedni the field at much lower
values than those obtained in the laborat@y shownin Figure 2-8). The improved
heavy rollers could achieve MDD at much lower Water Contents than those specified in
the laloratory However this could lead to degradation of theaterial being compacted

and so it is imperative that veheavy compactors are not usedthe field. A balanced
relationship between laboratory compaction and field compaction should besbstdbli

As can be seen iRigure2-9, the compactive effort greatly affects tMeDD achieved

thus reasonabldield equipmenthat are not too powerfighould be specified depending

on the compactive effort used in the laboratory.

The NZ specification for the compaction of unbound pavenegyers, which will be
discussed in greater detail in Section 2.6, specifies that the Maximum Dry Density for
field compaction is the higher of the maximum laboratory dry density and the pleatau
density at Optimum Water Content (OWC). This requirementiressthat the maximum
laboratory dry density is the minimum requirement achieved on the field and therefore
prevents the need for the TNZ B/2 specification to specify restrictions on the allowable
weight of compaction rollers to be used on the fi@ldansit New Zealand, 2005a)he
TNZB/2al s o s pAenaximbm reusberiofonnesmass pemeterof roll width has

been retained to give some guidance on when rollers are likely to significantly change the
gradation of TNZ M/4 basecourse materglBransit New Zealand, 2005a)
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ield Effort
Field Effo _Zerc Air Veids Curve

Dry Density (kg/m)

OWC (field) OWC (lab)
Water Content (%)

Figure 2-8: Effect of Compaction Hfort on the Compaction Curve i Laboratory and
Field (Ping et al., 2003)
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Figure 2-9: Effect of Compaction Efort on the Compaction Curve - Different
Hammers(Ping et al., 2003)

Figure 2-10 displays two different types of rollers used in fieddmpaction. The
sheepsfoot rolle(Figure 210a)as t he name suggests resembl es

used first during the compaction process. It compacts the material from the bottom up.
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The smooth rolle(Figure 210b) on the other hand, compacts thgeafrom the top
down and is considered the final stage of compaction which is usually applied to the layer
after the sheepsfoot roller.

a) Sheepgfoot Roller b) Smooth Rller

Figure 2-10: Field Compaction Rollers
2.6 Compaction of Unbound Pavement Layers in NZ

2.6.1 Introduction

The New Zealand Transport Agen¢NZTA), formerly Transit New Zealan(TNZ), has
implementedspecificatios for the construction of unbound granular pavement layers in
New Zealand. Thapplicabé specificationfor compactions referred to as the TNZ B/

and includes a guideline faompaction of these types pivementayers.
2.6.2 Compaction Criteria

TNZ B/2 specifies that compactioshould be undertakenn the minimum number of

passes of compactio f i el d equi pment . The contract
conducting the New Zealand laboratory vibrating hammer compaction test on a sample
representative of the material usadthe field to find the MDD and corresponding OWC

(Transit New Zealand, 2005b)

Once the MDD and corresponding OWC valaes known,compactioncan then take
place During thefield compaction proces§NZ B/2 specifies that the contractor monitor

Dry Density levels by undertakinpe Plateau density test using a nuclear density meter
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shown inFigure 2-11. This meteris asophisticateciece of equipment which measures
the Dry Density at the location it is placed

Figure 2-11: Nuclear Density M eter

In order to achieve satisfactorydegree of compaction, the TN&Z/2 standardpecifiesa
requirement which the compacted pavement layer must comply with in order to be
deemed an acceptable level of compaction. These requirements are Jiablel2.

Table 2-2: Mean and Minimum Value of PavementLayer Compaction as
Percentage of Maximum Dry DBensityT Reproduced from (Transit New Zealand,
2005b)

Basecourse Pavement
Layer, % of MDD

Parameter Values

Mean Value 0938

Minimum Value 095

These values given ihable2-2 are believd to be achievablanithe field. Howeverthis

largely depends on the power produced by the field compaction equipment.itTibus

vital that the contractor utilises appropriate equipment depending on the nature and size
of the pavement being compactedeTchoice is usually dependent on #iength of
aggregate, and layer thickng3sansit New Zealand, 2005a)
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2.7 Summary

This chapter discussed the theory of compaction and its vital radehieving stable
pavement structures with an adequate design life. Pavement structures in Newd Zealan
are predominantly constructed from unbound granular material. These types of material
rely heavily upon reaching optimuoompactionto be able to withstand repeated traffic
loadings. Thus, effective compaction of these types of materials is imperative to

constructing a pavement structtinat will meet the expected design life criterion.

Different types of materials behave differently under the application of load due to their
natural characteristics and properties. To effectively compact a particutanftypaterial,

an optimum method should be selected which best suits that type of material. The
vibrating hammer compaction test was deemed the best approach to compacting
cohesionless granular materidlithough this research is concerned with the lalooyat
vibrating hammer compaction test, field compaction was discussed due to the fact that
grasping an understanding of field compaction is imperative to devising a method in the

laboratory which realistically reflects compaction on the field.

The NZTA hasimplemented a specification for the construction of unbound granular

layers in pavement structures, which includes a guideline to effective compaction. The
specification includes compaction criteria that must be met to ensure proper compaction
levels havebeen metin addition to these requirements, basecourse material used for the
construction of these unbound granular layers must also comply with a set of
requirements specified in the TNZ M/4 specification. The next chapter discusses these

basecourse agegates in greater detail.
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Chapter 3. NEW ZEALAND BASECOURSE

AGGREGATES

3.1 Introduction

Most aggregates in New Zealand are sourced from Greywacke and Volcanic rocks.
Within these two categories falls a range of different rock types, each having a unique
matrix of progrties which are defined by the minerals and other constituents contained

(and their arrangement) in these rocks. The roading industry in New Zealand is a major
consumer of aggregates, using approximately 24 million tonnes per year on New

Ze al and o6retworko Badure nogmeet MDDPeducest he pavemeandds st e
strength, consequently reduciitg life expectancy leadingo expensive rehabilitation

works. Because aggregates are ammewable source, they must be used sparingly and
effectively. There are very limited high quality aggregates avélat New Zealand with

many alreadyexhausted. Thysoptimum compaction levels must be met to avoid the

inefficient use of these valuable limited resour@ack, 2009)

New Zealand aggregates aomly about 150million years old; this isconsideed
geologically youngas opposed to aggregates internationalyere in some areas (such

as North America and Australia), Greywacdlaeks are about 1 iion years old.An

a g g r e g adareiriflsencatg hmmogeneity, geological constituents, physitedrgth

and response to application of loading. Relatively young aggregates have not been
exposed tagyeological metamorphisnwhere pressure and heating over long geological
time periods modify the rock source physical and chemical propertiesefbre these
aggregategend to be much more heterogeneous than significantly older aggregates.
Geologically heterogeneous aggregates are inconsidtereggregate does not behave in

the same manner throughout Thus heterogeneous rockare undesirable for civil

engineering purposes duetkeir unpredictable behavioBlack, 2009)

For example asample from &000 kg batch ofheterogeneous aggregate may hawxe
MDD of 2.24 kg/m3in a laloratorytest, however because the dadtorytest aly uses

about a 5kg portiornthe MDD value of 2.24 kg/m3 may nbe representive of the full
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1000kg batchFurthermore, if the aggregate is heterogeneous, then different parts of the
qguarry can produce significantly different results.

3.2 Aggregate Property Tests

3.2.1 TNZ Basecourse Specifications

TNZ M/4 refers to a standardpecification for basecourse use in flexible granular
pavementsThe specification states that the aggregate shall be of high quality to be used
on NZ road pavements as a road b@ésenning, 2008a) Typical aggregates used on
heavily trafficked roads such &State Hghways are usually crustiefrom sources

acceptedas a regional baseurse aggregatgransit New Zealand, 2006b)

The aggregate being used in this research is predominately Greywadkis sourced
from an accepted region as stated in the TNZ Mdeptale regionalbasecours¢able
(Transit New Zealand, 2006b)t is quarred and aushed (All Passing 40 mm) by
Stevensonktd, southof Auckland.

Aggregates must be testesing standardised procedurs maintain quality of the
aggregates being used as basecdayses in New Zealand pavements. Quality control is
sometimes referred to as quality assurance and is defined as providing a product or
service that will satisfgertain requirements for qualifgeological Society Engineering
Geology, 2001)The NZTA has specified apecification (TNZM/4 20061 Specification

for baseourse Aggregate) which includes quality contrb procedure where the
aggregate must undergoset of tests to ensure its performance is up to an acceptable
level (Black, 2009; Transit New Zealand, 20068y will be discussed in thee&stion

3.2.2 quality control tests are split inBourcéandd@roductiodtests

3.2.2 Source and Production Properties

The specification set out by NZTAor baseourse aggregates (TNZ M/4:2006)
distinguishes between source and production propeitiés.thoughtt h a t the Osour
properties are those which are inherent properties of the rock and should not change or

differ significantly over time, tests such as crushing resistance, weathering resistance fall
under this category. O ropettids eeferotd gropartieshwaichd , Opr

are solely influenced by the production process of the,ra@rid are known to
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significantly change over timéarticlesize distributionPSD) Broken face Content and
Sand Equivalen(SE)ar e c | assi f i erdpery testqBlpck, 2@D9; drarisibo n 6 p
New Zealand, 2006a)

This distinction made betweee o ur ce 6 and Oproductiond prop
at the time the TNZ M/4 spdication was created, however due to the advancements in
guarry equipment and technol ogy, al | prope
are initially thought to be governed only by the inherent characteristics of the aggregate)

can now be contieed and manipulated through the processing method a quarry
undertakegEllis, 2010) Thisfactis alsosupportedby Black (2009) wherd is reported

t hat nal l aggregate properties are depend
pr odu c €Blatkh2809)0

Black (2009)reports a test that has been carried out where a range of aggregates sourced
from the same rock have been processed in a quarry in diffeagstamd levels in an aim

to observef any sourcepropertiesvould be affected by the different levels and methods

of processing. The results revealed that there was a significant variat@rsio ur c e 6
properties between the aggregates meaning that the different methods and levels of
processing do affec t he &ésourced pr ope rlkofthesstammdérd an a ¢
aggregate properties tests are, to some extent, influenced by the processing method a

guarry undertakes.

Based on theoriginal NZTA di st i ncti on mad e bet ween 0sC
properties, he flow chart shown inFigure 3-1 shows theTNZ M/4 quality control

proceduran accepting a aggregate for use as a basecourse.layer
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Test Crushing
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Figure 3-1: Quality Control Flow C hart for BasecourseAggregate(Transit New
Zealand, 2006b)
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3.2.3 Source Property Tests

6Soaebd pr op etmetprogeries dtewhir the aggregate is sourced from.
Theoretically speakingthese are not depeiat on the processing method a quarry
undertakes;rather they rely on théasic inherent properties (such asishing and
weathering esistance)of the source these aggregates are extracted. féonbrief
description of each of the source property tests performédeoaggregat is provided in
the following Rctions(Transit New Zealand, 2006a)

Because source propertiger a reasonably homogenous quardp not change
significantly over time, they sitl be sampled and tested (using all source property tests
such as Crushing Resistance, Weathering Quality and CBR) at least once every 10,000m3
(Transit New Zealand, 2006b)

Crushing Resistance

The purpose of the Crushing Resistance Test is to indicate the strength and likelihood of
attrition of the aggregate. In the aggregate industysttength of a rock is defined by the
stress at which the material begins to fail. Henlce Crushing Resistance test involves
applying a specified load to the aggregate and consequently measuriagnabat of

fines it producegBlack, 2009; New Zealand Standards, 199Ignsit New Zealand,
2006a)

Weathering Quality Index

The aggregate being used as a loasese layer must not degrade under environmental

changes, hencé must meet minimum weathering quality index criterion.

The weathering quality test assesses degree of thea g g r e ghidlity & Gesistthe

effects of environmental changes such as wetting, drying, heating and cooling. The test
attempts to represent natural adverse weather conditions where aggregates are exposed to
the combined agencies of wettimgpd drying and heating and coolifiyew Zealand
Standards, 1991h; Transit New Zealand, 2006a)

California Bearing Ratio

The Caifornia Bearing Ratio (CBRIis a penetration tesihat wa developed itCalifornia

by the California State Highway Department
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capacity and compares to that of a high quality crushed stone. The test is used to evaluate
the strength of an aggregdi4EICO, 2010; New Zealand Standards, 1991i)

The TNZ M/4aggregate to be used as a basese layer must attain a minimuequired
CBR of 80%(Henning, 2008b; Transit New Zealand, 2006b)

3.2.4 Production Properties

The production properties of an aggregate are defined by how the aggregate is ghrocesse
in a quarry. Different quarries process aggregates in different ways and herfi¢¢Zthe

M/4 specification for basmurse aggregates specifies a number of tests (such as Sand
equivalent, Broken Face content and Patrticle size distribatmythat an aggrgate must

be tested for to ensure that a satisfactprality assurances met.The following fctions
identify and give a brief descripticabout the production property testhe number of
samplesf each of the production tests to be performed depandise lot size as shown

in Table3-1.

Table 3-1: Minimum Sampling Rate for 'Production’ Property T estsi Reproduced
from (Transit New Zealand, 2006b)

Lot Size
Number of Samples
From To
1ms3 400m3 2
400m3 1500m3 3
1500m3 4000m3 4

If a lot size exceeds 4000 then the number of additional tests performed should be at

the rate of one per 1000m3

Sand Equivalent

The Sand Equivaleriest (SE)measures the relative amounts of silt or clay size particles

in granular soils indicating its cleanness.

Black (2009) argues hat although the SEest refpaces two other tests (Plasticity Index

and Clay Index), these tests are not directly comparamlies of the relationship
between the three tests for a range of different aggregate types indicate that there is no
strong correlation between these thtests The study also revealed that the three tests

32



Investigation of the Variability in the Results of the NZ Vibrating Haen@ompaction Test

lack the ability to determine the presence of moisture sensitive fine parfidies.
presence ofine clay particles in the aggregate has a deleterious effect on the aggregates
permeability(Black, 2009; New Zealand Standards, 1991f; Transit New Zealand, 2006a)

Clay Index

The day Index (CI) test is basically methylene blue titration test that is used to
fn.esti mate the percentage of expansive <cl ay
(New Zealand Standards, 1991BJlack (2009)defines the test as a measure of the

surface area of fraction fines in the aggredstaletermining how much metlene blue

can be adsorbed on the surface of the aggregate fines.

Plasticity Index

The Plasticity hdex (PI) is the difference between the plastic and liquid limits. The test
determines the Rif fine fractions of an aggregate. It is heavily criticisechasrésults are
subjective and are dependent on the experience of the lab tecHBilaek, 2009; New
Zealand Standards, 1991c)

Broken Face Content

The Broken Face Content telterminesbw many 0 b rnaggegatérbcton e s 6 a
of a test sample has. In order for an acceptable level of performance an aggregate must
have a number of broken faces when crushed. This helps increase the strength and

interlock forces of the particles in thggregatgNew Zealand Standards, 1991d)

Particle Size Distribution

The Rarticle Size Distribution (PSD) method (also known as aggregate grading) is a
simple sieving test which can be performed wet or dry (wet sieving is the preferred
method). ThePSD must conformto the envelop limits (upper and lower). The test
provides an assessment of how well the material may mix and cqonipacproviding

the interstitial strength of a unbound granulamaterial (Black, 2009; New Zealand
Standards, 1991e; Transit New Zealand, 2006a)

3.2.5 Concerns about the Property Tests in New Zealand

Most of the property testsahhave been mentionathove weraleveloped in Europe and
North America to help predict those countr

tests have been adopted with minor modifications to suit New Zealand aggregates.
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However, Black (2009) argues that these tests lmen developed specifically for

Europe and North Americads aggregates which
of Americabdés crushed stone aggregate produc
approximately 60% of carbonate aggregates. In confxest, Zealand produces around

70% of greywacke aggregate where the remainder is derived from young volcanic rocks.

Thust here are major differences in the natur
aggregates and New Zeal andosThgesolfoodilcoamsl yt hyaa
that have been developed specifically for old continental rocks may not be an effective
predictive tool on our (Blgck @I0% goweeadl. |2§10)y oung ag

Most of these property tests are measuring more than one physical propertytiateone
because these propertieannot be independently controlledt is quite difficult to
interpretresults. The physa strength of an aggregate for example (i.e. the crushing
resistance) has an effect on more than one propestyit governs(to some extent)
whether or notthe aggregate will conform with other tests suchP&D, weatheing
quality and SEBIlack, 2009)

There is also growing criticism regarditige weatheng resistance test, as it is thought

that the test does not reflect real environmental weathering conditions. The test offers a
poor prediction of theveathering of th aggregate in service, howevére weathering
resistance test is bettehain many inadequate tests and gives an indication of the

aggregates weathering performagBtack, 2009; Transit New Zealand, 2006a)

3.3 Aggregate Mineral Composition Testing

The mineral composition of an aggregate defines its performance and behaviour under the
application of load Aggregates containing different mineral constituents could be
contributing to the variation in the vibratory hammer compaction test reseingof

t he aggregateos miherefore ariperatoved ta paohgeving iaosoundi s

understanding of the variability in the vibratory hammer compactiomesslts

X-ray Diffraction (XRD) is a testmethodused to understand the mineral composition of
anaggregateWavelength Xrays are introduced to a powdered sample of the aggregate,
where the reflections are then recor@ed the data analysed to calculate the iatemic

spacing between each mineral layer. These-gtt@mic spacings provide uniquatferns
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which allow the identification of the minerals present within the aggrégatee et al.,
2010)

Clay minerals that are most commonly found in NZ rocks are chlorite, illite and smectite.
Of particular concern, is the smectite clay mineral which is classed as a swelling clay.
Swelling is definedas the volume change in the aggregate due to the absorption of water.
The effect of swelling clays is problematic to the durability and overall performance of

the aggregatd_owe et al., 2010)

To test for the presence of these expansive minerals, tnay Xliffractions tests are
conducted on the sangpl The first sample being untreated and is tested in its natural
state this sample does not identify any swelling clagthyleneglycol is added to the
second sample to allow for the identification of the expansive swelling clay minerals

during X-ray diffraction testingLowe et al., 2010)

3.4 The effect of grading on performance of
basecourse aggregate

Land Transport New Zealanthow NZTA, as of 2008) has carried out a research
investigation into the effect of the Particle Size Distribution (PSD) on the performance of
aggregate The PSDalso referred t@s thegrading of an aggregagdaysan important

role in aggregate behaviour under an imposed. |8adense graded material refers to a
material in which each particle size fits closely into the space left between bigger particle
sizes within the gradingUniformly graded aggregates refer to those aggregates which

predominately contain one particle s{Zenold et al., 2007)

Grading envelope curves are siied in the TNZ M/4 basecourse specification to ensure
that dense grading is achiev&tading curves are established by plotting the diameter of
particles (in mm) on a negative log scale, against the mass percentage of tlie mater
smaller than that diaeter. Formula 3-1 is used to work out the grading curve of a

particular aggregate.
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n pmm® (3-1)
where
n = Percent passing sieve size d
O = Maximum particle size and
€ = known as poremhtbwmlue)isis aa teger which
has a common range of 0.3 (fine grading) and 0.6 (coarse
grading)

It is hence, asimple and convenient way to deserithe grading of an aggregdig the
use of Tal b-waué, svshere wauesn>e0rb refemtoourse graded aggregates
and nvalues < 0.5 are fine graded aggregéfesold et al., 2007)

The study involved testing a similar material to that useithisiresearch, the TNZ M/4
AP40, however sourced from a different quarry located in the south island. This material
was referred to as fAMateri al 10 in the

research and hence will not be discussed as the saofutee material is unknown.

Material 1 (Dry) .

40 ﬁf -
35 .“'“m,_ -
3|:I X .
25 Materal 1 (Wet) -—-—._.______.,--‘: 'ﬁ:f ¢

= i
» A

.~ Material 7 (Wet

/ e (Wet)

- A, / ,'/.
10 .\/ —— Material 7+ 15% fines (Dry)
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 (]
Talbot Grading Exponent, n

10mm Rut in Agaregate

Wheel Passes N (Million ESAs) to Achieve

Figure 3-2: Effect of Talboté &rading Exponent non Rutting Performance for
Material 1 and 7(Arnold et al., 2007)

Figure 3-2 shows the obseed trend for Material Linder dry and wetanditions. It can
be seenthatilr y condi ti ons, PSDO6s with fairly
fairly fine partides at wet conditions. Literature reviewed in this study also sugapibut

dry materials with a high fines content can help reduce permanent deformation. On the
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other handasT a | b evald@esncrases (i.e. as the particle size distributinoreass

within an aggregate) frompproximately 0.40 0.8, Materiall (wet)begins to outpedrm

the Materiall (dry) as shown irFigure3-2. The report concluded from the findings that
testing on the TNZ M/4 AP40 at gradings with a Talkb-salue of 0.3, 0.4, 0.55 and 0.8
showed that the best performance with the least rutting observed in wet conditions was at
the nvalue of 0.8 (coarse graded). While the best performance ratings obtained at dry
conditions was observed at theyaue 0f0.3 (fine gradedjArnold et al., 2007)

In conclusion, a balanced aggregate grading is recommended for the basecourse layer,
where the particle size digiution is slightly balanced in terms of fine aggregate to
coarse aggregates. This will allow for optimum performance under dry and wet

conditions.

3.5 Summary

This chapter discussed the basecourse aggregates used in New Zealand. NZTA
implemented a specificaim known as the TNZ M/4 which sets out the requirements for a
basecourse aggregate to be used in New Zealand pavements. The TMZllids a set

of tests to ensurquality of the aggregatis metbefore it is used as a basecaulayer.

Each of these tés werediscussed in this chapter. A test procedure known as 4t/ X
Diffraction test, which allows for the determination of mineral constituents of the
aggregates, is also discussed. Xhry Diffractiontest is hoped to determine the natural
variability of the aggregate being used in testing. While other sources of variation which

could be contributed by test conditions are discussed in greater detail in the next chapter.

The effect of grading on the performance of the pavement was also discussed. It w
found through a literature search that aggregates with a relatively coarse grading
outperform finer grading aggregates when wet. In contrast, fine grading aggregates
outperform coarser aggregates in dry conditions. Thus, a balanced gradation must be
acheved in order to obtain an aggregate which can perform well under wet and dry

conditions.

In addition to the grading, several other factors can significantly affect the performance
and consequently the results of the vibrating hammer compaction tese &ahes

discussed in the next chapter.
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Chapter 4. VARIATION IN VIBRATING

HAMMER COMPACTION TESTS

4.1 Introduction

Growing concern over the repeatability and reproducibility of the laboramsgd
vibrating hammer compaction test Hasen expressed from the time the teasadopted
by the New ZealandStandardqNZS). The test is known t@roduceinconsistent and
significantly variableresults (Opus International Consultants Limited, 2008hese
laboratory results are used as benchmark values on the Thald it is important that
these values areli@ble and accuraté-robel & Moulding, 2006)However it was clear
from field experiencethat contractors often could not reach the target Dry Density

specified by the laboratory test.

To address the problem of varying resulZ TA requested amterlaboratory (round
robin) study be carried out to investigate the influence of a rangetdatgsrs on the
reproducibility and repeatability of the New Zealand vibrating hammer compaction test

(Opus International Consultants Limited, 2008)

The vibrating henmer compaction test is used by several countries such as USA, Britain
and New ZealandJnlike New Zealandthe USA andBritain have designed distinct test
methods for both unbound granular materials and cohesive m&e3igM D 7382- 08,

2008; BS EN 13286 4, 2003) In the case of the New Zealand Standard, a generic test
method is used for all material types. However, the standard does mentiaethat
vibrating hammer compaction test is particularly suitable for granular mafbleaVy
Zealand Standards, 1986lt)seems intuitive that different materials which have different
physical properties, mineral compositiand behaviour under application of load should
not be tested using the same test method.

It is worth noting that the UK initially had only one test method for all types of material.
However, after experiencing the same problems that are currently experienNZ, the

UK authorities introduced an additional standard specifically targeted for graded granular
materials(BS 5835, 1980)
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4.2 Possible Causes of Variation

Inconsistency in theesults of an experimenwhich has beerepeatech number ofimes
in the same mannemdunder the same conditionsould be due to a number fafctors
This Section dsausses the possible causewvaifiation in theresultsof an experimenand
particularly in the vibrating hammer compaction td@ste possibldactorscontributingto
the variability of a test result are split intodwategories as siwn inTable4-1 (ASTM E
177-10, 2010)

Table 4-1: Potential Factors Affecting Variability in Vibrating Hammer Compaction
Test Results

Sources of variability specific to

General sources of variability o
the vibrating hammer test

Operator/Technician Hammer
Calibrationof Apparatus Segregation
Environmenal Conditions Degradation
Test Sample Mould Type and Be
Time Oversized Brticles

It is important to investigate all the sources of variability and quantify their effects on the
resultsin an attempt to substantialreduce or eliminate their contributiomhe factors
illustratedn Table4-1 are discussed in me detail in &ctions4.2.1 and 4.2.2

4.2.1 General sources of variability in a laboratory-based test

General sources whichmay conttibe t o t he wvariation in an
which arise inany experimentconducted. Suckariationsinclude different technicians
conducting the test, the duration of the test and the envimnatevhich the test was
done This Sction idenifies these sources and describes their potential significance to the

variation in an experimentdds results.

Operator/Technician

Variability among different operators/technicians carrying out the same test can be

significant. It is thereforevital that a tet method is written in a very clear and concise

manner to avoid confusion and serious differences in interpretation by various operators.

40



Investigation of the Variability in the Results of the NZ Vibrating Haen@ompaction Test

It is also important thatechniciansfollow the test method closely and accurately.
However, no matter how clear amoncise a test method is, different operators have
different techniques in conducting an experiméfiiman error such as reaction time,
colour sensitivity, scale reading and interpolation differs from person to person, which in
turn could affect the naterof the test resuf@&STM E 177- 10, 2010)

The level of experiece and familiarity of the test method by technicians also contributes
to the variability in test result&xperienced technicians are aware of common faults and
mistakes within a test method. Therefore, the level of uncertainty in a test conducted by
an &perienced technician is much lower than that for an amateur technician who is

unfamiliar with the test.

Calibration of Apparatus

Improper calibration of apparatudifferent levels of tolerances and uncertaintas
contribute to the variation in testsudts The test methods should provide information on
the frequency at which an equipment must be recalib(A®dM E 177- 10, 2010)

Environment

Material properties are sensitive and can be easily influenced by environmental effects
such as temperature, humidigtmospheric pressure and contaminants. Although it is
common for a test method to specify the environmkenbndtions for testing, these
conditionscannot be perfectly controlled within and betweerotatories. A margin of

error must be incorporated in test methods relating to the inevitable variability willich
occur due to environmental effe€¢&SSTM E 177- 10, 2010)

Test Sample

A bulk of material shoulde checked for quality periodicallthrough property testing
because it is unlikely that tmeaterial ishomogenoushroughout. As disgssed irSection
3.1 aggregatesparticularly in New Zealandare geologically youm materials that have
not been exposed tgeological metamorphisnThis means that these materiaigy be
heterogeneouand may have vging mineral constituents. Theifferences in mineral

compositiongand other propertiegan yield varying test resul{Black, 2009)

X-ray diffraction and mppety tests should beonductedperiodicallyon the material to

ensure itsuniformity throughout a quarry sourcé&his helps eliminate any variations
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caused by theonuniformity of the materia(Lowe et al., 2010)The test specimen must
also be prepared and tested in the same masvezy time to avoidnconsistencies in
sample preparatiof samplestorage conditionare specified within a test standattiese
should be followed and kept constant for all samples being téA&0M E 177- 10,
2010)

Time

Time can influence each of the factors mentioned above; the longer the period between
two or more test results, @hess likely the changes in the factors mentioned above will
stay at a minimum, and therefam®uld increas®bserved differences in test results. The
degree of control exercised by ada#toryover the above factors will govern the amount

of variation die to timg(ASTM E 177- 10, 2010)

The duration of each test cals@contributeo the variation in test result$ests must all

be conducted from the same souineroughly the same amount of time to avoid
uncertainties due to settlement of water in a material for exarmpladdition, the
vibrating hammer compactiaest samples requir@curing period after being wetted to

the required level of Water Content. This curing period ensures that the test sample has
thoroughly been soaked in water to establish equilibritis.important to ensure that all
samples being $sted are given equal periods of curing tifNew Zealand Standards,
1986b)

4.2.2 Sources of variability specific to vibrating hammer test

Within the vibrating hammer compaction test, there are a number of factors which could
passibly affect the reliability of this test methobthese factors include segregation and
degradation of the material, mousthapeand size, type and age of hammer and any

oversized particles present during compactfdiscussion of each factor follows.

Hammer

It is no surpise that the type of hammer could havesignificant impact on the results
produced. Hammers with different power and frequency ratings yield different results. A
round robin study carried out b®pus (2008) proved that laboratories which used
hammers witHow power ratings generally produced lower Dry Densitidsosewhich

used hammerswith power ratings in the higher end of the spectrum yielded notably
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higher Dry Densitiesthis will be discusskin greater detail in&tion 44 of this chapter
(Opus International Consultants Limited, 2008)

The calibration test for acceptable hammers that is incorporated in the NewdZealan
Standard test method for the vibrating hammer compaction test (NZSTé402.1.3) is

highly criticised. It involves compacting Leighton Buam Silica Sand at a specified
Water @ntent,andonly has a minimum requirement and @omaximum. Because an
upper limit does not exist, bigger and more powerful hammers can be used to achieve
higher Dry Densities. Howevepowerful hammers can affect and damage the nature of
the material (degradatip (Frobel & Moulding, 2006; New Zealand Standards, 1986b)

Degradation

As discussed in &tion 3.4, lhe grading of a material influences its characteristics and
performance, therefori¢ is vital to ensure that the specified gradation does not change
during compaction. Degradation, which is a phenomenon opposite to gradation, is defined
as the breakdown of aggregate particles in smaller sized fragments. It can occur during
compaction da to the compactive effort. As mentioned above, high compactive efforts

can damage the nature of the aggregate and cause it to breakdown. Because an aggregate
is carefully graded before its intended use, the breakdown of particles will affect the

gradationof the aggregate and in turn the performance of this aggr@égaderd, 1975)

Segregation

Segregation is defined as the namform distribution of the coarse and fine particles
within an aggregateThe tendency of fine pactes separating from the larger coarse
particles creates an inevitabdeenariowhere segregation wilbccur, especially in the
vibrating hammer compaction test where segregation becomes most pronounced.
Segregation occurs either during tt@mpaction proess omwhen placing the specimen
into the compaction mouldThus, in order to keep segregation to a minimum, it is
essential that the placement of the specimen into the mould isrdpgnearefully and in a
consistent mannerAlthough segregatiorduring compaction is inevitableit can be
substantiallyreducedthrough the application of adequate surcharge weight on the top
surface of the test specimerhe imposed weight on the sample helps prevent movement
of finer particles away from coarse particles @nérefore helps minimise segregation
(Panaresel972. It seems that as a result of excessive segregatidntish Standard for

thevi brating hammer compaction test method (
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a g g r e ghadrepsatedly increasis surcharge specification in the vibrating hammer
compaction test over the yeafsvo amendments (amendment 1 in 1983 and amendment

2 in 1987) have been introduced to the original specification to increase the surcharge
weight from 350 N to 450 KBS 5835, 1980)

In order for an aggregate to perform adequattdygradation must be uniforthrouglout
its depth; however during compaction, the vibrating action causes the finer particles
within the aggregate to roll down to the bottom outer edges of the nWilehthe finer
particles of the aggregate accumulateone layer during compaction on theld, the

permeabilityof the aggregatean be grossly influencdtuxford, 1975)

Unfortunately a standard qualitative method for measuring the amourgegfegation

(and degradationyhich takes place duringcompaction doesot exist Researchers in the

field of compaction studies state that segregation should be visually analysed. However
some suggest (without any experimental development yet), that it is possimleasure

the degree of segregation by extruding out théctions of a compacted sample and

carrying out gradation analysis on these secfibngford, 1975)

Mould shape and size

Mould size and shape can influence the reliability in the results of the vibrating hammer
compaction tet. The mould diameter size selected can influence results depending on the
maximum particle size available in the sample being compagtaxbrding to Drnevich

et. al. (2007) research has found that the Maximum Dry Density (MDD) is reached in
moulds six to eight times the maxam particle size available in the sample. The NZ
vibrating hammer compaction test standard does not conform to this thealtgws for
particles of maximum size of 37.5 mm to be compacted in a1b2 mm The diameter

of the specified NZ mould is onfpur times the maximum permissible particle qikew
Zealand Standards, 1986bResearcttonductedby Bishop and Gree(ll965) suggests

that the height to diameter ratio should not be less than 2 to INZ ébrating hammer
compaction te t standard (NZS 4402 Test 4. 1. 3
compact i spacifies @ anoudd) size such that theight to diameter ratias

approximately 1 to .1
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Oversized particles

TheNZS 4402 Test 4.1.8llows for up to 37.5nm particles in a832 £ 0.5 mmdiameter
mould,international &andards such as the USA does not allow for particles of this size in
such a smalinould. As will be discussed ine§tion 5.4, the USA standard employs two
methods, each specified for different maximum allowalalgigle sizes available within

the sampleDrnevich etal. (2007) suggest thatarticles retained othe 19mm sievéhat

are compacted in a 152m diameter can lead to interlocking of particles which can

ultimately interfere with the compaction process.

4.3 Ruggedness Test

4.3.1 Introduction

The purpose of the Ruggednealso known as robustnegesstis described in the ASTM
standarda s t he i denti fication of n...those fac
provided by a specific test method and to eaterhow closely those factors need to be

cont r @ASTMeEALDE9- 07, 2007) The ruggednestest was initially introduced to

avoid facing problems in intdaboratory tests and to identify the potential factors
responsible for inconsistency of results. Thhe ruggedness teist part of the validation

phase of the development of a standarst t@ethod; it is recommended that the
ruggedness test precedes an Hdbeoratory (round robin) studfASTM E 1169- 07,

2007; Massart et al., 2006)
4.3.2 Concept of the Ruggedness test

The ruggedness test is a planned experiment where environmental and test factors are
intentionally variedin order to record the effects on the test resofitsuch variation. It
requires making systematic changes in the fastors which are believed to have
potential effect on the results, and then observing the subsequent effects of these changes
on the end results of a test method. The steps involved in conductingytfezinessest

are briefly identified ASTM E 1169- 07, 2007)

1. ldentification of relevant factors
2. Selection of level$or each factoftwo realisic extremes for each factor, usually a
highand low extreme)

3. Display the treatment combinations in a cyclic shifter order
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4. Execution of runs arranged in a random order
5. Statistical analysis to determine the effect of factors on the test method,results
and

6. Possible revision of test method if needed
4.3.3 Suitability to vibrating hammer test

The ruggedness test wastially incorporatedin the research proposal as part of this
study. It is important to determine which factors have a significant effect on theingra
hammer compaction test resul{8Vilson & Shamseldin, 2010)However, before
identifying these factors using the ruggedness teis vital that an understanding of the

natural varidility of the test is achieved.

4.4 Inter-laboratory (Round Robin) Study

4.4.1 Introduction

Thebuild-up of uncertainty in the results of the vibrating hammer compaction test in New
Zealandwas agreed upon at a Civil Engineering Testing Association of New Zealand
(CETANZ) meeting in 2008.At the meeting,the New Zealand vibrating hammer
compaction tes (NZS4402:1986Test 4.1.3) was discusseahd it was agreed by
participants that an intdaboratory study be carried out betweairrent laboratories
conductingthe test to establish actual repeatability egyroducibility \alues of the test.
Thus this Section reviews the intdaboratorystudy that has been conducteg Opus
international Consultants Ltd., Central Laborator{(&pus International Consultants
Limited, 2008)

In order for a full rework or replacement of the current tesmtddrd for the vibrating
hammer compaction, the repeatability and reproducibility values must be evidently higher
than those values obtained by previous Hdeoratory studies conducted by the UK and
USA.

The round robin study conductegl Bpusconsistedof thirty threelaboratoriesand was
aimed at determinng the effect of a range of different equipment variables on the
reproducibility and repeatabilityvalues of the New Zealand vibrating hammer

compaction test. As a requirement set out by ASTM to oheter repeatability values,
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testing was to be carried out by the same technician in ea¢A3dM E 691- 09, 2009)

Two materials were testedNZ M/4AP40 and GAP40Thesewere tested at two water
contents; 2.0% and 6.0% for the TNZ M/4AP4Qdenoted by TNZ2 and TNZ6
respectively)and 1.0% and 4.0%or the GAP40 (denoted by GAP1l and GAP4
respectively) The determination of water contents after compaction was carried out as
specified in the NZS 440Test 3.1 fiThe Water Content of aggregattNew Zealand
Standards, 1991a)

Results from five laboratories were excluded from the data analysis from the study simply
because thesesults varied significantly from the rest of the data. All laboratories used
identical samples to conduct the test. Therefore, this variability by the five laboratories

could be attributed largely to the inconsistency in the operating procedures.
4.4.2 Discussion of Results

The interlaboratory study condualeby Opusproduced some important results which
helped in setting the objectives ftis research. This &tion analysesand discusses

these results in relation to thbjectivesset in this research

Repeatability and Reproducibility

The precision of an experiment is defined
independent test results OGSIMAEGAl@, 2009)der st

Precisionis measuredby two parameterf}epeatabilityandReproducibility

Repeatabilityis the preision of a test method where the independent test results are
obtained using the same equipment and conducted by the same technician in the same
laboratory. Hencerepeatability ensures the reliability of a test methodder constant
conditions(ASTM E 691- 09, 2009)

The precision of a test metthavhere the results are obtainedideling the same test
method,in different laboratories with different technicians and equipmemieiasured by
thereproducibilityvalue of that test methddSTM E 691- 09, 2009)

The repeatability and reproducibility values were calculadein the report produckeby

Opusand are shown imable4-2.
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Table 4-2: Variability P arameters of the Dry Densityi Reproduced from (Opus
International Consultants Limited, 2008)

) Average Dry Density  Repeatability, r Reproducibility, R
Material

t/m? t/m3 t/m3
TNZ2 2.175 0.078 0.151
TNZ6 2.242 0.078 0.212
GAP1 2.232 0.048 0.125
GAP4 2.222 0.046 0.133

Repeatabilityvalues of the TNZ material are identical (0.078 t/aniyl are higher than
repeatabilityvalues for the GAP material (0.048d 0.046 t/m3). Hencéor the vibrating
hammer compaction test method, the type of material does influenaepgestability
There appears to baigh interlaboratory factors contributingo the variance in
reproducibility values, peticularly in the TNZ6 material. This could be due to the
differences in the method in which technicians are conducting theirteaddition,
significant amount of water lossas been observed by some laboratodesng the
compaction procesparticularly for the TNZ6 matial (discussedn more detail in the

following Section)(Opus International Consultants Limited, 2008)

A similar precision study was carried out in 1988 by the British Standards InstitB&on

EN 132864 2003 Part 4 Test methods for laboratory reference density and water content
i Vibrating hammer)where 12 laboratories took paifhe British Standard states a
reproducibility value, R 0D.054 t/m3and a repeatability value, r @033 t/m3for a

gravel subbase materid@S EN 13286 4, 2003)

In addition, the vibating hammer compaction test methodtire ASTM gandards
(ASTM D 7382-08 Standard Test Methods for Determination of Maximum Dry Unit
Weight and Water Content Range for Effective Compaction of Granular Soils Using a
Vibrating Hammer) states a repeatdpilWalue, r 0f0.05 t/m3 The ASTM D 7382does

not mention what type of material this repeatability value is base®@producibility
studies have not yet been completedHiy standardASTM D 7382- 08, 2008)

A comparison of the reptbility and reproducibility values of the three different
standards is providad Table4-3.
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Table 4-3: Comparison of the Repeatability and Reproducibility Values

Material Repeatablity, r Reproducibility, R
t/ms3 t/ms3
GAP1 (N2) 0.048 0.125
GAP4 (NZ) 0.046 0.133
TNZ1 (N2) 0.078 0.151
TNZ6 (NZ) 0.078 0.212
Gravel Subbase (UK) 0.033 0.054
Unknown (USA) 0.05 N/A

The New Zealand repeatability results are of themesorder as the ASTMD 7382
repeatability value (approximately 0.05 for GAP samples and 0.08 for TNZ samples,
compared to 0.05 for USA ASTMReproducibility values for the New Zealamekcision

study (0.13 t/m3 to 0.21 t/m3) appear to be significahtigher(up to four times}han the

UK value of 0.054 t/mfOpus International Consultants Limited, 2008)

However, it is important to note that the values produced by the UK andstu@iesare

not directly comparable to the NZ values. This is due to a number of reasons:

The materials uskin each study (USA, UK, and NZ) are qudédferent
Water Content ranges used &ach studyould have been different (the USA
and UK studies @ not specify over which Waterd@tens the tess were
undertakeh

1 Each study adopted their own test metHogyp of the vibrating hammeest

whichvary slightly(as will be discussedichapter h

Thus although the valuesannotbe directly compared, UK and USA values can be used
as an indication of likely repeatability and reproducibility values for thie tgf test

(Opus International @sultants Limited, 2008)

Effect of Water Content on Variability of Dry Density Results

The water content at which a material is compacted determines the degree of compaction

achieved. Hengegpus(2008) investigated if water content was a major factaausing
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the significant variability evident in the test method resuliso graphs (for the two
materials) were plotted to analyse tlie of them is reproduced Figure4-1.
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Figure 4-1: Dry Density Variation with R etained Water Content(Opus
International Consultants Limited, 2008)

FromFigure4-1 the Opuq2008)reportexplains that a significant effect of water content
on dry density can be seen particularly for the TNZ6 matefiae R? value of this
particular material (TNZ6) denotes approximately 7% of variation can be explained by
water content variatiorgssuminghe WGDD relationship is linear. However, since it is

known that this relationship is ndimear (parabolic), tis is not a valid assumption.

Thus the Opus reportoncludes that although WC is known to affect the attained DD
Figure4-1 indicates that the variability due to the betwekaboratory factors overwhelm
this effect(Opus International Consultants Limited, 2D08

Effect of Hammer Power Rating on Variability of Dry Density Results

The degree of compaction (Dry Density), among other factors is dependent on the
compactive effort applied. Thughe hammer input power rating has significant influence

on the variatia of the vibrating hammer compaction test results. This is due to the fact
that hammers with high input power ratings apply a greater compactive effort on the

specimen during compaction thahammer with a relatively lower input power rating
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Figure 4-2: Variation GAP40 Dry Density with Vibration Hammer P ower (Opus
International Consultants Limited, 2008)

Opus(2008) investigated the hammer input power rating effect on dry density by plotting
a graph of DD (t/m3) agast Hammer input poer (watts).Figure4-2 is an example of
one of the graphs analysed thye Opus(2008)report as can be seen, there is a general

trend for DD to increase as the hammer power input Rating increases.

Table 4-4: Predicted Increases in Dry Density When Ganging from an 1140W
Vibrati ng Hammer to a 1700V Vibrating H ammeri Reproduced from (Opus
International Consultants Limited, 2008)

Dry Density Increase

Material with Hammer Power,
t/m?
TNZ2 0.045
TNZ6 0.074
GAP1 0.038
GAP 4 0.053

Based on the equatiosiown inFigure4-1 and other graphs plotted in the O@2608)
reportfor the other materialsTable 4-4 was produced, which shows the predicted DD
increase Wen changing from an 1144 vibrating hammer to a 1708/ hammer. These
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increases appear to be quite significant, considehagepeatabilityand reproducibility
values shown iTable4-2 are quite low.

Calibration of Hammer

It is a requirement that tHemmmerused for compaction testing be properly maintained.
To ensure a satisfactory level of compactive effort is applied on the specimen, a test
method for hammer calibration iscorporatedn Note (5) of the NZS 4402:1986 Test
4.1.3(New Zealand Standards, 1986b)

Leighton Buzzard sand passing a 600sigvewith a permissible water content of 2.5 +

0.5% is to be compacted according to the st
considered sadfactory if the DD of the sample exceeds 1.74 tfiNew Zealand

Standards, 1986b)

Criticism of the hammer calibration method has been expressed. The calibration method
only has a minimum requirement and of the hammeregpomput rating not a maximum.

This can lead to potential variation in tfesults. Inaddition, because a maximum limit of

the hammer power input rating does not exist, degradation (as discussegbter 2 can

further contribute to the variation in téts (Frobel & Moulding, 2006)

Luxford (1975) reports an investigation carried out bysBas on the hammer type and
power rating stating that care should be taken when selecting a suitable hammer for
laboratory compaction. Although hammers with a high power rating achieve
corresponding high DD values, this can l¢adegradation and damagétbe nature of

the material which contributes to additional variation in results obtained.

In Op u $2008) investgation, seventeen of the thirty thrdaboratories supplied
calibration results based on the NZS 4402:1986 test 4.1.3 method. Two DD Vales o
seventeen laboratories were below the minimum limit of 1.74 t/m3. Both of these
laboratories used hammers of the same model with a power input ofAL14@ich are

near the bottom of the power input rating range of the hammers used in the study.

Although the NZS 4402 Test 4.1.3 standard does not specify the hammer power rating, it
recommends hammers with ratings of 600 to 1¥00with the following comment
AHammers with ratings of 600 to 1200 W powe
sat i s f(dewtZeatagdoStandards, 19860@)his however, may reflect the power
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ratings of many hammers at the time tlesttnethod standard as created, with the
advancements in technology, vibrating hammer power ratings have increased
significantly. As there isno maximum limit on the hammer power output, most
laboratories use hammers slightly higher than the recommended range stated in the NZS
4402 Test 4.1.3.

4.4.3 Conclusions Drawn From the Study

The conclusions drawn from the Irda@borabry study conducted by Opus were as

follows:

1 The hammer calibration method may needision. An attempt should be made
to perhaps incorporate a maximum limit of vibrating power input rating.

1 NZ reproducibility values appear to be two to four times latigen those stated
in the British Standard. This is quite significant and may justify a rework and/or
revision of the current test standard

1 Hammers with high input power ratings tend to provide higher dry density
values. Although this only accowfor roughly 10%o0f the variability.

1 Five laboratory results out of the thirty three laboratories have been excluded
from data analysis due to the extent of variability observed in these five results.
It is evident by these five laboratories that the way in whiwh vibrating
hammer compaction test method is conducted can significantly influence the
reliability of the results obtained.

4.5 Summary

This chapter discussed the possible causes of variation due to the test conditions. The
precision of a test experimentasf f ect ed by the experi mentos

in apparatus used, technician level of experience and the environmental conditions.

The chaptediscussed theoncern expressed over the reliability of the vibrating hammer
compation test resultsand identifiedthe possible causes of this variati®ources of

variability in a test experiment wedescribed briefly.

A similar study that has been conducted by Opus in the past focused on the between
laboratory variability of the test showed that tregiation amongst different laboratories
in New Zealand is significant. Factors such as different equipment, different levels of
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technician experience and general laboratory environmental conditions can affect

betweerlaboratory studies.
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Chapter 5. REVIEW OF METHODOLOGIES

5.1 Introduction

Laboratory compaction by an electric vibrating hammer has spread widely since its
devel opment I n the ear | odhab 8etrdaulgpted by variodsa t e
St a n d astitdien® wotldwide includinghe New Zealand Standds insttution (NZ),

British Standardsnistitution (UK) and ASTM (USA). Although the fundamentals of the

test method are identical, variations in the test method between each insetisisn

These wvariations ar e b as eddextensive tedeach camied i t ut
out regarding the test. Hence, an important step to understanding the variability in the
results of the New Zeal and test met hod i s
vibrating hammer test method to US&nd UK ®& s \he test.iAny reqgpareatf
differencesin the NZ standard, which the American &rdBritish standards do not

concur with could be contributing factors to the variation in test resliserved in NZ

The comparison processhould help point out any majdifferencesn the New Zealand
vibrating hammer tesWWhether these differences contribute significantly to the variation

in results or not can be investigated once testiognsluctedand results are analysed.

Due to the fact the New Zealand Standardsaitthworks closely with théAustralian
Standards authority, it was hoped to include the Australian Standards method of vibrating
hammer in the comparisotunfortunatelythe Australian Standards has not adopted a
vibrating hammer compaction test methodhis day Australia uses either the Standard
Proctor or the Modified Proctor methods for the compaction of cohesionlesgSils

AS 1289.5.1.1, 2003; SAI AS 1289.5.2.1, 2003)

The test method adopted by NZS for the vibrating hammer compaction test is described in

the NZS 4402 Test 4.1.8tled iDet er mi nati on of t he Dry L
relationshipf New Zeal and Vi br at i n Nelw Zealaneé $tandamsnp act i
1986b)

The American Society for testing and maa&si(ASTM) have also adoptedstandard for
the vibrating hammer compaction test described in D -0BHtled i St andtar d t e

methods fordetermination of Maximum Dry Unit Wght and Water Content range for
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effective compaction of granular soils using a vibrating hanontae standard in itself is
divided into two metbds to account for the difference materials being compacted
(ASTM D 7382- 08, 2008)

The Bitish Standads Institution (BSI) however,hasadopted3 different standardso

accommodate for a suitable compaction method for every type of makeitially the

BS 1377:1975 Part 4.3itled fdet er mi nati on of t he dry del
relatiors hi p of granul ar soi | tgstvmethoda which gs ha mmer
considered a purely British Standard, was developed and published by BSI. However, the

BS 1377 brought rise to another standard knowthasBS 5835 Part lin 1980 titled

i R e ¢ o mnmoasnfdr aesting of aggregates Parfi ICompactibility test for graded

aggregatsd due to the fact that the BE377 test method was deemewtreliable when

applied to aggregates that are commonly used for roalasds and base materidtds

important b note though, that theS 5835 did not supersede BS 1377 because although

BS 1377 was deemed unreliable when applied to graded aggregates, the test method was

still applicable to other types of materials and s@lsice thisresearch is dealing with

graced aggregates, the comparison of standards will inchel®S 5835 and not the BS

1377. The thirdBritish Standardor the vibrating hammer compaction tésthe BS EN

132864 : 2003 Part 4 NATest met hods for liaborator
vi br at i n ghichwasanigimally a Europeantahdard that was later adopted by

BSI as aBritish StandardAs will be discussed in latere$tions of this chaptethe type

of material (and particle sizepeing compacted governs which one tbése British

standards should be us@b 5835, 1980; BS EN 13286}, 2003)

This chapter will examinéhe mainsectiors common tahe three standardaddiscuss

the differences found.

5.2 Scope

The NZS 4402 Test 4.1.8st method determines the dry density when soil passing a
37.5mmsieve is compacted by a vibrating hammer over a range of water contents,

including that which provides the Maximum Dry DeggiMDD).

The ASTM D 7382 test metldodetermines the dry unit weight of granular soils

specifically, by compaction using the vibrating hammidre standard is divided into two
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methods(Method A and Method B)eachis createdbased on percentage of maximum

particle size present in the aggregate.

1 Method AT Applies to material passingX.0 mm sieve and containing up
to 35% of the total dry mass passing a 75 um sieve.
1 Method B i Applies to material passings mm sieve and containing up to

35% of the totatiry mass passing a 75 pum sieve.

If however, the material contains 30% or less of itssmasained on the 19/@&m sieve

Method A can still be used by applying a correction procedure specified in Practice D
4718.As will be discussed in the procedurecsn of this chapter, Method B is a lengthy

and more complicated methothus, for ease of operations, it is highly recommended to

use Method A, unless Method B is required due to the gradation of the aggregate not
meeting theabove requirement of nomoreatm 3 0% of t he aggregates
the 19.0mm sieveThe aggregate being used in this research does not comply with

method A, thusmethod B will be analysed for comparison purposes.

The BS EN 13286 test method also determinegdlaionshipbetween the dry density

and water content by the process of compaction using a vibrating hathiagplies to
mixtures containing less than 30% of their mass retained on the 20 nenisidwes not

apply to aggregate mixtures containing more than 10% aofass retained on the 40 mm
sieve.However, the standard includes an annex that has a different procedure designed
specifically for mixtures with particles that do not conform to the 20 mm sieve

requirement.

The BS 583%allows for aggregates with particlemaller than 37.%5nm, any material

retained on the 37.5 mm sieve is removed and discarded
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5.3 Apparatus

Table 5-1 identifiesthe apparatus used in tharious test methods and their associated

dimensions

Table 5-1: Apparatus Properties for Different Standards

Standard
Apparatus
NZ BS 5835 BS EN13286 ASTM D 7382

Mould

Diameter(mm) 152 +0.5 150 to 150.08 149.8 to 150.5 2794 +1.1

Height(mm) 125to 127 NA NA 230.9+ 05

Perforation Base Side Side Non perforated
Hammer

FrequencyHz) 25 to 60 N/A 33 53 to 58

Power(W) 600 to 1700 W N/A 900 N/A
Frame

Surcharge Loa@N) 350 + 50 N/A 640 + 10 285 to 570

5.4 Sample Preparation

Proper sample preparation is Vita achieving correct and accurate end results. All the
standards being reviewed suggest that samples being tested be kept in a cool dry place
and well away from direct sunlight, to help minimize the problem of condensation and

water loss from the matetia

Some differences in the way samples are prepared do exisigaim® standards being
reviewed, more specificalljhe curing period after wetting up the samples. N%&S

4402 Test 4.1.3pecifies a period of at least 16 hours before any testing is dothe on
sample and advises that for some soils such as heavy clays, an even longer period is
required to establish equilibrium. ASTH 7382 on the other hand specifies a short
soaking period of onlyalfan hour. Both British standards (BS EN 13286 and B8

suggest a 12 hour period to allow for thorough wetting.

As discussed earlier, each standard specifies a limit on the maximum particle size allowed

in the material being compacted. Preparation of samples involves sieving out any
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oversized particles presein the material. Th&ZS 4402 Test 4.1.8pecifies that any
material retained on the 37.5 mm sieve is to be removed and discarded from the sample.
The NZS 4402 Test 4.1.80es not specify an additional procedure for materials over the
maximum patrticle igze limit of 37.5 mm.Method B of the ASTMD 7382 standard
applies to those aggregatghkich pass the 50.0 mm sieven @e other hand, the BS EN
13286 provides two separate method$e first method is applied for aggregates which
contain less than 30% byass retained on the 20.0 mm sieve, and the other method is
applied for those aggregates which do not conform to this requirefrfentBS 5835 is
similar to theNZS 4402 Test 4.1.8 that it only adopts one method to compact any
material passing the 37rBm sieve any material retained on this sievevigighed and

noted down.

It can beseen by the sample preparatieniew;boththe NZS 4402 Test 4.1.8ndthe BS

5835 contain one broad method which applies to material having a wide range of particle
sizes. In terms of other standards such as the ABDIKB82and BS EN 13286, particles

over the 19.0F 20.0 mm range are considered oversized and hence require a special
method to be compacted properly and effectively.

5.5 Procedure

The most critical step which casignificantly affect the precision of results is the
procedure in which the vibrating hammsompaction test is conducteBach standard

sets out a different procedure in terms of the number of layers the sample is compacted,
the time period of hammer ogion and the different parameters measured during the

test.

The NZS 4402 Test 4.1.3achieves compaction in two layers to ensure effective
compaction throughout the depshthe sample. The first laygrhich approximately half

fills the mould is compactedby the vibrating hammer for 180 +5 seconds. The hammer is
then removed and an additional layer of the sample is addedghto protrude into tke
extension collar of the mould. The samplé¢hisn compacted by the vibrating hammer for

a further 180 = 5 smnds. The mass of the mould and sample, and the height of the
sample are two of the main measurements which are recorded dueinggsthfor

calculation purposes.
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The ASTM D 7382standard as mentioned earlier, specifies two methbddethod A

and MethodB. This research deals with an aggregate which contains more than 30% by
mass retained on the 19.0 mm siethes isa case which only conforms to method B of
the ASTM D 7382 standard. Hence, only &thod B will be discussed and used for
comparison.The AST D 7382 Method B uses a large 279.4 mm diameter mould to
prevent interlocking of particles during compaction. Since the permissible maximum
particle size in this method is around 50 pemsmall 152.4 mm diameter mould may
cause these large particles ttentock against each other and the inner walls of the mould
which consequently interferes with effective compaction of the sanighod B
specifies that the sample be compacted in 3 layérs. specified tampeused cannot
cover the full surface of thitarge mould of 279.4 mm diametethus each lagr is

compacted in 8 locations, as showrigure5-1, for 52 + 5 seconds at each location.

The BS EN 13286 test standard also specifies two methods as mentioned earlier. The
methodthat is suitable for the material used in this research specifies that compaction be
done in one single layer. The hammer is applied to the sample for a period of 180 + 5

seconds.

Figure 5-1: Sequence of 32 mm Tamper Positions in 279.4nm Mould (ASTM D
7382- 08, 2008)

60



Investigation of the Variability in the Results of the NZ Vibrating Haen@ompaction Test

5.6 Summary

This chapter reviewed the New Zealand Standard for the wigratimmer compaction

test with nternational standards. The United Kingdom and United States of Asmeric
employ similar test methodologies for the compaction of cohesionless material. As a part
of the investigation in the variability of the results in the New Zealand vibrating hammer

compaction test, it was suggesteccompare this standard withteérnatiomal standards.

The comparison proved that differences do exist with the New Zealand Standard. The
testing and analysis of results will help in determining whether these differences in the

New Zealand Standard are the reason for the variability in thesesul
Important differences thaixist in the New Zealand Standard include:

1 The NZS allows for particles up to 37.5 mm to be compacted in a 152 mm
diameter mouldWhereaghe USA and UK standards specify special methods
for particles larger than 19 mm.

1 Procealural differences such as compacting the sample in two layers in the
NZS rather than 3 layers as in the USA method, or a single layer as in the UK
method.

1 Curing time subsequent to wetting the samples differs in each standard. The
NZS specifies a curingrtie of at least 16 hours. While the USA standard
specifies only 30 minutes. The United Kingdom standard specifies a curing

period of 12 hours.
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Chapter 6. ADOPTED RESEARCH

METHODOLOGY

6.1 Introduction

This chapter describes thmeethodologyadopted toconductthis researh andperform
testing in order to achieve the specifiebjectives stated inestion 1.2 Two different

tests were conducted to achieve a sound and scientific understanding of the variability in
the results of the New Zealand vibrating hammer compactgingach test focused on

one aspect of the two possible contributing factors, these are:

1 Variability Due to Vibrating Hammer Compaction Test Conditionsi The
test methodology used is largely based on the NZS 4402:1986 Test 4.1.3
ANew Zeal and @i brcaotmpragt hammt est o Wi t
modifications applied to help reduce inconsistenci¢lemesults.

1 Variability Due to Aggregate Property Variation i The X-ray diffraction
method wa utilised to provideresults (such as aggregate property and

mineralconstituents) regarding the material being used in the test.

In addition to these two tests, quality control tests were also performed to ensure that the

aggregate being used in this reshanaintainedn acceptable level of quality.

6.2 Research Tasks

To meet the primary objective of determining an understanding of the variability in the
results of the vibrating hammer test the following research tasks were implemented.

1. Grasp a Deeper Understanding of the blem i The first step was to obtain a
better andnuch deeper understanding of the problem at hand. This was done in a
number of ways:

1 A review of existing literature available.
1 Seeking advice of personnel who have experience and have dealt with

the test in question.
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1 Analysis of raw data provided by Opfrem similar research conducted

in the past.

2. Quality Control Tests i Conduct aggregate property testech as strength and
durability testson the source aggregate to ensure an acceptable level of quality is

maintained.

3. XRD Analysisi Perform Xray Diffraction analysis on the aggregate being used
in this research to determine if there wasy major variability in the properties
and minerh composition of the aggregate that could explain any significant

variation from one test result to another.

4. Adopt an Experimental Methodologyfor the Vibrating Hammer C ompaction
Testi Perform a thorough comparison of the New Zealand Standard for the
vibrating Hammer Compaction Test (NZS 4402 : 1986 Test 4.1.3 New Zealand
vibrating hammaer compaction test) with othemternationalstandards such as the
British Standard (BS EN 1328682003 Part 4. Test methods for laboratory
reference density and water conténtibrating hammer) and American Standard
(ASTM D 73827 07 Standard test methods for determination of maximum dry
unit weight and water content range for effective compaction of granular soi
using a Vibrating HammerAdopt a modified experimental procedure based on

the comparison adhesestandards to use for testing.

5. Calibration of Apparatus i Perform necessaryatbration tests on all apparatus
used (such as hammer, scales, moulds, timers, straight etigeso control

variability due toequipment
6. Hammer Power Output Testi Devise a test which measures the power output
of the vibrating hammer and use it to asare the outputefore any compaction

tests wereonducted anthenafter compaction testing wa®mpleted.

7. Perform Vibrating H ammer Compaction Testsi Conductmultiple vibrating

hammer compaction tessat various Water Contentsitil a sufficient numbebf
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tests wergeached to enable reliable statistical analysis of the restdtistasks in
this step include
1 Keepingas manytest factors constant (such as hammer typeyld size
etc), to determine the minimum natural variability of the test method
1 Conduct the vibrating hammer compaction test using a more powerful
hammer than the one initially used and compare results between the two
hammers.
1 Conduct a &ndard Proctor compaction test on the same aggregate and
compare results witthe vibratoryhamme compaction test results
1 Conduct a Mdified (heavy) Proctor compaction test and compare the

results with the vibrating hammer compaction test results

8. Evaluation and Analysis of Test Results 1 Statistically analyse test results
obtained by utilising thestatistical analysis software SPSS. Manipulate test

results to graphicatlshow trends and correlations.

9. Presenation and Conclusion of Findings i Report findings and provide

conclusions and recommendations basetheanalysis of results.

6.3 Quality Control

Quiality control tests were carried out to ensure the aggregate being tested was up to the
specified acceptabl standard to be used as a basese aggregate. This phase was
carried out before any compaction testing took place. It was also hopedytoutaitnese

tests reguldy as the compaction tests waraderway to maintain a certain standard of
quality, however due to the length of time it takes to conduct these tests and considering
the time constraints for this research, this was not posdibke.brief outlineof each

guality control tesis described in 8ction3.2

6.4 Vibrating Hammer Compaction Test Methodology

6.4.1 Introduction

The adopted test method is largely based on the New Zealand Standard method (NZS

4402:1986 test 4 . 1. 3 hanini¢e eompdctoa lteathld way i br at
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developed progressively throughout the practice runs of testing. Initially, it was decided
to adhere to th&lZS 4402 Test 4.1.8s much as possible and carry out the steps stated in
the NZS 4402 Test 4.1.Brecisely. Thereason for following theNZS 4402 Test 4.1.3
closely was to investigate the variation and suggest a revision of the current test method.
However, duringpractice tets carried out by the researcharfew minor modifications

were suggested to keep variatim a minimum and enable consistent testing.

The degree of accuracy of data analysis relies heavily on the amount of data available.
For research projects of this nature, where variation in results for a particular test method
is investigated, repeatingpé test toacquirea considerable amount of data is desirable.
However, due to time constraints, it was advised timattes be conductedorty times,

which is considered an acceptable number of repeats to ensure tisédtisiecaldata
analysis is reéible.

The adopted experimental procedure used to carry out the laboratory vibrating hammer

compaction tst is describetdelow.
6.4.2 Scope

This test method is used faletermining the dry density of granular spitgssing a
37.5mm sievgeby the use of a vibtary hammeiover a range diVaterContents. Thé®ry
Density will then be used to calculdatee MDD andOWC.

6.4.3 Apparatus
The apparatus used to conduct thestast described below.

Mould

The New Zealand vibrating hammer compaction test standard specifiaboamable
internal diameter of 152am + 0.5 mm and an adequate depth to provide a specimen
height of 125 to 127 mm.

The NZS 4402 Test 4.1.3lso suggested that perforatidmspresent in the base of the
mould, howeverconsequent to practice tests conddatising the perforated base mould,

it was recommended that a nparforated base mould be used for actual testing due to
the significant amount of water escaping through these perforations. As discussed in

Section 2.1 compaction is defined as the expatsiof air voids from the aggregate by the
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application of mechanical energy wi#ero or minimal water lossBecause the water

present in the aggregate sample contributes to the samples total mass, loss of water can
lead to a decrease in mass and henceceedse in the dry density. Thutis important
that water does not escape during compaction as this may lead to inconsisteti@es in

results.

To keep inconsistencies in results to a minimamrmew mould was constructed for the
purpose of this testThe new mould was used solely for the purpose of this research,
while Stevensons Laboratory Lugseda different mould for their regulasommercial
compaction testing-igure 6-1 shows the mould used for testing. It is recommentad t
the moul d has 0 g Uigueb4a to bive the techracean sdhacofvhow i n
muchmaterialto fill the mould in each layer.

Guidelines

Figure 6-1: Compaction Mould used for Testing

Vibrating Hammer

The specifications of thevo hammes used for the research are providedlable 6-1.
Severallaboratories fom the Opustudy have used the Kan@d0K hammer while has

an input power of 1,700 Wt was reommended for the purposes of this research that a
less powerfuhammerbe used to avoid issues of degradation and damage of the nature of
the aggregate. The majority of testing (forty tests) was carried out using the Metabo
KHE75; however an additional fer tests were conducted using the Kango 9%0K
observe the differences inrfpDensity values produced by these two different hammers.

The paver input spectrum from the Opuister-laboratorystudy varied from 750 Wo
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1,700W. Thus, the Metabd&HE75 approxmately falls in the middle of this spectrum
Therefore, the compactive effort provided by the Metabo hammer is neither too high nor
too low, this will consequently help in obtaining average dry density values thattare

disadvantaged they application bsignificantlylow or high compactive effost

Unfortunately, the hammer calibration method incorporated into the NZ vibrating
hammer compaction test in the New Zealand Standards, is a heavily criticised and broad
method which only specifies a minimum linon the permissible hammers used in the
test (Frobel & Moulding, 2006) Therefore, althagh the standard does not specify an
upper limit, a hammer with an appropriate levepofverinput must be selectedue to

the fact that significantlynore powerful hammers can easily degrade the sample being

compactedleading to additional problems the variation of results.

Table 6-1: Properties of the Vibrating Hammers used in Testing

Hammer Input Power,  Output Power Power/blow Weight
Model (W) (W) J) (k)
Metabo KHE75 1,150 690 10 6.4
Kango 950K 1,700 850 7-27 11.8

The MetaboKHE75 and Kango 950Wibrating hammes are shownin Figure 6-2. The
tampes used in each hammer arkesimilar dimensions and weight and aesigned as
per the specifications stated in the NZraing hammer compaction test standard, where
the diameter of the tamper is 145 mm and its weight does not exceed$8 &gown in
Figure 6-2, the Kango hammer is much larger than the Metabo hamn&se two
hammers impose diffent surcharge loads on the sample due to the differences in their
weight as shown in Table-B The differences in imposed loads can affect the
consistency of the test resulithe Kango hammer is much heavierlat8 kg than the
Metabo hammer which is §n6.4 kg. However, combined with the surcharge lwathe
hammer frameboth of these hammers are within tH&S 4402 Test 4.1.Bnposed load
specification limits of 30 to 40 kg (33050 N) (New Zealand Standards, 1986b)
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Mletabo Vibrating . Eango Vibrating
Hammer LS Hamimer

Figure 6-2: Vibrating H ammers used in Testing

Other equipment

Associatedapparatus that areeeded for conducting the tesiclude:

A balancethat is radable and accurate to 1@&agrs

A timerthat is r@dable and accurate to 1 second

Trayswith various sizes ranging from 600mm x 500mm x 80mm to smaller sized
traysof roughly 300mm x 300mm x 80mm

Heavy grade lasticbags

Commercial dying ovencapable of heating up to 1910 and

A soundproof cabineis recommended to conduct the test in.
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6.4.4 Procedure

The procedure is outlined Figure6-3 and further described in the following paragraphs.

A) Sample Preparation D) Recording Measurements and Calculations

Figure 6-3 Flow Chart Showing the Main Seps of the Adopted Procedure

Referring to the main procedural step$igure6-3:

Step AL The variousaggregate sample bulkf particle sizes which make up tl
aggregate grading are oven dried overnighpi@gamately 12 hours) an

then allowed to cool.

StepA2 The sample recipe (known as grading) is then prepared. For
compaction curve, seven samples are used to cover a specified ra
water contents (3.5% to 6.5% irb& increases). Each samplensighed

to achieveapproximately 5.%g. In contrast to the suggestion of riffling
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guatering as specified in the Newedland $&ndard for the vibrating
hanmmer compaction test, the adopted procedure makes each sample

from scratch to help minimésthe effect of segregation.

Step A3 The seven samples which are prepared according to theiegpperading
are then wetted to the chosen range of Watantgdits (which are8.5%,
4.0%, 4.5%, 5.0%, 5.5%, 6.0%, and 6.5%).

Step M Each wetted sample is thelaced in a heavy grade pladhag, which is
sealed to reducair space between the sample and the bag to minimiz
problem of condensation. The samples are left to cure overnight in ¢
place away from direct sunlight for a recommended period6ohours.
Note that it is important to stay consistent in this step by giving all sar

the same amount of time for curing.

Step B Ensure that the apparatus assembly is perfectly clean and dry. Deterr
the nearest 0.Bam the average internal diateeof the mould and record.

Step B Place a straightdge across the top of the surface of the mould and me
the depth from the straigledge to the bottom of the mould usingtael
ruler. Take at least six readings around the mould and calcuataehn

height and record.
Step B Weigh the mould to the nearest 10 g and record.

Step A The mould is then placed onto the base of the loading frame wit

vibrating hammer éwn aside to allow free access to the mould.

Step @ Empty one sample int@ tray and thoroughly mix tdwelp minimize
segregationand scoop enough of the material to half fill the mould w
compacted (the first guidane shown in the mould ifigure6-1 represents
t he 6hal fltidimpoitatt tonekea dxtha care when scooping

sample into the mould to ensure segregation is kept to a minimum.

Step G Place the vibrating hammer with the tamper inside the mould so thi
vibrating hammer is in position fooperation Operatethe vibrating
hammer for 180 seconds. Then remove the vibrating hammer and t

from the mould.

Step @& Add another layer of the aggregate sample, ensuring to scoop e
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material into the mould so that when compacted, the specimer
protrudes thesecond guidéne in the mould. Repeat&i G3.

Step & Remove the mould from the loading frame and cleath a dry cloth any

sample particles from the outside of the mould.

Step 1 Adopt a consistent measurement approach to measure the height
sample in the mould. That is to say, measure the height of every san
approximately the same six locations every time, to avoid inconsister
results. Place a straight edge across the top surface of the mou
measure, to the nearest Orbn, thedepth from the straigk#dge to the
surface of the specimen. Take at least six readings from six dift

locations around the mould and record.

StepD2 Weigh the mould complete with the specimen to the nearest 10 ¢
record.
Step B Remove the comg#ed specimen from the mould and place it in a si

preweighed tray. Immediately take a portion over the full heighthef
specimen and determine thea¥® Content as specified in the NZ&l02
Te st 3.1 AThe Wat ero (Névw Bedland tStandafd
1991a)

Step Dt Perfform calculations to determine Water ConténDry Density curve as
specifed in the NZS4 402 test dalarid . vibratirig Nnarmme
c omp act (NewmZedlamdsStandards, 1986b)

6.5 X-ray Diffraction Test Methodology

6.5.1 Sample Preparation

The source aggregate wasamired andsplit into three different types. Each type
represented aggregates with a similar physical appearance and particligsire6-4

shows the three different types.
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c) Rocktype O Green Apearance

Figure 6-4: Different Rock Types used in Xray Diffraction T est

Two types of samples are usually required for theayX diffraction test.Each type
requires a slightly diffant method in sample preparationThese methods will be

discussed below.

Bulk or Random Orientation Sample

This type of samplés used to identify the minerabnstituents of the aggregate and also
to determine theoroportion of mineralsn the aggregateThe methodology used in

preparation of this type of sample is as follows:

1. The aggregate which contains coarse chips is reduced in grain size by crushing it
in a Rocklabs steel ring mill.

2. The Rocklabs steel ring mihould not be used to powder the sangsl¢his may
damage and distort the mineral grains in the sample. Instead, the sand sized
sample is hand powdered in a pestle and mortar.

3. The powder is then loosely packed into an aluminium holder. Care should be
taken when packing the powdered sampleshibuld not be pressed as this may

risk damaging and orienting the mineral grains in the sample.
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4. Once packed into the aluminium holder, the sample is then reduly twserted
into the Xray diffractometer.

Oriented Sample

These samples are used to deteemthe nature of the clay minerals. The sample

preparatiorprocedure is as follows:

1. The powdered bulk sample can be used for this method.
2. Approximately 1.5 ml of the powdered sample is deposited into a plastic test tube.

3. The tube is then filled with distéd water and hand shaken until the sample is
completely dispersed in the distilled water.

4. The tube is then left to settle for approximatelyi280 minutes. Subsequently, a
portionis drawn off from the top 2 ndf the test tube and carefully depositedoont
a glass slide and allowed to spread over an area of around 20dramgter

5. The glass slide is then airield in a dusfree environmento allow the clay
particles in the sample to sediment onto the glass slide.

6. The oriented sample is-Mayed three thes. Initially as an untreated sample.
Followed by another Xay on the now glycolated samplénd finally the
glycolated sample is heated at 35For at least an hour before it isrfyed for
the last time. Performing the-bay on the glycolated sampldlaavs for the
identification of zeolites present in the aggregate which usually cause volume
changes such as swelling. Swelling is an unwanted phenomenon in aggregate
properties as it negatively affects the performance of the aggregate. The-final X

ray onthe heated sample reveals tdo#lapsed dehydrated basal layer of the clays.
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6.5.2 Experiment Set-up

Phillips PW
1050/25 goniometer

Data Acquisition
Copper anode

X-ray Tube

-l

-

Phillips PW 1130 High
Voltage Generator

=

hy - > .4 e 3 .
Figure 6-5 ProfessorPhilippa Black Conducting an XRD Analysison the Source
Aggregate

The setup of the experiment is shown ifrigure 6-5. The goniometer is computer
controlled and data is obtained by using the XRD softwafier inserting the sample
slide into the diffractometen printout is outputted from the computer.
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Chapter 7. TEST RESULTS AND DISCUSSION

7.1 Aggregate Property Test Results

Results of theconductedquality control tests will be presented and their significance
discussed in thi€hapter A number of different tests have been carried out to identify the
physical propertiesral mineral composition of the aggrégdeing used for testing. The
analysis of these test results is imperative to better understand the level of quality of the
source aggregate being used for testirte classification ofthe aggregatgropertytests

will be similar to thatin8ct i on 3. 2.2 where tests fall

AProduction Property Testso, depending on

7.1.1 Source Property Tests

Crushing Resistance

The TNZ M/4 basecourse sphcation states that the teshoulddone under a load of

130 kN wherdines passing the 2.3@m sieve as a result of the load application must be
less than 10% to deem the aggregate of acceptable stréhgtkest returned result of

0.5% of fines passing the 2.36 mm sieve undersgiexified 130 kN load. This result
indicates that the source aggregate being used fongeist of high strength quality,
however during the vibrating hammer compaction tests, slight degradation to the

aggregate was visually observed.

Weather Quality

Figure 7-1 shows the results obtained frotie weathering quality testonducted. The

graph displays the different indices based on the cleanness value and percentage of
sample material reta@adl on the 4.75 mm sieveThe TNZ M/4 speification for
basecourse aggregates allows weathering quality values of AA, AB, AC, BA, BB or CA.
Thus the results obtained for weathering quaity e O AA®6 as shown by
cell in Figure7-1. The aggregate displays axtremely high resistance émvironmental

effects. In comparison witlthe specification the aggregateobtained the highest

1

1

permi ssi bl e weat her i ngclegnnesd valteyf 98 witth 88% oo f 6 A

particles being retained on the 4.75mm si®Before the oven drying process, the bulk
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material used for the vibrating hammer compaction test was left outside due to space
constraints in the laboratory. Thus, weathering of the material was a concern, however the
results shown here indicate that thaterial is highly resistant to environmental effects
(such as wetting, drying, heating and coolinggence, these results imply that
environmental effects on the source aggregate that has been left outside should not be a
concern as the aggregate appearbe highly resistant to the environmental effects. In
saying that, concern has been expressed regarding the weathering quality test, as it is
believed that it does not reflect real environmental weathering conditions. Weathering
effects should nevertheds be controlled as best as possible in laboratory testing to help

reduceinconsistencies iresults.

Figure 7-1: Weathering Quality Results

California Bearing Ratio

Table7-1 summarises the results obtained from the California Bearing Ratio test and also
the specifications that the results must meet in adeass the test. As can be seen the
minimum permissible CBRor a material being used as a basecourse iay80%, the

reailt obtained is well above that at 275%. The CBR test provides an idea of the strength
of the material being tested and in this case the source aggregate is considered high

guality having a relatively higktrength characteristic.
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