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ABSTRACT

The prediction of displacement pile capacity in sand is hampered by the extreme changes in
stress which occur in the immediateirity of the pile during installation (Randolph 2003).

High quality instrumented tests on steel model piles, such as those reported by Lehane (1992)
and Chow (1997), have helped identify other fextthat have a bearing orreformed
displacement pildehaviour in sand. These factors include the extent of soil displacement
during installation and loading, the reduction in shaft friction due to increasing load cycles
during installation (referred to as friction fatigue), increases in radial stressesdilation at

the pilesoil interface, differences in shaft resistance with loading direction (i.e. compressive
and tensile loading) and increases in shaft capacity with time, i.e. pifgaghe majority of

these phenomena have now been incorporatéalitnew cone penetration te§€PT)based

design methods which give superior estimates of preformed displacement pile capacity in
sand incomparison to traditional methods.

The knowledge gained from the highality studies of displacement pile behawias now

being applied to other pile types such as partial displacement piles (e.gerajehpiles) and
redacement piles (e.g. boreohd screw piles). One category of pile which has received sparse
attention is the driven cast-situ (DCIS) pile whichis typically classified as darge
displacement pile, despite sharing certain aspects of its construction with replacement pile
types. Furthermore, there are relatively few case histories of load tests on DCIS piles in the

literature to verify the assuniph that they behave as full displacement piles.

The behaviour of DCIS piles during installation, curing and maintained load testing was
therefore investigated by constructing a total of seven instrumented DCIS piles in layered
soils and sand at sites the United Kingdom. The resistance of the steel installation tube
during driving was derived using instrumentation fitted to the DCIS piling rigs. The variation

in temperature and strain after casting was monitored continuously in three of the teset piles t
examine the development of residual loads during curing. After developing sufficient concrete
strength, the test piles were subjected to maintained compression load tests to failure (i.e. a
displacement in excess of 10 % of the pile diameter), withitai and base resistance during

loading derived from strain measured within the test piles using vibrating wire strain gauges.
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The installation resistance derived by the rig instrumentation shows good agreement with the
base resistance profile derived g University of Western Australia UWB5 method using

the Dutchaveraging technique. Residual loads developed during curing of the DCIS piles
installed in layered soils due to consolidation settlement of soft soil layers as pore pressures
induced by thalriving process dissipated. On the other hand, residual loads for DCIS piles in

uniform sand were negligible.

The instrumented DCIS piles in sand exhibited a clear reductioorimalised local shear
stressesand radial effective stresses at failure wdistance from the pile base, ifeiction

fatigue, which is a wellknown characteristic of preformed displacement piles and its
existence for DCIS piles implies that radial stresses during driven installation of the steel tube
are not erased upon concngtiand tube withdrawal he normaked base resistance at failure
showed excellent agreement with the UW®#S design methodor driven closeeended
displacement piles, witlthe onset of degradation in base stiffnessurring atlarge base
displacementsDesign correlations have subsequently been developed based on the results of

the instrumented DCIS pile tests.

The main implication of the experimental data for DCIS pile design in sand is ¢hslhaift,

base and total capacitiefa DCIS pilearesimilarto a preformed closeended displacement

pile of equivalent dimension#n keeping with this finding, aexamination of the predictive
performance of seven CH¥ased displacement pile design methods using a database of 26
DCIS pile load tests with adjade@PT q. profiles demonstratethat therecentmethods
provide improved estimatesf DCIS shaft, base and total capacity in comparison to
traditional simplified methods1owever a statistical study of DCIS pile loatisplacement
behaviour m sand using database 0105 pile load ests showed thdhe total resistance af

DCIS piletends to mobilise at a slower rate in comparison tcopmegd driven displacement
piles,implying that DCIS piles may exhibit greater levels of displacement for a given applied

load.
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CHAPTER 1 INTRODUCTION




1.1 BACKGROUND

Piled foundations are typically used to transfer large structural loads into underlying
competent strata. The used$placemenpiles has evolved considerably over the past 4000
years or so, with simple timber stakes being used ifhisteric times to support settlements

in flood plain deposits adjacent to lakes and rivers, before eventually being superseded by
preformed concrete and teel displacementpiles in the late 19 century which were
dynamically driven into the soil by mechanical means. Replacement piles have prove
increasingly popular in modern times, particularly with the advent of stringent environmental
legislation preveting the use of driven displacement piles in urban areas due to excessive
noise levels, although the costs associated with the disposal of spoil generated by replacement
piling techniqgues maygurtail such use, particularly at sites where soil contaminasoan

issue. The rapid growth of the renewable energy industry has also led to the use-of large

diameter operended steel mondps for offshore wind turbines.

The design of piled foundations remains highly empirical however, wittptbdiction of
displacement pile capacity in siliceous sand arguably the most uncertain area of foundation
design due to the extrenmyvels of soildistortion during dwen installation(Randolph, 2003)
Despite such uncertainties, major advances in the knowledge of themsethaoverning
preformed displacement pile behaviour in sand have been achieved over the past 25 years or
so through a series of higjuality field-scale tests using heaviigstrumented closednded

steel pilessuch aghose reported by Lehaii#992)andChow (1997) These testiave helped
identify factorssuch asthe extent of soil displacement during installation and loading, the
reduction in shaft friction due to increasing load cycles during installation (referred to as
friction fatigue), increasesni radial stresses due to dilation at the -pidd interface,
differences in shaft resistance with loading direction (i.e. compressive and tensile loading)
and increases in shaft capacity with time, i.e. pilereg The majority of these phenomena
have nev been incorporated irecentCPT-based design methodsgich have been shown to
provide superior estimates of preformed displacement pile capacity in comparison to

traditional design approaches based on earth pressure theory.

The knowledge gained from thiegh-quality instrumented tests on preformed displacement
piles has inevitably led to increased focus on the behaviour eincasti replacement piles.
The absence of highuality studies involving cash-situ pilesis also attributed to processes
synanymous with concrete such as-situ curing, shrinkage, creep, cracking and strain

dependent stiffness; these processes may have a significant influence on the performance of
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pile instrumentation and the subsequent interpretation of pile behaviour. Hersfare
unsurprising that design methods for eassitu piles have tended to remaather simplistic
(Lehane, 2008 Driven castin-situ (DCIS)piles, on the other hand, have received relatively
little attention in the literature, despite haviing ability to readily adjust pile lengths to suit
the depth of penetration requiredcomparison t@reformedpiles. Whileaspects of th®CIS

pile construction procesare shared withreplacement pile types (i.e. casting of concrete in
situ and the resultanrough shatft interfagetheuse of driving to install DCIS piles has led to
their classification as lge displacement pilegBSI, 1986) and practitioners have
consequently tended tesort totraditional displacement pile design methods when estimating
the shaft and base capacity of DCIS piles in s@identhe limited numbercase histories of
axial load tests on instrumented DCIS piesvever, the assumption tHa€ClIS piles behave

in a similar manner t@reformed displacement pdde.g. precast conete and steel piles)

remains to be verified.

1.2 DRIVEN CAST-IN-SITU PILES

The installation process of amporarycasedDCIS pile, illustrated inFigure 1.1, involves
top-driving a hollow steel tube using a pile driving hammer, with a sacrificial circular steel
plateplaced at the base of the tubeorder to prevent ingress of soil and water dudnging.

When the required depth of penetration is reactiedreinforement cage is inserted into the

tube which is then filled withhigh-slump concreteising skipping or pumped method$he
hammer is then reattached and the tube is extracted. During removal, a number of blows are
applied to the tube in order to compact toacreteThe pile is then left to cure dsitu for a

number of days, with theest| plateremaining at the base.

Figure 1.1 - DCIS pile construction procesqcourtesy of Keller Foundations)



1.3 AIMS AND OBJECTIVES
The primary aim of this thesis is to investigate the behaviour of DCIS piles during
installation, curing and maintained load testing in layered soil and uniform sand. In order to

achieve this aim, the following objectives have been identified:

1. Examine the relationship between the installation resistance derived from the DCIS
piling rig instrumentation and the base resistance profile predicted by several CPT
based design methods using GiR'Rveraging techniques.

2. Investigate the development of icasal stresses during curing.

3. Determine the behaviour of DCIS piles, in terms of shaft and base resistance, during
maintained compression loading.

4. Investigate the ability of current CH¥ased design methods for estimating the shatft,
base and total capacity DCIS piles in sand.

5. Examine and compare the ledsplacement behaviour of DCIS piles in sand with

traditional preformed closeeinded displacement piles by statistical means.

1.4 METHODOLOGY

In order to investigate the axial load behaviour of DCIS piles, installation, curing and
maintained load test phases were studied on a total of 7 instrumented DCIS piles founded in
layered and uniform sand deposits at a number of sites in the United Kingdom. The location
and details of each instrumented DCIS pdstts outlined imablel1.1. It is important to note

that, with the exception of Rytemn-Dunsmore, the tests were performed at sites where
contract piling works wer undertaken by Keller Foundations and were therefore subjected to

some constraints regarding the location and duration of testing.

The installation data for each pile was measured using instrumentation on the piling rig. The
development of residual loadkuring curingwas investigated using vibrating wire strain
gauges installed in the test piles immediately after casting (continuous measurements of strain
and temperature during the curing period were obtained for three of the instrumented test piles
using a datalogg@r After developing sufficient concrete strength, the test piles were
subjected to maintained compression load tests to failure (i.e. a total pile displacement in
excess of 10 % of the pile diameter), with the shaft and base resistanceaaating derived

from strain measurements provided by the strain gauges. Cone penetration tests (CPT)



conducted adjacent to the test pile locations enabled comparisons of normalised shaft and base
behaviour with the results of higiuality tests on prefored displacement piles reported in

the literature. The measured shaft, base and total DCIS pile capacities were also compared
with the capacities predicted by several @iBed displacement design methods. Finally, a
database of over 100 maintained loadst@gas compiled to enable a comparison of the-load
displacement behaviour of DCIS piles in sand with those reported for preformed driven

displacement piles using a simple statistical simulation technique.

Table 1.1 - Instrumented DCIS pile test programme

Test location Soil type Date Pile ref. Section
Pontarddulais, Wales  Soft CLAY/loose SAND Nov. 2010 P1 5.2
Shotton, Wales Medium dense to dense SAND May 2011 S1 6.2
Dagenham, England  Medium dense SAND, soft Sep 2011 D1 53
CLAY/PEAT, very dense sandy
GRAVEL
Erith, England Soft CLAY/PEAT, very dense sandy Nov. 2012 E3 5.4
GRAVEL
Ryton-on-Dunsmore Medium dense SAND Oct-Nov. 2013 R1, R2, R3 6.3
England

1.5 OUTLINE OF THESIS

A detailed review of closednded displacement pile behaviour in sand, in particular the
results of a series of tests conducted by Imperial College London using kaatriynented
closedended steel model piles, is presentedChapter 2. The behaviour fothe shaft and

base of displacement piles are reviewed separately, with facets of behaviour relevant to driven
castin-situ piles highlighted throughoutA summary of the various theoretical and
empirically-based displacement pile design methods in sarsibsequentlyprovided and

their reliability in predicting pile capacity, as established in previous studies, is discussed.

Finally, a detailed review of residual load development irricasitu piles is presented.

The various experimental methods amdgedures performed during the instrumented DCIS
pile test programme iable 1.1 are described ihapter 3. The first section of the chapter
describes the equipment and instrumentation used during DCIS pile installation, the curing
phase and maintained compression lczsting as well as the various strain interpretation

methodsfor assessing residual loads during curing of -gasitu piles followed by the



procedures used to interpret the measured strains within the instrumented DCIS test piles

during maintained compssion load testing.

The ground conditions at the three layered sites (Pontarddulais, Dagenham and Erith) and two
sand sites (Shotton and Ryton-Dunsmore) in the United Kingdom in which the
instrumented DCIS pile tests were performed are summarigedapter 4. The location and
geological history of each site is initially presented, followed by the results-sfuirand

laboratory tests (where applicable). Parameters relevant to pile behaviour are also discussed.

In Chapter 5, the results of a serieaf tests conducted on instrumented DCIS piles at
Pontarddulais, Dagenham and Erith in the United Kingdom are presented. These piles are
grouped together as all three rely heavily upon a socket in granular soil for their capacity.
General details of eacledt pile are summarised, followed by the results of the installation,
curing and compressive maintained load test phases, and consideration of shaft and base

behaviour.

The results of a series of tests on instrumented DCIS piles installed in uniforreitesnat
Shotton and Rytoon-Dunsmore in the United Kingdom are describeChmapter 6. Both
sites provided an ideal opportunity to assess the behaviour of DCIS piles in sand, in particular
the variation in local shear stress with normalised distance fhenpile tip, i.e. friction

fatigue.

Chapter 7 provides a discussion of the overall behaviour of DCIS piles in sand based on the
results of the instrumented tests presented in Chapters 5 and 6, with reference to other
relevant data from the literatureirgtly, the pile installation results are analysed, followed by

an assessment of the curing temperatures and strains, based on the review of residual loads in
castin-situ piles presented in Chapter 3. The behaviour of the instrumented DCIS test piles
during maintained compression loading is then discussed, including aspects of shaft behaviour
such as friction fatigue and correlations with cone resistance, and the variation in base
resistance and stiffness during loading. The performance of seveibd&SRddisplacement

pile design methods for estimating total, shaft and base capacity of DCIS piles in sand is



subsequently examined. Finally, a simple statistical simulation techisqueedio compare
the loaddisplacement behaviour of DCIS piles in sand tat thf preformed displacement

piles using a database Hd5DCIS pile load tests.

Finally, the conclusions of the research are summarise€hapter 8. The findings
demonstrate that DCIS piles behave sirailar manner to traditional preformed displacement
pile types, in terms of both shaft and base resistance, and provide the practitioner with
increased confidence in estimating DCIS pile capacity using currerdo@&3d displacement

pile design methods. Recomnaiations for future research are also suggested.

The following additional information is provided in the Appendices:

Appendix A: Derivation of the installation resistance using DCIS piling rig instrumentation
Appendix B: Dynamic CAPWAP tests during instafion

Appendix C: Load test schedules for instrumented DCIS piles

Appendix D: Loaddisplacement curves for DCIS test pile database

Finally, the following conference articles were published by the author during the course of

this research:

1 Flynn, K.N., McCabe, B.A. and Egan, D. 201Residual load development in cast
situ piles- a review and new case historProceedings of the "™ International
Conference on Testing and Design Methft Deep FoundationsKanazawa, Japan.
pp. 765773.

1 Flynn, K.N. and McCabe, B.A. 201Has concrete curing a role irlg capacity?
Concrete 46(7), pp. 441.

1 Flynn, K.N., McCabe, B.A. and Egan, D. 201&xial load behaviour of ari/en cast
in-situ pile in sandProceedings of the™International Conferencen Case Histories
in Geotechnical Engineeringhicago, USA.

1 Flynn, K.N., McCabe, B.A. and Egan, D. 2018riven castin-situ piles in granular
soil: applicability & CPT methods for pile capacityProceedings of the '3
International Symposium on Conerfegration TestingC P T 9, Lag Vegas, USA.






CHAPTER 2 REVIEW OF DISPLACEME NT PILE
BEHAVIOUR IN SAND




2.1 INTRODUCTION

Driven castin-situ (DCIS) piles are classified as large displacemeiies according to the
British Standard Code of Practice for Foundations (BSI, 1986), the classification chart for
which is illustrated irFigure2.1. As mentioned previously in Sectidnl however there are
relatively few case histies of axial load tests on instrumented DCIS piles to verigy th
assumptiorthat DCIS piles behave in a similar manner to traditional large displacement piles
(i.e. closeeended steel and precast pilelt)is therefore necessary to conduct a review of
published studies on the behaviour of traditional large displacement piles in sand, the findings
of which will subsequently be compared with the results of the instrumented DCIS pile tests
in both layered soil and uniform sand deposits in Chapters 5 aspéatively.

The prediction of displacement pile capacity in siliceous sand is arguably the most uncertain
area in the design of piled foundations, predominantly due to the effects of densification and
residual loads during installatigikandolph, 2003)Such uncertainties are highlighted by the
relatively poor reliability of traditional pile designethodsn these soil¢Briaud and Tucker,

1988; Schneider et al., 2008; Toolan et al., 19P@}kpite such difficulties, major advances in
understanding ofhie mechanisms which govern displacement pile behaviour in sand have
been achieved over the past 25 years or so through extensivguailfly laboratory and ful

scale tests using instrumented piles.

This chapter presents a detailed review of clesstkddisplacement pile behaviour in sand,

in particular the results of a series of tests conducted by Imperial College London using
heavilyinstrumented closednded steel model piles. The behaviour of the shaft and base of
displacement piles are reviewed segpaly, with facets of behaviour relevant to driven cast
in-situ piles highlighted throughoufA summary of the various theoretical and empirically
based displacement pile design methods in sand is providetheinceliability in predicting

pile capacityis thendiscussedFinally, a detailed review of residual load development in-cast

in-situ piles is presented.
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Large displacement

Cast-in-situ: formed in-
situ by driving a closed
tubular section to form a

Preformed: solid or hollow
closed at the bottem end,
driven into the ground and

Types of Pile

Small displacement

Replacement

A void formed by boring
or excavation and filled
with concrete. The sides
of the void are:

left in position

void, and then filling the
void with concrete whilst
withdrawing the section

Hollow (closed at
bottom end and filled or

| unfilled after driving)

Precast Timber
concrete
Steel tubes Concrete tubes
or box piles
Formed as units with
Formed to mechanical joints
required and special driving
length shoes

Steel sections,
includes H-piles,
open-ended tubes
and box piles

Supported Unsupported
I
Permanently-cased Temporarily
Screw piles By casing By By soil on a
drilling continuous
mud flight auger

Figure 2.1 - Pile classification according to British Standards BS8004 Code of Practice for Foundations (BSI, 1986)
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2.2 FUNDAMENTALS OF DISP LACEMENT PILE BEHAVI OUR IN SAND

The behaviour of a displacement pile in sand is intrinsically linked to the complex stress
strain history of the sbin which the pile is founde@Randolph, 2003; White, 2008nd the
mechanisms whiclyovern such behaviour can be classified in accordance with following

phases:

1. Installation
2. Equalisation

3. Loading

White (2005) provides a conceptual model for the stress history of an idealised element of
sand during each phase as it transits from an itgitation at some distance beneath the base
of the pile to a final position adjacent to the pile shaft. The model, illustratéidune2.2, is

summarised as follows:

1. Prior to installation, the initial stresses within the element correspond-gauin
horizontal and vertical effective stressiag andi o respectively.

2. Both stesses within the soil begin to increase during installation, eventually reaching
failure when the base of the pile comes into contact with the eleiatmean
effective stresg' within the element of soil at this point is comparable with the base
resisanceq of the pile.

3. The element subsequently passes around the base, inducing a maximum shear stress
Wmax along the shaft of the pile in the immediate vicinity of the base. This process is
accompanied by a reduction in vertical and horizontal stresgpprinantly due to
principal stress rotation.

4. The element is then subjected to shearing cycles along the shaft as pile penetration
increases (the number of cycles depending on the mode of installation i.e. driven or
jacked), leading to reductions in radsttessd', (and hence local sfarstressld;yo) at
the soitpile interface due to contraction of the soil.

5. The pile installation phase is then followed by a period of equalisation, where changes
in stress within the element may occur due to pore presissipation, residual loads
and agerelated effects, resulting in an equalised radial strggsrior to loading.

6. The loading phaseay induceadditional increases in radialt r ei'g @n theshaft
due to interface dilation, with shaft failure occurring at peak radial siress
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1. In-situ conditions 2. Installation (i) 3. Installation (i) 4. Installation (i)

i Hammer blows t Hammer blows i Hammer blows.

Tmar

H‘«— S'huma

ﬂc +t, N oycles

5. Equalisation 6. Loading

lLoad

t

Final deﬂ an

Figure 2.2 - Soil stressstrain history during displacement pile installation, equaligition and loading (after
White, 2005)

The key to advancing the knowledge of displacement pile behaviour in sand, in particular the
shaft resistance, lies in the ability to measure the complex changes in stress during the
processes highlighted above usihgavily-instrumented test piles in the field. As will be
shown later, such observations have only been achieved relatively recently, but have led to
significant improvemesstin design methods for displacement piles in sand.

The total capacityQ; of a circular close@&nded displacement pile duringaintained

compressiotoading is defined as the sum of the shaft cap&ignd base capacityy:

e A002
Qt :Qs +Qb ::d)s nsfdz-"qb%
¢

-0

21

where Ds andDy, are the pile shaft and base diameter respectiliig; the local kear stress

at failure zis the pile embedment agis the base resistance.

There is no consensus in the literature on the definition of total pile cagagitrarious
criteria have been proposed, includingathematicalmodels, graphical techniques and
settlemeritbased definitionsHowever, for this thesi€); is defined as the applied head load
corresponding to a head displacement equivalent to 10 % of the pile base dian(asensed
by McCabe and Lehan@006)and others) and will be referred to@%.10n
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During the initial stages of loading, the majority of total capacity is provided by shaft friction,
with peak values typically mobilised at a shaft displacemgmtguivalent to 2 % of the pile

shaft diameteDs (Fleming et al., 2008)The displacement required to fully mobilise the-end
bearing resistance is considerably larger in comparison to the shaft resistance, typically
occurring at normalised base displacementB,, of 10 % for driven piles and up to 30 for
replacemenpiles according to Kulhawy1984) Although Equatior?.1 treats the shaft and

base resistances separatatyeiaction effects are likely to occur near the pil§Rpndolph et

al., 1994)

A key aspect of pile behaviour which is somewhat unique to preformed displacement piles is
that of installatiorrelatedresidualloads. Rebounding of the pile occurs as ¢bepressive

force on the pile head is removed after each load cycle deithgr diven or jacked
installation. This rebounding process, illustratedrigure 2.3, inducesa downward force on

the pile due to reversal of shear stresses along the shaft of the pile which must be counter
acted by a compressive load at the base. Such loads acting on the pile are commonly referred
to asresidualloads and may be equivalemt &s much as 40 % of the total pile capacity
according tcAlawneh et al(2001)

Driving force Zero load Load distribution

!

Il fil

Local Residual
shear shear
stress stress

LJ,Ioc L!,res

[ \ Compression

T T -

Base stress qp Residual base stress gpres
Figure 2.3 - Development of residual load in driven displacement piles (Alawneét al., 2001)
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While residual loads are often presumed to have a minimal influence on total pibyGapa
effects on the distribution of load within the pile can be profound; ignoring such loads results
in overestimation of shaft resistance and urédstimation of base resistan¢gellenius,

2002) It is therefore crucial that residual loads are acalifdr when interpreting the results

of tests on instrumented preformed displacement piles. Unfortunately, residual loads in driven
piles are notoriously difficult to measure in practice as the large dynamic stresses and
accelerations generated within thiée during driving often result in erroneous readings from

the pile instrumentation. As a result, residual loads that have developed upon installation have
been ignored in many studies of driven piles in sand, thereby leading to erroneous
interpretationof shaft and baseesistancgFellenius and Altaee, 1993Recenthigh-quality
investigations of displacement pile behaviour have used jacked installation methods as an
alternative to driving, as the absence of dynarelated installatioreffectssynonymais with

driving are largely avoided, enabling residual loads to be measured with a high degree of
accuracy. Howevert is important to note thahereare several important differences between

the behaviour of jacked and driven displacement piles in fla@sk variations are highlighted

in the forthcoming review.

The applicability of the classic driviagelated mechanism of residual load development
described above to DCIS piles is somewhat questionable. While ekfsbiend of the DCIS
installation tube will inevitably occur during driving, the subsequent extragbrocess
eliminates the presence of shear stresses at thesqililenterface immediately after
concreting. However, there are other processes which occur after DCIS pile installatbn

may lead to the development of residual loads; processes asiaflowndrag due to
consolidatiorrelated settlement which results from the dissipation of excess pore pressures
generated within cohesive soils by driving and/or surchangteged effects caused by the
placement of fill at the surface for piling operao The interaction of concrete with the
surrounding soil as it cures after casting has also been postulated as a potential source of
residual load for cash-situ piles (Pennington, 1995Fellenius et al.,, 2009Siegel and
McGillivray, 2009) Existing research on these processes is reviewed in detail in Chapter 3
when discussing strain gauge interpretation procedures and is subsequently revisited during

the instrumented DCIS pile test interpretation described in Chapters 5 and 6.
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The following sectiongoresent a review of the mechanisms governing displacement pile
behaviour in sand; Sectidh3 examines aspects of shaft behaviour, while an owereiethe

base resistance is presented in Sec®idn In keeping with the framework of displacement

pile behaviour by White (2005) described abawe, review is structuresh accordance with

the three key phases which influence the stséamis history of the soil in the immediate
vicinity of the displacement pilei.e. installation, equalisation and loading. Additional
important factors which are heatrictly related to these phases are subsequently discussed.
The review primarily focuses on field studies using instrumented displacement piles, although
laboratoryscale centrifuge and calibration chamber tests are also discussed. Each section
conclude with a summary of the key mechanisms governing displacement pile behaviour and

implications of such behaviour for DCIS piles.
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2.3 AN OVERVIEW OF THE S HAFT RESISTANCE OF CLOSED-ENDED
DISPLACEMENT PILES | N SAND

2.3.1 Introduction

This sedbn presents a review of published literature on the shaft behaviour of -elnded
displacement piles in sand. It is worth noting at this stage that the majority of published
studies on the shaft resistance of displacement piles in sand relate tolsteehepre are
relatively few highquality studies of instrumented concrete piles in which radial stresses on
the pile shaft were measured during installation, equalisation and loading. Such a trend is
hardly surprising given that major research projeatslisplacement pile behaviour have been
largely funded by the offshore industry, where latiigameter operended steel piles are
driven to depths in excesd 30 min order to support structures such as platforms and wind
turbines. The absence of highdity studies using concrete piles can also be attributed to
processes synonymous with concrete such &#uncuring, shrinkage, creep, cracking and
straindependent stiffness. As will be shown in Chapters 3, 5, and 6, these processes may have
a significant influence on the performance of pile instrumentation and the subsequent

interpretation of pile behaviour.

The localshear stresat failure ( of a displacement pile in sand is expressed using the

Coulomb friction equation:
I ="y tang; 2.2

wherel'; is theradial effective stress at failuead U is theinterface friction angle at failure

The interface friction anglé is easily measured in a laboratory using a shear box apparatus,
with the majority of uncertainty in Equatich2 associated with prediction of the radial
effective stress at failuré. Traditional methods relaté to the insitu vertical effective

stressl o Using conventional earth pressure theory:

tg =Kis',, tang; 2.3
whereK;s is thelateral earth pressure coefficient at failamed (., is the vertical effective

stress
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The lateral earth pressure coeffici&atdepends on several factors, including the level of soil
displacement during installation andsitu soil state. Recommended valueKefor design

tend to be conflictingKraft (1990)for example suggesK; = 04 and 16 for piles driven in

loose and dense sands respectively, while previous editions of the American Petroleum
Institute design standard for offshore pile degi@§RI, 2007)specified a constant value Kf

= 1.0 for closeeended displacement piles, regardless of density. Such values imply a linear
relationship between local shaft friction and vertical effective stress, whicltantrast with
observations of shaft resistance measured dimstgumented ite testsin the field. Reviews

of pile design methods over the years have also highlighted the relatively poor performance of

earth pressure methods in predicting displacement pile cag&chpeider et al., 2008)

The uncertainties surrounding tradited design methods prompted several kqghlity
investigations into the mechanisms governing the behaviour of shaft resistance of
displacement piles in sand. Unlike previous studies on displacement piles behaviour in sand,
these research programmes hawecsssfully captured the changes in radial effective stress
on the shaft of preformed displacement piles during installation, equalisation and loading in
siliceous sand. The following sections review the results of such tests, in particular the
extensivenvestigations conducted by Imperial College London.

2.3.2 Installation

As mentioned previously, reliable measurements of axial loads, radial stresses, pore pressures
and residual loads durirdyiven installation are notoriously difficult due to the influende o

the large dynamic stresses generated by driving on the pile instrumentatiorgudlgin
measurements of displacement pile behaviour, in particular radial stresses during installation,
have been rather limited as a result. Such limitations have beecome in recent years
through the use of jacked installation methods (whereby the pile is pushed to the required
depth using continuous jacking strokes) as an alternative to driving, and the majority of

literature of displacement pile installation behavipartains to jacked piles as a result.

Undoubtedly the most extensive observations of displacement pile behaviour during
installation in sand were obtained by researchers at Imperial College London over a 10 year

period beginning in the late 1980s astpafra comprehensive research programme geared
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towards offshore applications. Pile tests were conducted in a range of soil types at numerous
locations in the UK and France using a heavily instrumented, 102 mm diameter;esidgeed

steel model pile (refeed to as the Imperial College Pile or ICP). The pile contained
instrumentation clusters housed at three separate levels within a 3 m long section near the
base of the pile (an additional cluster level was added at a later date for testing in dense sand
at Dunkirk), enabling neacontinuous measurements of radial and local shear stresses (using
a surface stress transducer 887, axial loads and pore pressures during installation,
equalisation and loading. A schematic of the ICP is shoviigare 2.4(a); cluster levels are
identified by the distancé from the base, normalised by the pile diamdderExtension

pieces attached to the instrumented section enabled ailet&ngth in excess of 6 m. The

CPT q. profiles at the two ICP test sites (Labenne and Dunkirk) are illustrat€égure

2.4(b).

__ CPT resistance g, (MPa)

0 5 10 15 20 25
0 O 1 1 1 1
Imperial College
Pile (ICP) .
1 1 Additional cluster 1 Dunkirk
added for tests at
Dunkirk
2 N np=37 2
3 3
~ /. h/D=25 | Labenne
S
< 4 Instrumentation 4
g clusters
at « M np=14
5 5
6 h/D:4 6
Distance h
7 | from base 7.
8 8

Figure 2.4 - (a) Schematic of ICP test pile and (b) CPT gprofiles at Labenne and Dunkirk
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The results of two ICP tests in loose to medium dense sand at Labenne, southwest France,
were reported by Lehar{@992) The piles were inementally jackedi s i 2@D mén strokes
to a final depth of 6 m below ground level. The following observations of shaft behaviour

during installation were reported:

1 Pore pressures remained nbgdrostatic during jacking, indicating that the pile
installaton process was essentially drained.

{ Stationary radial effective stred$s and local shear streg,. profiles at each sensor
level between jacking stroke@igure 2.5) closely resembled the measured cone
resistanceq. profile at the test location, indicating that shaft behaviour during
installation was strongly controlled by-gitu soil state.

f As evidentin Figure 2.5, clear reductions s and {§,oc at a given depth occurred
with increasing pile embedment.

1 The average shear strd'ég\,g: Qstwotal” Dz along theshaft of the pile reached quasi
constant values when pile embedment exceeded 2 m, corresponding to a normalised
valuez/D & 20.

1 The interface friction angle& inferred from radial and shear stresses during jacking
were in good agreement with the criticthte (,) values measured in laboratory

interface shear tests on steel surfaces with similar roughness.

An additional series of ICP tests were performed by C{®87)in a dense sand deposit at
Dunkirk, Franceto enable a comparison with the result¢agied in the loose to medium
dense sand at Labenne. The testing programme comprised three jacked installations to a
maximum depth of 7.4 m using 225 mm strokes. Radial and local shear stresses, pore
pressures and axial loads were once again measuredtagigausly during installation,
egualisation and loading. Despite stationary radial effective stresses being almost four times
greater than those observed in the loose to medemse sand at Labenne, the pattern of
installation behaviour of the ICP in densand was similar to that reported by Leh@r892

in medium dense sand at Labenne, with degradation in radial and shear stresses occurring
with increasing penetration (sE@ure2.6), pore pressures remainingdngstatic and average

shear stresses becoming relatively constant for a normalised embetre0.
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Figure 2.5 - Variation in (a) stationary radial effective
installation at Labenne (Lehane 1992)
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Figure 2.6 - Variation in (a) stationary radial effective
installation at Dunkirk (Chow 1997)
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The systematic reduction in stationary radial effective stagtismg on the pile shaft with
increasing pile embedmermsit a given distancé from the baseevident at Labenne and
Dunkirk i s Kknown(HeeremaplO80Despité contrasfing dsitydevets @t
the ICP sites, the reductions in normalised radial sffefs with increasingVR (whereR is

the pile radius) during installation were remarkably simikg(re2.7). A relatively unique
relationship betweef'/q. andh/R may be inferred from this observation, but it is important
to note that the piles at both sites experienced comparable levelsliofshyaring during
installation.

80

\
\
' ==fl= | abenne
\
\

e=O== Dunkirk
60

40 A
Equation 2.4

20 1

Normalised distance from pile base h/R

0

0 0.004 0.008 0.012 0.016

Normalised stationary radial effective stress during
installation 0',/q,

Figure 2.7 - Comparison of normalised radial effective stresses during ICP installation at Labenne and
Dunkirk (Chow, 1997; Lehane, 1992)

It is widely accepted that the primary mechanism governing friction fatigue in sand is the

gradual densification of the thin interface zone immediately adjacent to the shaft under the

cyclic shearing action of driven or jacked installat{®andolph, 2003)This mechanism is
illustrated inFigure 2.8, wherethe thin shear band at the pile interface, denoted Zone B, is
surroundedby a massof soil (Zone A) with high lateal stiffness thaundergoes minimal
deformation during shearinés evident inFigure2.8, contraction of thanterfaceshear band
during cycling shearing leads tmloading of theadjacensoil mass, with reductions in radial
effective stressl', occurringas a result. Additional reductions ih may also be attributed to
particlebreakage within the interface shear band, as observed by White and @816zt)
during installation of model displacement piles in platrain calibration chamber tests using
particle image velocimetry (PIV).
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Figure 2.8 - Mechanism of interface shear zone contraction during cyclic shearing (White & Bolton 2004

The above analogy suggests that the magnitudiiatfon fatigue is proportional to the

number of shearing cycles experienckaing installatio; obserationsof local shearstress

on displacement piles in the field support this concept. For exaragere 2.9 shows a
comparison of the shaft friction profile observed dgricontinuous jacking of a cone
penetromete(DeJong and Frost, 2002f a glacial sand site in Vermont, USA with that
reported by Kolket al (2005b) during driving of a highlyinstrumented 762 mm outer
diameter steel opeended pile in very dense sangg@ 70 MPa) at Eems|
Netherlands. DeJong and Frd&002) modified the penetrometer with multiple friction
sleeves, enabling measurements of sleeve frictidvilavalues of between &8nd 35. Large

jacking strokesd 1 m) permitted the number of s he:
installation and, as evident Figure2.9(a), degradation in sleeve friction with increasiip

was practically nosexistent asa result (minor reductions were attributed to variations in
diameter of the friction sleeves). In contrast, the epeted pipe pile at Eemshaven was
subjected to over 3000 shearing cycles during hard driving in very danse Maintained
compression load tests performed at penetration depths of 30.5 m, 38.7 m and 46.9 m
indicated high rates of degradation in loshkar stresas pile embedment increasddgure

2.9b). These cashistories undoubtedly represent the extrema in cyclic shearing during
installation but reinforce the argument that the number of shearing cycles (and hence mode of
installation) plays a major role in the dibtrtion of radial and shear stresses on displacement

piles in sand.
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Figure 2.9 - Shaft friction profiles of (a) a multi-sleeved cone penetrometgiDeJong and Frost, 2002and
(b) a 762 mm outer diameter operendedpile (Kolk et al., 2005b)

White

and Lehand€2004) conducted a series of centrifuge tests to examine the effect of

installation mode on the shaft resistance of steel modelipifase silica sand. The piles had

a nom

inal widthB = 9 mm and were instrumented with pressure cells at several positions

along the shaft to enable measurement of horizontal stress. Three modes of installation were

investigated:

a)

b)

Monotonicinstallation, wkereby the pile was pushed to a depth of 120 mm using two
continuous 60 mm jacking strokes (to minimise cyclic shearing).

Jackedinstallation, whereby the pile experienced a set number ofMagieshearing
cycles comprisinga downward displacement &2 mm, followed by unloading to 0

KN.

Pseudedynamicinstallation, whereby the pile was subjected to a set number ef two
way cycles (to simulate the process of elastic rebound synonymous with driven piles)
by applying a downward displacement &f 2 mm, followed by an upward
displacementg 1.5 mm) and then unloading to 0 kN.

A total of 18 pile installations were performed to a final penetration depth of 120 mm.

Measu

rements gdeakhorizontal effective stresduring pile movement, designatégy,, were

obtainablefor monotonic installation only, as the stroke lengtbs jacked and pseudo
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dynamic installation were insufficient to mobilipeak valuesNormalisechorizontal stresses
Unp/dc remained relatively constant during monotonic installatioegardless oflistanceh
from the pile tip such behaviour is comparabigth the observationby DeJong andrFrost
(2002) during continuous jacking of the muliieeved cone penetrometas mentioned
previously. The following trends instationary horizontal effective stressins during

monotonicjacked and pseuddynamic installationwere observed

! The largestvalues of(ns were present near the base of the spileegardless of
installation modeand reduced with increasing distartcieom the ple tip.

! Measurements af s along the upper portion of the psetynamically installed piles
were typically only 10% of the stationary values measured between jacking strokes

during monotonic installation.

Figure2.10(a) shows the average variation in normalised stationary horizontal effective stress
Unhdge with normaliseddistanceh/B from the pile tip for jacked and pseudgnamic
installations; unlike the observations of friction fatigue during the ICP tests at Labenne and
Dunkirk (seeFigure 2.7), no unigque relationship betweémyqg. andh/B was apparent from

the centrifuge tests.

7 120
N = number of shearing h/B=6
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Figure 2.10- Variation in normalised stationary radial stress during installation with (a) distance from the
pile tip and (b) number of loading cycles(White and Lehane, 2004)
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The variable rates of friction fatigue observedrigure2.10(a) could be explained by the fact

that the jacked piles experienced considerably fewer shearing cycles in comparison te pseudo
dynamic installations. As illustrated iRigure 2.10(b), the degradation ininJq. during
installation is more intrinsically linked to the number of shearing cydlesperienced at a

given location on the pile shaft, rather thha absolute distandefrom the pile base.

Uncertainties surrounding the extrapolation of laborab@sed studies of pile behaviour to
full-scaleconditions prompted an investigation of friction fatigue during installation of a 73

mm diameter closedn ded st e el pile in den(@087) aple by Ga
was instrumented with total earth pressure cells and pore pressure transducers at shaft
locations corresponding twD values of 1.5, 5.5 and 10 in orderrteeasureadial effective

streses during installation. Unlike the centrifuge studyWhite and Lehané2004) stroke

lengths were sufficiently large (> 25 mm) to mobilise peak radial strésseduring both
monotonicand cyclic installations. While stationary radial stresses dumsggailation were in

agreement with the centrifuge v#ts by White and Lehan@004) the following observations

of peakradial stress were noteworthy:

1 Dilation-related increases in radial stress during monotonic and cyclic installation
strokes resulted ipeak radial stresse$, being three to four times greater than
stationary values.

1 Peak radial stresses were greatest near the base of the monotimitalllyd pile and
reduced with increasing normalised distantt® from the base, regardless of
instdlation mode.

1 Profiles ofli at /D O5.5 during monotonic and cyclic installation were essentially
identical, which suggested that minimal shearing cychsa(2 for monotonic

installation) were necessary to cause large reductiaing iemote from te base.

The study provided fieldcale verification of the relationship between friction fatigue and the
number of load cycles during installation. However, the degradation in peak radial stress with
increasingh/D during monotonic installation wais stak contrast tothe findings by White

and Lehane (2004) whicsuggested that peak horizontal stresses on monotonriicsiétied

piles were relatively independent of the distance from the pile base. The larger radial stresses
observed near the base of th@motonicallyinstalled piles were partly attributetd the

presence of residual stresses during installa
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While the rate of degradation in radial stress is clearly dependahieamumber of shearing
cycles N during installatio (as highlighted in the studies described previoystyjsting

design approaches tend to model friction fatigue as a function of normalised distance from the
baseh/D (or hR). Lehane (1992), for example, derived the following expression for the
reduction in stationary radial stre$g with increasingV/R, based on the ICP installation tests

at Labenne:

0.33

ahg 24

S = 0.024cheE2
As shown inFigure 2.7, Equation2.4 provides a reasonable estimate of the level of friction
fatigue during ICP installation at Dunkirk. However, as mentioned previously, the
degradation rates were similar as both piles expegtmeaidentical levels of shearing
during jacked installation. A review of over 70 highality load tests on instrumented driven
piles in sand by Lehanet al. (20058 2007 showed considerably greater rates of friction
fatigue in comparison to jackeales, with statistical analyses yielding the following bigst

expression for the degradation in stationary radial streggif@n closedendedpiles:

ah 05
S's= 0'03:10%5 -
¢D=

oo,

2.5

The applicability offriction fatigue to DCIS piless conceivablealthough unverified, despite

the fact that the steel installation tube is subsequently extracted and replaced with fresh
concrete. The soil surrounding the pile is subjected to extreme loading cycles dsetiee tu
driven into the soil; twavay cyclic shearing is likely to occur along the interface of the shaft

of the tube due to elastic rebounding of the tube after each hammer blow. Therefore, friction
fatigue is considered a potential characteristic of DQIS Ipehaviour and is subsequently

investigated as part of the instrumented DCIS pile tests described in Chapters 5 and 6.

2.3.3 Equalisation

The equalisation perioda( 15 hour s) of the | CP tests
characterised by instantaneous stabilisation of radial and shear stresses after completion of the
final installation stroke and negligible changes thereafter (modest increases in radial stress at
Dunkirk were attributed to creeqelated effects in the sand). Such observations led Lehane
(1992) to conclude that lortgrm equalised radiatressesi,. acting on the pile shaftere
essentially identical to stationary values observed between instalkttiokes and could

subsequently be expressed using Equéién
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2.3.4 Loading

A comprehensive series of static and cyclic load tests was performed on the ICP piles at
Labenne and Dunkirk to investigate the factors affecting pile behaviour during loading in
sand. A unique aspect of the tests was the ability to simultaneously measure changes in local
shear stresses and radial effective stresses using surface stress tranS@i;eenabling
effective stress paths and interface friction angles during loading to be determined. This
section reviews the results of futsine compression static load tests only; tensile load tests
are covered separately as part of loading diraceffects in Sectior2.3.8 The shaft
behaviour of the ICP during compressive loading at both sites was essentially identical, with

the following observations notenthy:

1 Pore pressures remained hydrostatic throughout the loading process, indicating
drained pile behaviour.

1 Radial stresses at failutg: were up to 50 % greater than equalised valljggrior to
loading.

1 In a similar manner to installation, profiles of radial and local shear stress at failure
closely resembled the corresponding CdTprofiles at each site and reduced with

distance from the base.

Figure2.11 shows the changes in radial effective sti@gwith local shear stredd . at the

three instrument clusters of the ICP during ftiste compressive loading at Labenne. The
initial stages of loading were characterised by minor reductions in radial stress at all levels
which Lehane (1992) attributed to principal stress rotatiod aoil anisotropy. Such
reductions were temporary however, wiélignificant increases in radial stresscurring due

to interface dilation (discussed further in Secdd.6 as the pile approachéailure.

The interface friction angles at failutieinferred from measurements of radial and shear stress
on theSSTs were in close agreement withe constant volume friction angig, measured
during direct shear terface testsising steé surfaces of similar roughness to the SSTs; this
outcome promptetlehane (1992) to conclude that ultimate shaft friction is controlled.by

rather than the peak interface angjgxas was previously assumed.
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Figure 2.11 - Effective stress path during firsttime ICP compression loadingat Labenne (Lehane 1992)

The clearest trend to emerge from the ICP test programmes at Labenne and Dunkirk was the
verification that the localtsearstressat failure( for preformed displacement piles in sand is

governed by the Coulomb failure criterion:

ty =S';tang; = (s '«tDs 'rd)tana’c\, 2.6

wherel i is the radial effective stress at failute. is the radial stress after installatiand
equalisation(= 0., (g is the increase in radial stress during loadéhg to interface

dilation andtk is the interface friction angle at failure ().

The ICP tests demonstrated the major influen€eradial stresses on the mechanisms
governing the shaft behaviour of displacement piles in sand. However, several other factors

which influence displacement behaviour in sand are now discussed.
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2.3.5 Interface friction

The localshear stressf a displacementile in sand depends not only on the complex changes

in radial effective stress which occur during installation, equalisation and loading, but also on
the pilesoil interface friction angl@, as evident from the Coulomb criterion in Equatif

This parameter is affected by factors such as interface roughness, particle size and shape, as
well as soil density and confining stress. For example, interface shear yeBtstyondy

(1961) showed that higher peak friction anglésax for sand were obtained when sheared

against rough surfaces compared to smoother surfaces.

The effect of particle size on interface shearing behaviour is illustratedune2.12 (Uesugi

and Kishida, 1986Wwhere it is apparent that, for a given surface roughness, the interface
friction angle reduces with increasing mean particle Bigg results of stdenterface shear
tests using a range of particle sizeslaydineet al (1993)verify this trend (se€igure2.13a).
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Figure 2.12 - Effect of particle size on interface shearing behaviour (Uesugi & Kishida 1986)

A relatively unique relationship between interface roughness, mean particle size and interface
friction angleis obtainedusing the normalised roughness paramBfer R./Dso proposed by

Uesugi and Kishida (198gdesults of interface shear test resultsasdineet al.(1993), Dietz
(2000)and Froset al.(2002)show increases in friction coefficieat= tarl, with increasing
normalised roughned®, However, above a critical roughneRs.ira 0 - 0@ ,8hear failure

occurs within the adjacent soil mass and becomes independent of the interface properties (i.e.
u=t"'g), as illustrated ifrigure2.13(b) by Lehane et al. (20@Y.
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Figure 2.13 - Variation in (a) constant volume friction angle withmean particle size (Jardineet al., 1993)
and (b) friction coefficient with normalised roughness (Lehanet al., 2007a)

As the normalised roughness of the DCIS pile shaft is likely to be greateRthafdue to

the rough concrete surface created bgitn placement)the interfacefriction angleat failure

Uy Will be equivalent to theonstant volumériction anglet ', of the surrounding sandhis
parameter isan intrinsic soil propertyand a review of the strength and dilatancy
characteristics ofands by Boltor(1986) suggests ', = 33 + 1° for quartzsands. As the
majority of the sites descrilén Chapter 4 had insufficient interface shear test data, 33°

was therefore assumed when deriving radial effective stresses acting on the instrumented
DCIS test piles from measured profiles of local shear stress at failure in the sand layers using

Equation2.6.

2.3.6 Interface dilation

Changes in radial stress during loading are generally attributed to constrained dilation of the
sand particles at the pib»il interface under the action of sheari@yuch changes can be
predicted using the following expression proposed by Boulon and Kb€86) based on

cavity expansion theory:

051, =% i 27

w h e rl'g is tiee increase in radial stress due to interface dilafids,the shear stiffness of
t he sand mass c oynissrddial aisptacement ofl sShdambaridl,s nhe pilep

diameter andk, is the equivalent normal stiffness.
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Equation2.7 implies that interface dilation varies inversely with pile diameter, thus providing
an explanation for the higher values of shatft friction typically observed a®lnscale piles

in comparison to fieleéscale piles. For example, tension tests on centrifuge model piles in sand
by Lehaneet al. (2005a)showed large variations in average shear stibggwith minor
changes in model pile diametdfigure 2.14a), while Gavinet al. (2009) reported near
identical profiles of average shear streSg)re 2.14b) mobilised on two instrumented CFA
piles with nominal diameters of 450 mm and 800 mm respectively during static loading in
sand, suggesting interface dilation was negligible. Therefore, significant uncertainties exist

regarding the extrapolan the results of modedcale pile tests to fulicale conditions.
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Figure 2.14 - Variation in average shear stress with pile diameter for (a) centrifuge model piles (Leharet
al., 2005) and (b) field-scale CFA piles (Gaviret al., 2009)

The magnilfjauldseo odfe pgg nds on t hydurihgedilatoh, wiichindi s pl ac
turn varies with average interface roughnBgsmean particle siz®sp and stress level. A

review of inteface shear test data by Schnei®07)s how subst antyiwaenh i ncr ea
values ofR,e x ceed & OFighr22.15amnd ;swcle observations suggest tha

rough shaft surface of cast-situ piles (including DCIS piles) may lead to somewhat

enhanced levels of interface dilation in comparison to steel piles. However, such increases

may be minor in compar i s ol atfalscHehcenditodisfasct s o f

evident from the results of the CFA pile tests by Gatial.(2009) mentioned previously.
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2.3.7 Pile embedment

The results of a series of static load tests on instrumented -@osded steel piles of variable

length in silty sand by Vesi970)showed that the average shear sttgsgreached quasi

constant

val ues

beyond

a

OFigure 216ay vehichd Vesice pt h

(1970) attributed tohe development of limiting values of locahear stressear the pile base.

The 6cri

t

i cal

dept ho

concept

has

p 1984y e d

Fellenius and Alteel997), predominantly due to the facatiVesic (1970) failed to account

for the presence of residual loads during driven installation.
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Figure 2.16 - Variation in average shear stresgrofiles with pile embedment at (a) Ogeechee Rive(Vesic
1970)and (b) Labenne and Dunkirk (Lehane 1992; Chow 1997)
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Constant values of averagear stressvere also observeduring ICP installatios at
Labenne and DunkirkFigure 2.16b); Lehane(1992 concluded thathe convergence df aq
to a limiting value was directresult of degradation in local shear stress at sections remote
from the pile base with increasing pile embedment during installation and not due to limiting

values of locakhear gessnear the base as suggested by Vesic (1970).

2.3.8 Direction of loading

Laboratory and fieldscale studies of displacement pile behaviour in sand in the 1960s and
1970s suggested that the tensile shaft resistance was less than that observed during
compresive loading. The magnitudes of reduction reported in the literature varies however,
with differences of up to 65 % reported by Gregerseal. (1973)during compressive and
tensile load tests on instrumented precast concrete piles, while Briaud and (L8934
suggested typical reductions of between¥band 30 %, based on a database of 11
displacement pile tests in which installati@ated residual loads were measured with a

reasonable degree of accuracy.

The variation in shaft resistance with loading direction was investigated as part of the ICP test
programmes at Labenne and Dunkirk. Comparison with thetifinet compressive load test

results previously described in SectB.4showed that:

1 Reductions in radial stress were considerably greater during the initial stages of tensile
loading.

f Peak local shear stresdgsand radial effective stresses at failGrgweretypically 20
% less than values observed during compressive loading.

1 Interface friction angles at failutg were relatively independent of loading direction.

A parametric study of displacement pile behaviour in sgndéNicola and Randolpti994)

showed that differences in shaft capacity with loading direction were primarily due to
principal stress rotation, soil anisotropy and increases in-semg®nal area of the pile during
compressive |l oading, t er me da lodalrsleear &tiessluriags on e f f
tensile loading are typically accounted for in modern pile design methods by applying a single

reduction factof; to the Coulomb equation:

ty = f,s' tand, 2.8
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2.4 AN OVERVI EW OF THE BASE RESISTANCE OF CLOSED-ENDED
DISPLACEMENT PILES | N SAND

2.4.1 Introdu ction

This section provides a review of the base resistance of etrsbetl displacement piles
during installation, equalisation and loading in sand. Additional factors influerasg
behaviour such as the level of soil displacement, stiffness, soil layering, partial embedment
and correlations with CPT cone resistange (including averaging techniques) are

subsequently discussed.

The baseresistancey, of a pile foundation irsandis traditionally described using bearing

capacity theory:

a0y = NgS'yo 2.9
whereNy is a dimensionless bearing capacity factor aggis the vertical effective stress at
the pile base. Given the excessive pile displacements typically required to gubieyag
failure in sand the failure criterion for base resistaniseroutinely defined as the stress
correspondingo abasedisplacenent w, equivalent to 10 % of the pile base diam&gand

will be referred to agp .10 (Randolph, 2003Gavin and Lehane, 20D7

Several theories regarding the mechanism of bearing failure at the base of a displacement pile
in sand currently exist, e.g. Berezantsatval. (1961) Brinch Hansen(1961) and Vesic

(1972) the majority of which assume the bearing capacity fastovaries logarithmically

with the friction angle ' of the soil at the base of the pileidure2.17). However, additional

factors such as the reductiontin(Cheng, 2004pnd soil rigidity I, = G/p’, (Gupta, 2002)

with increasing confining stress (or depth) are not accounted for. Such simplistic bearing
capacity theories therefore tend to be in poor agreement with observations of béseceesis
measured in the fielseeCoyle & Castello 1981)

As described previously in Secti¢h2, Whitebds (2005) conceptua
stressstrain history of the soil during displanent pile installation and loading advocates that
the base resistance is more intrinsically related to the mean effective stress apfafuitee

soil beneath the pile tip, rather than the initial vertical stiggsrior to loading implied by
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Equaton 2.9. Furthermore, the similar penetration processes of a displacement pile and a CPT
cone penetrometer suggests that the stetatg base resistance at failugg,; is directly
comparable with the cone resistarggeand is therefore discussed at length in forthcoming

sections.

Friction Angle, ¢
25° 30° 35° 40° 45° 50°
2000 T T T

*Numbers represent D/B ratio
1000 [~

B Jonesville
I g}Low—Siﬂ
@ Vesié
© Gregersen

city Factor, Ng

Bearing-Capa

Figure 2.17 - Relationships between bearing capacity factoN, and sand friction anglet ' (Coyle &
Castello 1981)

2.4.2 Installation and equalisation

Although the Imperial College Pile test programmes primarily investigated the mechanisms
governing shaft behaviour of displacement piles in sand, the axial load cell at the tip of the
ICP enabledccontinuous measurements of base resistance during installation at Labenne and

Dunkirk. The following observations of base behaviour at both sites were apparent:

1 The base resistances during installation were in reasonable agreement with their
correspondindCPT qc profiles Figure2.18); the smoother profiles of base resistance
during installation compared to thg profiles were attributed to differences in
diameter bateen the pile and the cone penetrometer.

1 Pore pressures measured at the sensor closest to thehliase @) remained
hydrostatic throughout installation and the subsequent equalisation periods.

1 The higher jacking loads required to install the ICP in desad at Dunkirk resulted
in residual base loads being nearly four times greater than values observed after ICP

installation in the loose to medium dense sand at Labenne.

The comparable profiles of esfimbaring resistancg, and CPTq. during ICP installabn in

sand is hardly surprising given their analogous modes of penetration. Similar profijgs of
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andqg. have been reported during jacked installation of laboragoaje displacement piles in
centrifuge testge.g. Bruno andRandolph 1999; Klotzand Coop, 2001; Deeksand White

2007) and calibration chamber tesiisehane and Gavin, 200Gavin and Lehane, 20Q3)
However, the majority of these studies were performed in relatively homogeneous strata
where steadgtate values ofq, and q. were mobilised after a shallow embedment and
remained quastonstant with increasing depthLayered deposits on the other hand tend to
highlight significant scale effects due ttee differences in diameter between a displacement
pile and a cone penetroiee A suitable averaging method must therefore be appliedeo t
CPT g profile to account for such scale effects prior to assessing correlationsgpwith.

Assessments of the varioageraging techniques are discussed in digt&kction2.4.5

Base resistance q, (MPa)
0 5 10 15 20 25

Depth (m)
N

Dunkirk
Labenne

8

Figure 2.18- Comparison of base and cone resistance profiles during ICP installation at Labenne and
Dunkirk (after Lehane 1992 and Chow 1997)
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2.4.3 Loading

The base behaviour of a displacement pile during loading in sand depends on factors such as
the level of soil displacement and residual loads during installation, soil stiffness and stress
history. Several of these factors were investigated by Gavin andnke(2007) through a

series of static load tests on a 111 mm outer diameteraad pile, a 73 mm diameter
closedended pile and a 100 mm diameter bored pile in dense sand. Strain gauges placed at
the base of all piles enabled accurate measuremerdasef tesistance during loading. The
variation in base resistangg with normalised base displacememy/Dy, for the three pile

types during loading is shown kigure2.19a) where it is apparent that:

1 No base displacement occurred for the displacement piles until the applied stress
exceeded the residual stress present at the base after installation.

1 Sitiff linear base stressisplacement responses were evident for gdispduring the
initial stages of loading.

1 The highest base stresses were mobilised on the etosktl pile, followed by the
openended pile which remained fully plugged during loading. The bored pile had a
significantly reduced base response in compariedhe displacement piles.
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Figure 2.19 - Variation in (a) base resistance response and (b) equivalent linear base stiffnesih
normalised base displacemenduring maintained compression load tests (&vin and Lehane, 2007)

The equivalent linear secant base stiffnEgsy of the piles were baekgured from the
measured base stredisplacement responses using the following equation:
E = qub(l_ Uz)p/4

beq = " 2.10
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where Poigdodo28 fati dr ai(Mihel dnd%odai 2006)Figune s a n
2.19(b) illustrates the variation iByeq With normalised displacememt/Dy, during loading of
the test piles. The following behaviour was noted:

{1 Values ofEpeq remained relatively constant during the initial stages of loading and
were comparable with iBitu measurements of smalrain stiffnessEy prior to
installation.

{1 Degradation inEpeq began at a normalised yield displacemenyD;, which varied
with pile type, being lowest for the bored pibe(/Dy & 0.8 %) and greatest for the
closedended pile \{,/Dp & 2 %).

Gavin and Lehane (2007) attributed the prolonged stiff linear response of the displacement
piles during the initial stages of loading to the higlels of prestress induced at the base of
the piles after jacked installation. The effects of prestress were further examined by
performing several unloatload cycles on the bored pile during loading. While cycling had

no effect on the initial stiffnesresponse, the formation of residual loads at the base after

unloading led to an increase in the valuevgfDy, during subsequent reloading.

The findings of Gavin and Lehane (2007) suggest that the basedifgis€ement response
of a pile in sand aa be modelled if the smatditrain stiffnessEy and normalised vyield
displacementw, /Dy are known;Ey is typically measured #situ using a Seismic CPT or
predicted using empirical correlations such as those proposetMdyye (2006) and
Robertson(2009) The following expression for estimatimg,/D, was derived by Gavin and
Lehane (2007) based on the field tests described above and labscalergxperiments by
Gavin (1998):

Wy _ o, uie (l' u? ),0/
D, E,

4
¢ 1.5% 211

whereguuti S t he base st r eqgferclasedenddd dispigdemegtpilesai | ur e

The following idealised base stredisplacement response, illustrated Rigure 2.20, was

proposed by Gavin and Lehane (2007), comprising of the following phases:

1. An initial phase where no base displacement occurs until the base stress exceeds the

residual stresg respreent at the base prior to loading.
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2. A linear phase where the stiffness of the base stlisptacement response
corresponds to the-situ smalistrain stiffness,.

3. A nontlinear phase, the beginning of which coincides with the onset of stiffness
degradatiorat wy,/Dy, resulting in a parabolic stredssplacement response up until
Wy/Dp = 10 %.

0
=3
o
s
o
S

Base resistance q,

qb,res

Normalised base displacement w,/D, (%)

Figure 2.20 - Idealised baseresistancedisplacement response (Gavin antlehane, 2007)

The linear phase can b&pressed as follows:

@w

(0%]
5@"3"“ B e for Wy/Dp < Why/Dp 2.12
éc¢

wherek = [(4/)Eq)/(1 T ¢f) andap esis the residual stress present at base prior to loading. The
base stresdisplacement responseairthg the nordinear phase is modelled using Equation
2.13.

=}

[« e e

for 0.1 >wy/Dy, > Wby/Db
<t qb res 213
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wheren is the parabolic base stredisplacement response coefficient.

The implications of the work of Gavin and Lehane (2007) for DCIS piles is that the onset of
degradation in base stiffnedaring loading should not occur until a normalised displacement
w/Dphd 1.5 % dulkevels af prestress inducegl in the soil underlying the base by
driving of the closeended steel installation tube; these aspects of base behaviour are

investigated as part of the instrumented DCIS pile tests described in Chapters 5 and 6.
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2.4.4 Soil layering

As mentioned previously in Secti@¥.2 the differences in diameter between a displacement
pile and cone penetrometer result in variable zones of influence ¢ghann@gration. This scale
effect implies thatthe base resistance of the displacement pile will react more slowly to
stratigraphic changes in comparison to the smaller CPT cone resisganteasurement,
particularly during partial embedmeni layered depsits. For example Figure 2.21 shows

the gc profiles of two cone penetrometers with nominal diameters of 36 mm and 250 mm
respectively during penetration across & sta#y/dense sand inface at Kallo, Belgiun{De

Beer et al., 1979)the values ofy. for the larger penetrometer are significantly reduced in
comparison to the standard 36 mm penetrometer, suggesting that a greater depth of
embedment is required to acheea steadsstate resistance. Therefore, appropriate averaging
must be applied to a CRF profile to account for partial embedment of displacement piles in
layered soils if accurate correlations between the base resistance agfailgreandq. are to

be achieved.

Cone resistance g, (MPa)
0 10 20 30 40 50

8 - \ 36 mm diameter cone

10 -

250 mm /

diameter cone

Depth (m)
[
-

[y
N
!

13 A

De Beer et al.

14 -
(1979)

15

Figure 2.21- Measured CPT q profiles for 36 mm and 250 mm diameter cone penetrometers at Kallo,
Belgium (De Beeret al. 1979)
Several expressions have been proposed for predicting the reduction in base resistance of a
displacement pile due to partial embedment in a layered deposit. Mey@d9&8) for
example, suggested that full mobilisation of the stestdie base resistangea strong soill
layer underlying a weak stratum occurs only once the depth of embedment in the strong layer

Z; exceeds 1D,. However, elastic analyses of penetrometer penetration by Vreugdeahil
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(1994) show thatZs increases from 1D, up to a maximum of 4D, as the steadgtate
penetration resistance ratip./gps Of the weak and strong layersducesfrom 0.5 to 0.05.

The general consensus regarding penetration from strong to weak layers is that an embedment
depth of only By is ne@ssary to achieve steadiate resistance in the weak lagahmadi

and Robertson, 2005; Meyerhof, 1983; Vreugdenhil et al., 1994)

Numerical analyses of pile behaviour in layered soils by Xu and Lg2&08&)revealed that

the resistance of a penetromepartially embedded in a strong layer depends on the ratio of
steadystate penetration resistance in both the strong and weak layefgni®.qow/0ps but
penetration in a weak layer remains relatively independent of an overlying strong layer when
the embedmen®Z, exceeds Ry, Theseare in agreement with the findings by others
mentioned previously. Xu and Lehane (2008) therefore proposed the followinlgnean
equation for predicting the variation in resistance rgtm gy,/dys With distanceH from the
penetrometer tip to the layer interface during penetration from a weak to strong layer:

A o H ~,
h= =p+ (0 hp)owg 0B + A =8 for 0.01 >Cin> 0.9 214
Obs e C D+
where

A;=-022In¢n+ 0. 11 O 1.5
A=-0.11Indnn71 0. 70.20

The validity of Equatior2.14 was further examined by X{2007)by performing a series of
centrifugescale displacement pile installation test$wo- and thredayered soils. Profiles of
base resistance during installation showed excellent agreement with those predicted by

Equation2.14, particularly during peetration in a strong layer overlying a weak layer.
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2.4.5 CPT averaging techniques
Numerous CPTq. averaging methods have been proposed over the years, with the most
popular CPTbased design approaches for estimating displacement pile base resistance in sand

typically using one of the following three techniques:

1. Arithmetic average over a distance corresponding tbplabove and 15, below the
base.

2. Geometricaverageover a distance of[3, above and Ry, to 4D, below the base
depending on the variations in ksiratigraphy.

3. The complex Dutch averaging methf@chmertmann, 1978; Xu, 200 Bummarised
in Figure 2.22, where a weighted average of the minimum pagtivalues between

0.7Dp and Dy, below the pile base anddg above is obtained.

The sensitivity of they. averaging methods was investigated byaxwa Lehan€2005)using

a database of CPT profiles at 13 separate sites in which reliable measurements of
displacement pile base resistance during loading were reported. Method performance, shown
in Figure 2.23, was assessed by plotting the average cone resistRageagainst the
corresponding local value at the baggp. While negligible differences betweep i, and

Ocavg Were apparent for the majority of est where the soil profiles were relatively
homogeneous, regardless of averaging method, the Hegrdyedq. profile at Kallo (De Beer

et al. 1979) resulted imc avg Oqc,tip for the geometric and Dutch methods. Therefore, the
ability of CPT-based methods to estimate the base resistance of displacement piles in layered

soils will be strongly influenced by the choice of averaging technique.

.qc {M'I:’a}
-
T
"“MT 8D
RS S T
_T
1 4D
(a) (b)

where Qe ave= 0.5 % [ 0.5 % (Qa + qen) + gan |: D: pile diameter
Q. arithmetic average of q. values below pile tip over a depth which may vary between 0.7D
to 4D as shown in Figures 2.4a & b;
Qen: arithmetic average of the q. values following a minimum path rule recorded below the
pile tip over the same depth of 0.7D to 4D;
Qe arithmetic average of the minimum g, values following a minimum path rule recorded
above the pile tip over a height of 8D.

Figure 2.22 - Dutch CPT cone resistance averaging method (Schmertmann 1978, Xu 2007)
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Xu and Lehane (2005) also examined the ability of the ttyaegeraging methods totenate

the base resistance profile of a 350 mm wide precast concrete pile reported by dtedlane
(2003) during jacked installation in soft alluvial deposits in Perth, Australia. The pile was
instrumented with strain gauges at the base to derive accom@d@surements of base
resistance during jacked installation. As illustrate&igure2.24, the Dutch method provided

a superior estimate of thgg profile in comparison to the arithmetic and geometric averaging
methods.
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Figure 2.24 - Measured and predicted base resistance profiles of a jacked pile at Perth, Australia using tt
three q. averaging tetiniques (Lehaneet al. 2003)

The ability of the threg, averaging methods to predict the base resistance of a 1 m diameter
closedended pile during penetration across the interface of alayey soil deposit was
examined by Xu (2007). The base resis@a was derived using Equatidhl4 for the
theoretical profile, with the upper weak layer having a constant resistance of 1 MPa and the
underlying strong layer havirgresistance of 10 MPa (i@, = 0.1). As illustrated ifrigure

2.25, the Dutch method once again provided the best estimate of base resistance in the layered
deposit given by Equatio.14.

The above studies demonstrate the capability of the ydtateraging method in accounting
for scale effects during penetration in layered deposits in comparison to the arithmetic and

georretric methods. Given the highlglyered stratigraphy at several of the sites described in
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Chapter 4 in which instrumented DCIS piles were installed and load tested to failure, a unique
opportunity is available to further analyse the performance of the dheveraging methods,
in particular the Dutch method, in predicting the base resistance of DCIS piles. Further details

are given in Chapters 5 and 6.
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Figure 2.25- Comparison of CPT averaging techniquesvith idealised baseresistanceprofile during
penetration in a two-layered soil deposit &fter Xu 2007)

2.4.6 Correlations with cone resistance

The relationship between the base resistance of a etosbtl displacement pile in sand at
failure gpp.1» and the arithmetic average cone resistapggover a zone of 1[5, above and

below the pile base was examined by Chow (1997) using a database of 2@idlighload

tests on instrumented closedded steel and concrete piles in which residual basks vere
measured with a reasonable degree of accuracy (although this has subsequently been disputed
by others as described below). Interestingly, thedathbase of concrete piles contains 6 no.
expandeebase DCIS piles (known as Franki piles) which waigen and load tested in the
two-layered soil deposit at Kallo by De Beet al. (1979). As shown inFigure 2.26, a
systematic reduction in normalised base resistangex/dc.avg With increasing pile diameter

was evident which could be expressed as follows:
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whereq. avgis the average cone resistance over a zone bi, hbove and below the pile base

andDcpris the diameter of the cone penetrometer.
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Figure 2.26 - Variation in normalised base resistance (using the arithmetic averaging method) with pile
base diameter (Chow 1997)

Equation2.15 was subsequently incorporated iritee Imperial College IC®5 CPTFbased
design methodJardine et al., 2003pr closedended displacement piles in sand (described in
Section 2.5.2 The suggestionhat normalised base resistanggy io/0cavg IS diameter
dependent has proven controversial however
database contained several srsalle jacked pilesDpb O 0. 2 m) which ten
higher oy,0.100/0c,avg Values in comparison to driven piles due to the large jacking strokes and
higher residual stresses present after installation-éAxea mi nat i on of Chowds
by White and Bolton (2005) revealed that the results of the driven pile tests amBmam
(Gregerseret al, 1973), HoogzandBeringen et al.1979) Hunt e (Bbasid ePal.j nt
1989b)and SeattléGurtowski and Wu, 1984)ad residual stresses in excess oPb0f the
base resistance at failure which was considered unrealistic. Furtieenvigen these effects
are corrected, both Randolph (2003) and White and Bolton (2005) advocategh s avg

was independent of pile diameter.
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The findings by Randolph (2003) and White and Bol(@005) prompted Xu and Lehane

(2005) and Xu (200Apreassess Chowds (1997) database usin
for gc.avgdue to its superior ability for estimating the base resistance of displacement piles in

|l ayered soils as discussed previously. Unl i k
jacked piles were considered separately, primarily due to the higher magnitude of residual

base stresses typically observed after jacked installation, as noted by Randolph (2003). The
findings, illustrated irFigure 2.27, show thaty o 100/0c,avg for the driven piles was relatively
constant (a 0.6) and independent of pile diar
test piles at Baghda@\ltaee et al., 1992and Ogeechee River (Vesic 1970) where erroneous
interpretations of residual loads were suspected. A definitive assessnupgt®fdc,avg for

jacked piles was not pursued due to the limited number of tests in the dataset.
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Figure 2.27 - Variation in normalised base resistance (using the Dutch averaging method) with pile base
diameter (Xu 2007)

Therefore Lehaneet al.(2005c)recommendhe use of EquatioB.16 for closedended driven
piles as part of the University of Western Australia UMY\ design method for displacement

piles in siliceous sand (described in more detail in Se@tior):

Up,0.1D,,

=06 2.16

dc avg

whereq. avgiS the average cone resistance derived using the Quigsteraging method.
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As DCIS piles areonstructed by driving a closeshded steel tube (which remains closed
ended after concreting due the sacrificial driving plade it might be expected that the
normalised base resistance at failggg 100/0c,avgfor a DCIS pile would be similar to thaf a
traditional preformed displacement pile. The fact that Franki piles were included in the ICP
05 and UWAO5 base resistance databases by Chow (1997) and Xu (2007) respectively is also
encouraging. However, as differences in construction methodbetiseen a Franki pile and

the temporarncased norexpanded base DCIS pile investigated in this thesis, it is necessary
to examine the relationship betwegp 1o andgc avgfor temporarycased norexpanded base

DCIS piles during the instrumented piletsesh both layered and homogenous sand deposits

described in Chapters 5 and 6 respectively.
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2.5 DISPLACEMENT PILE DE SIGN METHODS IN SAND

2.5.1 Introduction

The strong relationship between the CPT cone resistgnard the behaviour of a closed

ended displacement pile (in terms of both shaft and base resistance) has led to the
development of numerous CHhsed design methods for estimating displacement pile
capacity in sand. This section reviews the most popularléZ8€d design approaches, which

are <categorised into (i) redenmtipethods. i Fanally, thea | p h a 6

performance of these methods in predicting pile capacity is discussed.

252 Simplified 6éalphad CPT met hods

CPT-based design methods in whisingle, empiricalhderived, alpha coefficients are used

to relate cone resistanag to local shear stressit failure (i and base resistanag of a

di spl acement pile in sand ar eethkln2008n Thas o6al p

following simplified alpha methods are summarised in this section:

1 LCPGC82(Bustamante and Gianeselli, 1982)
1 EFR97(Eslami and Fellenius, 1997)
1 VI-86(Van Impe, 1986)

Designequations angarameterspecified by each methddr calculating the shaft and base

resistance areummarised iTables2.1 and 2.2 respectively

The localshear stresat failure is expressed in general form as:

l‘sf = & ¢ ts,lim 217
a

s
where U is the shaft friction coefficient and i, is the limiting value ofshear stressThe
LCPG82 and V#86 methods specify values Bfwhich are a function of cone resistance and

pile type. Interestingly, the LCR82 method suggests valueslgffor DCIS piles which are
double those stipulated forgdormed concrete piles; this implies that, for a gigewalue, the

shaft resistance of a DCIS pile in sand is 50 % less than an equivalent preformed concrete
pile. The EF97 method uses the effective cone resistapde ¢: i U, whereq; is the cone
resistance corrected for end effects ands the measured pore pressure response behind the

cone tip during penetration) to derive valueddpaind does not consider pile type. Limiting
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values ofshear stres§lim, which also depend on the magnitudeggf{see Table 2.1), are

specified for the LCP&B2 method only.

The base resistance is derived using the following equation:

Qy =a ch,avg 2.18

wherel, is the base resistance coefficient. Therage cone resistances at the pile lipsg

for the LCPCG82 and EFP7 methods are obtained using the arithmegtiand geometrige
averaging techniques respectively (described in detail in S&zdoB. On the other hand, the
VI-86 method adopts a highly cumbersome analytical procedure, described in detail by De
Beer(1971a; 1971b; 197c), to derive the representatigea,y from the measwed q. profile.

The base coefficieri}, varies withq. for the LCPG82 method, but a constant valug= 1 is
assumed for the E®7 and V86 methods.

Table 2.1 - Shaft resistanceequations for simplified alpha CPT methods(adapted from Schneideret al.
2008)

Methods Design equations gc range Shaft Limiting
(MPa) coefficient shatft friction
U Os.lim
VI-86 Lt =X 2—°
° <10 150 N/A
_ - 10- 20 100 + 5, N/A
3 = 1.0 for concrete closeehded piles > 20 200 N/A
_Ye Silty sand 100 N/A
f = — 1
EF97 7 a, Sand 250 N/A
fo = Ac
LCPG82 st T4
S
: L <5 150 35
Driven castin-situ piles 5.12 200 35
(category 1B) > 12 300 80
. . <5 60 35
Driven precast concrete piles 5.12 100 80
(category 2A) > 12 150 120

Note: 3 = factor for installation method and shaft roughn&stgctive cone resistanag = q,1 U,
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Table 2.2 - Base resistance equations for simplified alpha CPT methods (adapted from Schneidgtr al.
2008)

Methods Design equations Jc range Base
(MPa) coefficient
U,
LCPC82 qb = ach,avg
. L . <5 0.5
Driven castin-situ & driven precast concret 5.12 05
piles (Categorp) > 12 0.4
EF-97 b = ab0e geomea Silty sand & 1.0
’ Sand
VI-86 q, =/ 36,0 avg Sand 1.0

a=1 for DCIS piles
=1 for insand

Note:a= reduction factor for soil relaxatioky = scaling coefficient

2.5.3 Recentmethods

The ability of the simplified alpha methods to capture the several complex phenomena
influencing displacement pile behaviour in sand using a single parameter is highly
guestionabléLehane, 2008 The results of various higluality tests omlisplacement piles in

sand, e.g. the ICP tests at Labenne and Dunkirk, have therefore led to the development of
several modern CRbased design methods for predominantly offshore applications. These
methods are a significant improvement on the simplifigdha methods described above, as
they have the potential to account for factors such the degree of soil displacement and friction
fatigue during installation, interface dilation at the pile shaft during loading, the reduction in
shaft resistance duringnsile loading and the plugging behaviour of opaded piles. The
updated methods, which have been incorporated into the latest version of the American
Petroleum Institt 6 s ( AP I ) r e c ofonfixednotfsbale stuctaresPl, 20@7)

include:

1 Fugro05(Kolk et al., 2005a)

1 ICP-05(Jardine et al., 2005)

1 NGI-05(Clausen et al., 2005)

1 UWA-05(Lehane et al., 2@z; 2007b)

A summary of the shaft capacity design equations for each method is provided in Table 2.3.

Key aspects regarding the shaft capacalculations for the four methods include:
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1 The Fugre05, ICR05 and UWAO5 methods express the lochlear stresat failure
{ in general form using Equatidh6. A relative density factdFp,, derived fromy, is
used to estimate; for the NGF05 method.

¢ Dilation-related increases in radial stress during loadimityy are ignored by the
Fugro05 mehod, presumably due to the lardmmeter pile database from which the
method is formulated. The 1G85 and UWAOQ5 deriveql',q using Equatior2.7, with
gy = 0.02 mmpased on twice the typical average roughness of a steel pile.

1 In the ICRO5 and UWAO5 methods, the interface friction angig varies with mean
effective diameteDs, (as shown irFigure2.13a), while a constant valug, of 29 is
assumed for the Fugf@ method, irrespective of particle diameter and interface
roughness.

1 Friction fatigue is modelled in the N@®b method using ariangular shear stress
distribution, while the other methods use normalised distance from thehtbtagar
h/D) raised to a negative power which controls the rate of degradatity in

f  All methods apply a reduction factor @l for tensile loading.

The base resistance equations for the four methods are summaridablen2.4. Key

differences in method formulation include:

1 The base resistance at failugg 1pp is defined at dasedisplacement corresponding
to 10 % of the pile base diametey for the Fugre05 and UWAO5 methods, while
the ICRO5 and NGI0O5 methods defingyp.1pp at aheaddisplacement equivalent to
10% Dy, Significant differences in the defiilon of capacity may therefore occur for
piles where elastic compression is substa(Xalet al., 2008)

! The Fugre05 and ICPO5 methods use the arithmetic average to degivg, while
the UWAO05 method uses the Dutch method (these averaging teelsnigere
previously described in detail in Secti@.5. The NGI05 method uses the local
cone resistance at the pile bagg,.

1 As discussed in SectioR.4.6 the ICRO5 method advocates that normalised base
resistanceo.1pt/0c.avg Varies with pile diameter in accordance with Equatolb,
while a constantyo.1p/0cavg = 0.6 for driven piles is assumed for the UVIA
method. In the Fugr05 method gy o.100/0c,avg IS @ function of the square root qf,
resulting in ratiogreater than unity whem ag< 7.2 MPa (Xu et al2008). The NG
05 method assumeso.10/0c tip reduces with increasing relative dendity
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Table 2.3 - Shaft resistance equations forecent CPT methods(adapted from Schneideret al. 2008)

Methods Design equations
Fugro05 005, .090 (compression loading fo
t. =008 5 w08 &hg R O4)
sf — Y 8qc£;8 (?Fsg
~0.05 o 1 o~ (compression loading fo
tg =0. 08%?525#08 (a) 00%n 8 hR O4)
o} Pret = Q4R+
as' &% an 650'85 (tension loading)
ty =0.045, gﬂg gnaxe-,4q)
Pret = & (;R U
ICP-05 e ,.,0.13 A 2h -0.38 g5 o
ty = aeo Ozgoch—g ema)%e— ,88 u+ Ds',4Utand
Pref = g QR - g u
& ¢ u
a= 1.0 forclosedended piles
b = 0.8 for piles in tension and 1.0 for piles in compression
NGI-05 sf - Z/L prefFD S|gFt|p I:IoadFmatz ts,min
Fo, = z.J(Dr - 0.1)1-7
D, =0.4In(g.yn/22) (may be greater than J.(
I:sig = (S IVO/ pref)o.25
Fip = 1.6 for driven closee&nded
Foag= 1.0 for tension and.3 forcompression
Fmai= 1.0 for steel and 1.2 for concrete
sm|n =0. ]S‘VO
UWA-05 . & an 05 2 2
ts :f—teo 3qcemaxse5 28 u+Ds" 4 Utang;
cg§ E ¢ T H
f/f. = ratio of tension to compression capacity (equal to 1 fo
compression and 0.75 in tension)
Note: (& = local shear stress at failurék = interface friction anglat failure; p,es = 100 kPal = pile length;z =

element depthh = height above pile tipR = pile radius =D/ 2 ',y FgGqy/D = change in radial stress durir
loading;G f 1859.8y>'= oper ati onal | eyf2RFo0.62 mmnhk eadial displacdmeht duwsir
pile loading; andR, = average roughness of thite

Table 2.4 - Base resistance equations faecent CPT methods (adapted from Xuet al. 2008)

Methods End condition Design equations
Fugra05 ° ~05
a 0
Closedended .01, _ g BoPrer §
c1(:,avg @cavg 9
ICP-05 N o ~
Ob.0. e a D (04
Closedended 20 - maxgl- 0.5loggg—> ,0.380
Ucavg e ¢lcpt A
NGI-05 q 0.8
Closedended 001D, 2 5
QC,tip 1+ Dr
UWA-05 q
Closedended 10010y 0.6
qc,Dutch

Notes:Dy, = pile base diameteRcpr = cone diameteq »,4= 0. averaged +15, over pile tip levelg pucn= dc averaged
using Dutch averaging technigu®; = 0.4InQ./ 2 20bred) 'expressed as a decimal;
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2.5.4 Prediction performance of CPT-based design methods

Despite the popularity of CRBased design methods, assessments of their ability to predict
the totalcapacity of displacement piles in sand have been rather linBremld and Tucker

(1988) used a database of 24 driven piles in sand to assess the prediction performance of
thirteen separate displacement pile design methods (including sib&$etl methodsThe

results of the study showed that the LC®ZL method (Bustamante and Gianeselli 1982)
provided significantly improved estimates of displacement pile capacity in sand in

comparison to traditional design methods.

The advances in knowledge of the maethms governing displacement pile behaviour in
sand over the past 25 years have led to the development of theefe@PT-based design
methods discussed in Sectidh5.3 An assessment of the base capacity prediction
performance of the four methods was undertaken bytXal. (2008) using the database of
closedended displacement piles from which the UW3 method was formulated. Method
performance was evaluatedngpithe average and coefficient of variation COV & (where

0 is standard deviation) of the ratio of calculated to measured base resBta(@ey, The
results of the study, summarisedTiable 2.5, show that the UWAS5 method provided the
best estimate of base resistance for clessted displacement piles in sand, while the Fugro

05 method ovepredictedd, 0100 by 42 % on average.

The performance of the fouecentCPT-based methods and two simplified alpha methods
(EF-97 and LCP@&32) in predicting total compressive displacement pile capdgitwas
assessed by Schneidzral.(2008) using the UWA database containing 32 compredead

tests on concrete and steel clogedled displacement piles in siliceous sandble 2.6
summarises the predictive performance of the six methods; while thes @®the methods

are relatively similar, the NG5 method provided the best average estimate of total capacity
(Q/Qm = 1.02). The performanseof the ICR0O5 and UWAO5 methods were almost
identical, albeit slightly conservativ@{Qna 0. 9 0) simyiified adphatahdg-ugrd5
methods ovepredicted total capacity.

The prediction performance of the-86 method was not reported in the above studies and is

therefore assessed in Chapter 7 using a database of DCIS test piles with gdaodéies.
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Table 2.5 - Base capacity predictive performance of CPT methods for closeshded displacement piles in
sand (Xuet al. 2008)

Qb.d/Qo,m Fugro-05 ICP-05 NGI-05 UWA-05
Averagee 1.42 1.02 1.10 1.00
cov 0.31 0.16 0.27 0.12

Table 2.6 - Total capacity predictive performance of CPT methods for closeé&nded displacement piles in
sand (Schneideret al. 2008)

Qo/Qm LCPC-82 EF-97 Fugro-05 ICP-05 NGI-05 UWA-05
Averagee 1.08 1.24 1.16 0.92 1.02 0.90
cov 0.32 0.25 0.33 0.30 0.33 0.29
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2.6 RESIDUAL LOAD DEVELO PMENT DURING CURING

2.6.1 Introduction

The load developed in a pile between its installation and a subsequent load test is often
referred to as Oresidual | oad?od, and there
on the pile type and installation process. As discussed in S&fothe dominant cause of
residual load for preformed piles (i.e. precast concrete piles and steel piles) is the reversal of
shaft resistance along the pile as it attempts to rebound after hampaet during driving. A

large number of studies have examined this particular phenomenon and several methods for
estimating the quantity of residual load present have been developed, e.g. Briaud and Tucker
(1984) Poulos(1987) and Fellenius(2002) Unfortunately, an exclusive association has
developed between residual load and the driving process in industry among those who do not
appreciate that there are other sources of residual load; some of these sources are relevant to
castin-place piles. Givenhiat several facets of both driven and éasgitu pile behaviour are
relevant to DCIS piles, it is worthwhile undertaking a review of residual load development in
castin-situ piles, in particular the interpretation of such loads based on the strain and
temperatures monitored during curing in several of the instrumented DCIS piles in Chapters 5
and 6.

Castin-situ piles must cure in the ground (unlike preformed piles) and will therefore undergo
changes in volume as the concrete sets and cures. In additernstallation of a pile,
regardless of type, will result in disturbance to the surrounding soil (from either lateral or
vertical soil movements) and the generation of excess pore pressures in cohesive soils which
will induce downdrag on the pile aseth dissipate(Fellenius, 2002) Therefore, the
assumption of a loaftee pile as the initial condition at the time of a load test is questionable.

A limited number of studies have been conducted in recent years into the processes which
occur within the coorete and soil after installation of a casfsitu pile to gain a better
understanding of the development of residual loads. The level of detail of these studies varies
from basic twepoint concrete strain measurements (i.e. immediatelyipsttllationand just

before the load test) to more detailed monitoring of strain and temperature over part or all of
this period. This section aims to review these studies which pertain to differein-sast

pile types in a systematic way, along with current meshof interpreting residual load

present in a pile prior to conducting a load test from measured strains.
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2.6.2 Processes leading to residual load development in castsitu piles

Despite the assumption that cassitu piles are not prone to residual loaceefs, a limited
number of studies have investigated the strain and temperature behaviour within such piles. A
summary of the scope of these tests is provideainie 2.7, which includes details of pile

type, pile dimensions, and duration of curing, as well as highlighting the various processes for
which measurements were made within the concrete and soil. This section aims to describe
each process in terms of straindatemperature (where relevant) as these can be measured
with relative ease using instrumentation incorporated in the pile prior to casting (reference can
be made td@able2.7 throughout).

The most popular type of instrumentation for measuring strain withinircagu piles are
vibrating wire strain gauges due to their ease of installation anetéomgreliability (Hayes

and Simmonds, 20029nd these were used byetimajority of the studies reviewed in this
section. The gauges measure total strains which comprise of mechanical strains in the pile and
thermal strains due to temperature variations. As the variation in temperature during initial set
and hydration can blarge, a number of studies have applied a temperature correction to the
measured total strains in order to eliminate any therglated effects (these studies are
highlighted inTable27under the 6t her mal strainso col umn
coefficient of thermal expansion (CTE), the derived thermal strains can be significantly large.
As a consequence of this, the correction for temperature effects cdinimeaucomplete
reversal in strain behaviour (i.e. changing from total tensile strain to a compressive
mechanical strain, and vice versa). This has led to contradictingagglgtrain behaviour
profiles in the literature, as several studies report fotal uncorrected) strain profiles while

others present temperattgerrected mechanical profiles.
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Table 2.7 - Summary of published data on strain behaviour in castn-situ piles

Reference Location Pile type Length Diameter  Temperature Initial Curing Thermal Curing period
(m) (m) set strains strains (days)
Penningtor(1995) Bangkok, Bored casin-situ 36, 51 15 \Y \Y, Vv Y > 28
Thailand
Walteret al.(1997) Bayfield, Canada Drilled shaft 22 0.91 \% \% \% 10
Kim et al.(2004) Texas, USA Auger casin-place 19 0.46 \4 18
Vipulanandan et a(2007) Texas, USA Auger Cas.ﬁn_p|ace 10 0.76 \% \% \% 7
Farrell & Lawler (2008) Dublin, Ireland  Continuouslight auger 12.3 0.45 \Y \ \ 3
Felleniuset al.(2009)/ Kim  Shinho, South Postgrouted concrete 56 0.6 \% \% \ \% >40
et al.(2011) Korea cylinder pile
Myeongji, South Postgrouted concrete 31 0.6 \% \% \% \% > 40
Korea cylinder pile
Vancouver, . 74.5 2.6 \% \% \% Vv >35
Bored casin-situ
Canada
Siegel& McGillivray Rincon, USA Auger casin-place 9.15 0.457 \% \% 103
(2009)
Lam & Jefferieg2011) Stratford, UK Bored casin-situ 27 12 \ \ 28
Lin & Lim (2011) Hawaii, USA Drilled shaft 39.3 1.65 \ -
Hawaii, USA Drilled shaft 18.3 2.44 \ -
Hawaii, USA Drilled shatft 15.24 3.2 v -
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2.6.2.1 Initial concrete set and hydration

Once a casin-situ pile is constructed, the mixture of the cement binder and water results in
an exothermic chemical reaction. The level of heat generated during hydration varies with the
properties of the binder, the pile width/diameter, the ambientasatyre of the mix during
casting and the ambient temperature of the soil in which the concrete is cast. As the reaction
takes place, the hydration temperatures will continue to rise for several hours after casting,
and the concrete will begin to hardend®os et 6 during this period.

complete at peak temperatifMeville and Brooks, 1987)

Peak pile temperatures during initial set and hydratiore weported by Penningtqi995)
Walteret al.(1997) Felleniuset al. (2009) Kim et al.(2011)and Lin and Lim(2011) The
highest temperatures were observed by Fellestias.(2009) in two 600 mm diameter precast
postgrouted cylindrical pileswith peaks in the region of 85 while Penningin (1995)
reported temperatures of up td 7C in 1.5 m diameter bored piles in Bangkok. The
magnitude of peak temperature will inevitably depend on the concrete (or grout) mix. The
reported temperature data from titeraturewas used t@roduceFigure 2.28 which shows

that the duration of initial set (i.e. the time required to reach peak temperature) idingaar
function of pileshaftdiameterDs (over a wide range dds valueg. As hydrationtemperatures

were not reported in the stied by Farrell and Lawlef2008) and Siegel and McGillivray
(2009) the duration between casting and peak temperature has been assumed to correspond to
the peak strain during this period kgure 2.28. This figure serves as a useful means of
estimating the duration of initial set for castplace piles.

100

w
—
3 A
£ 80 A

§ o Farrell and Lawlor (2008)

o
: WFellenius et al. (2009) - Shinho
5 60 Oe aFellenius et al. (2009) - Myeongji
©
5 @ Fellenius et al. (2009) - Vancouver
o
IS X Pennington (1995)
o 40 -
; X() © Siegel and McGillivray (2009)
s O OWalter et al. (1997)
o
o 20 - * oLin and Lim (2011) - Case 1
() ] OLin and Lim (2011) - Case 2
=S OA ) )
= Alin and Lim (2011) - Case 3

0 T T T T T
0 1 2 3 4 5 6

Pile shaft diameter D¢ (m)

Figure 2.28 - Variation in time to peak temperature with shaft diameter
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Studies in which total strains during initial set were reported, and were uncorrected for effects
of temperature, include Penningt¢h995) Siegel and McGillivray(2009) Felleniws et al.
(2009)and Lam and Jefferi011) All of these studies measured compressive total strains as
the hydration temperatures increased. On closer examination of the strain and temperature
profiles in a driven precast pegtouted cylindrical pile byrelleniuset al.(2009) the largest
compressive strains (4 150 ¢0) devel oped
temperatures were greatest. Fellenaisal. (2009) concluded that the compressive strains
were a result of the steel vibrating wire strain gauges attempting to elongate at a faster rate
than the surrounding concrete, due to the difference in coefficient of thermal expansion (CTE)
of the two materials .e a net v alCuaeording to BelleRiustal.2009)! Siegel

and McGillivray(2009)o bser ved a peak compressive strai
auger casin-place (ACIP) pile approximately 10 hours after casting. Unfortunately,
hydration temperatures were not reported and thus the relationship between compressive

strains and temperature was unknown.

The level of thermal straihermapresent in a pile at a particular instance after casting can be

determined using Equatidl19 (Pennington, 1995)

€hermal = abrT = a(Tl - TO) 219

whereUi s the CTE of t heTisnhe tifeerericaih temperatwigyi®tbet i o n ,
temperature at time of casting amgis the current temperaturBespite the simplicity of
Equation2.19, inconsistency exists in the literature regarding the choidgfof correction.

As vibrating wire strain gauges are traditionally composed of a steel wire enclosed in steel
casing, theddvaueof t he gauge is ass’medd fCh(Baledib et w
steel). Penningto(1995)and Farrell and Lawler (2008) presented strain profiles during initial

set and hydration which were corrected for thermal strains. The study by Pennik@36h (
calculated thermal strains using Equati? based on a CICETovmanue o
the Omechanical 6 strain i n t themalpstrdine frocthur i n
Equation2.2 were subtracted from the compressive total strains, resulting in a tensite strai
response at peak temperatke. CT E v a | W% wasfalsoluSed I8y Farrell and Lawler
(2008) to correct strains during initial set. However, the peak tensile strains were considerably
less in comparison to thossdserved by Pennington (199%elleniuset al. (2009) back

calculated a net CTE value of. 7 °C grdin/ strain and tenggature data from concrepéle
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specimens, which is broadly in agreement with the theoretical difference in CTE values of

concrete andC.steel of 2.2 ¢U0/

The influence of the correction for thermal strains on the spafile during initial set and
hydration is significant. If uncorrected, the strain response is compressive. However, the
studies in which the correction was applied show a tensile mechanical response.
Unfortunately, the dearth of detailed studies ondHastors for casin-situ piles prevents any

comprehensive conclusions to be made regarding the most appropriate CTE value to use.

2.6.2.2 Curing and strength development

After hydration temperatures have peaked, the pile will begin to cool and develop further
strength. This is characterised by a gradual reduction in temperature with time and a change in
volume (and hence strain) within the pile due to either shrinkage or swelling effects. The
duratiors for full decay of hydration temperatures after casting wwerthe region of 8L0

days for the studies by Pennington (19853 Felleniuset al.(2009). However, Felleniust

al. (2009) also reported the temperature profile within a 2.6 m diameter bored pile in
Vancouver, Canada where a period of 30 days wasreshjfor pile tempetures to stabilise.

The authothas compiled published data to show that the time taken for pile temperatures to
reduce from peak temperatufgeacto To+0.5(Tpear To) iS Once again a function of pithaft
diameter as shown ifrigure 2.29. An attempt to correlate the time betwe€gp.x and
Tot+0.1(Tpear To) Was not as fruitful, as measurements were not always carried through to the
latter temperatureand small discrepancies betwe&nmeasured before casting and after
curing were influential. Hydration temperatures will have a prolonged effect on the strain
profile (in terms of thermal strains) of large diameter piles during cuRiggre 2.28 and
Figure 2.29 combined serve as a useful means of estimatiagithe to the end of curing,

with a view to isolating the effect of other possible residual load processes, such as dragload.
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As the pile cools, it will continue to absorb moisture for hydration. The process of promoting
concrete hydration is referred to as curing (Neville and Brod®87). For conventional
concrete structures, curing takes place within stegblywood formwork under carefully
controlled conditions, with moisture provided by spraying or steam. However, fanesti

piles, the surrounding soil must act as formwork and moisture is free to migrate across the
soil-pile interface. If the pile isonstructed in saturated soil, a continuous supply of moisture
will be available for hydration which may cause the pile to elongate or swell. Pennington
(1995), Kimet al.(2004), Siegel and McGillivray (2009), Fellenietsal.(2009) and Lam and
Jefferis(2011) reported tensile total strains after hydration temperatures had stabilised. The
magnitudes of elongation varied from study to study, although Fellegtiugl. (2009)
observed tensile strains as | arge iagswas3 20
related to moisture absorption, Fellenatsal. (2009) conducted a comprehensive laboratory
study on 2.0 m long concrete pile specimens which were initially cast and cured in a dry
environment for 154 days. The strain response during this peasdyenerally compressive,
although relaxation of thepecimenswvas observed for about 4 days after peak hydration
temperature. After 154 days, thspecimenswere placed in water which resulted in a
significant tensile strain response as the concrete bepawell. Thus, a tensile strain
response in piles during curing may be a consequence of swelling due to moisture absorption.
Another possible source of tensile strains is internal restraint in the concrete due to drying

shrinkage (Hayes and Simmon@6032).
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While the uncorrected total strain profiles in the literature show a trend of tensile strain
development during curing, the temperatoogrected strain behaviour during this period is

less clearcut. The correction for thermal effects results in girafiles which may be either
tensile or compressive, depending on the magnitude of the thermal strain derived using
Equation2.19. For example, Pennington (1995) presents the corrected strain profile during
curing where, despite the elimination of thermal effects, the test pile remained in a tensile
state. In contrasthe temperatureorrected strain profile within an continuous flight auger
(CFA) pile in glacial till by Farrell and LawldR008)r eveal ed a compressi ve
approximately 3 days after casting, although temperatures were most likely stihgednd

further reductions in compressive strain may have occurred had the pile not been tested so
soon after installation. Walteat al. (1997) also reported net compressive strains in a drilled
shaft after cooling. As hydration temperatures diminisinwirhe during curing however, the

t emper at ur e T)dompdnent ie Bquatia/19 rgdupes. Therefore, the thermal
strain correction during the latter stagé<uring will tend to zero.

2.6.2.3 Pile installation and soil consolidation effects

The installation of a pile results in disturbance to the surrounding soil, irrespective of pile type
(Fellenius 2002), although this category is most relevant to displacemimt types.
Preformed piles may develop residual loads due to elastic rebound during driving (as
mentioned previously)ln addition, the generation of excess pore pressures during pile
construction in cohesive deposits may lead to consolidation of theaswilthe resulting
settlement will induce compressive loads in the pile over time (due to negative skin friction).
Such behaviour will occur independently of and in parallel with the processeas ttith
concrete as described aboVée development of sudbads is characterised by an increase in
compressive strain with time at various sections of the pile. To highlight thetdong
increase in residual loads due to consolidation settlement, Siegel and McGillivray (2009)
continued to monitor the total strabehaviour within an ACIP pile in clay after thgernal
concrete processes heglased. Approximately 200 hours after casting, the gauges in the lower
half of the pile began to show a trend of increasing compressive strains due to the
development of redual load as the clay layer began to settle. Similar findings were reported
by Felleniuset al.(2009) in precast posgfrouted concrete cylinder piles in soft marine clay
after concreteelated effects had diminished. For both studies, the strains ndeatef the

pile remained relatively constant during this period, indicating the absence of residual load at
this location as might be expected.
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2.7 CONCLUSIONS

This chapter presented a detailed review of the axial behaviour of -@ased displacement
pilesin sand. The review primarily focused on the results of a series of tests conducted by
Imperial College London using heavilystrumented closednded steel model piles.
Mechanisms governing both the shaft and base resistance were disandspdssible
implications for DCIS piles were highlighted througho®everal CPbased design
approaches were subsequently discussed and their predictive performance revirealig.

the processes leading to residual load development Hincast! piles vereassessd. The key
mechanisms governing the shaft and base resistance of traditionaletosstidisplacement
piles (i.e. closegnded steel and precast concrete piles) highlighted in the review are
subsequenthappraised againshe results of the instrument&CIS pile tests in Chapters 5

and 6 in order to verify that DCIS piles behave as large displacement piles.

Figure 2.30 illustrates he methodology used for each the instrumented DCIS pile test
conducted in Chapters 5 andt® assess the behaviour of DCIS piles during installation,
curing and maintained compression load testing in layered soil and uniformesaedtively

This pracess begins with the characterisation of the ground conditions at the test pile location,
the results of which are presented in Chapter 4, followed by the design of the test pile,
including dimensions, reinforcement and instrumentation details (i.e. ggpgeand levels).

The instrumented test pile then constructedpllowed by a suitable curing period to enable

the concrete to develop sufficient strength, after which the pile is subjected to a maintained
compression load test to displacements in exoed4® % of the pile base diametey. The
experimental procedures used during these processes are detailed in Cliaptedi8g the

strain interpretation process used to measured residual loads during curing, as well the shaft
and base resistance dugifoading). The behaviour of the test pile during installation, curing
and maintained compression load testing is subsequently examined in Chapter 7, with
comparisons made throughout with the key mechanisms governing traditional okt

displacements sand reviewed in Chapter 2.
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Research objective:
Assess behaviour of driven castsitu piles during installation, curing and maintained
compressin load testing in layered soil and uniform sand

!

Site characterisation (Chapter 4): J

- Site locaton

Geological history

Previous site investigations

- Cone penetration tests (CPT) at test pile location to identify soil profile
Laboratory tests for soil parametéosaid in test interpretation

|

Design of instrumental DCIS pile and test procedures J

- Test pile dimensionk diameter, length, pile cap tyg€hapter 3)

- Estimation oftotal, shaft and base capacity using @Bed design methods (Chapter|2)
- Concrete strength, steel reinforcem@@hapter 3)

- Instrumentation type, levelsased on soil layers (Chapter 3)

- Load test schedule, frame sizimensions o&inchor pilefChapter3)

/

ﬂnstallation, curing and load testing of instrumented DCIS pile: \

- Instrument reinforcement cage with strain gauges (Chapter 3)

- Pile installation, measurement of driving resistance using rig instrumentation, ins
of instrumented reinforcement ca@&hapter 3)

- Logging of strain and temperature data at 15 minute intervals for first 24 hours af
casting, hourly intervals for remainder of curing periGthapter 3)

- Maintained compression load test to large normalised displacements (> 10 % o
base diameteby) to mobilise shaft and base resistafiCaapter 3)

- Measurement of applied load, pile head displacement and strains during loading

\ (Chapter 3) /
Assessment oDCIS pile behaviour

- Installation

- Comparison of driving resistance with bassistance profiles predicted by
CPT-based methods (Chape;5,6,7)

- Curing

- Temperature and strain behaviour during curing (Chapfc6,d),

- Assessment of residual load based on strain profile (Chapter 3,5,6,7)
- Maintained load teging

- Load test straiinterpretatiori raw strains, correction for creep, derivatior
of pile stiffness, load distribution (Chapter 3,5,6)

- Shaft resistancelocal and average shear stress mobilisation, variation i
local shear stress and radial effective stress with disfamrepile base and
number of loading cycles during installation (Chapter 2,3,5,6,7)

- Base resistandebase resistance at failure, comparison with cone resiste
averaging techniques, stiffness degradation, bearing capacity factors
(Chapter 2,5,6,7)

- Predidive performance of CRbased design methods (Chapters 2,7)
k - Comparison of loadlisplacement curve with traditional displacemeny

(Chapter 7)

Figure 2.30 - Methodology flowchart for instrumented DCIS pile tests
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CHAPTER 3 EXPERIMENTAL METHODS AND
PROCEDURES
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3.1 INTRODUCTION

This chapter provides a detailed description of the various experimental methods and
procedures performed as part of the instrumented DCIS piles tests described in Chapters 5 and
6. The first section ofthe chapter describes the equipment and instrumentation used during
DCIS pile installation, the curing phase and maintained compression load testing. A review of
the various curig strain interpretation methodsthen presented, followed by the procedures
used to interpret the measured strains within the instrumented DCIS test piles during

maintained compression load testing.

3.2 INSTALLATION

3.2.1 DCIS pile installation equipment

The instrumented DCIS test piles were installed using Junttan PM26 piling rigswitte a

20 mm thick operended steel installation tube with nominal outer diameters varying from
283 mm to 457 mm and lengths varying from 10 m to 21.5 m (depending on the shaft
diameter and length of DCIS pile required). The head of the tube is tapesedrds to
enable extraction from the soil after concreting using a steel retractable collar fitted to the
leader of the rig. The installation tube is driven using a Junttan HHK 5ASS series hydraulic
hammer which has a total ram mass of 5000 kg, a maxionoam height of 1.2 m and a
maximum rated energy of88 kJ. The hydraulic power accelerates the hammer during
freefall, resulting in minimal losses in energy upon impact with the tube. The vertical position
of the hammer along the 28.7 m long piling leadecontrolled by the rig operator using a
system of cables and pulleys which are connected to a motor within the rig. An illustration of
the DCIS piling rig, together with the hydraulic hammer, installation tube and collar, is shown

in Figure3.1.

The installation tube is driven in a closedded manner using a sacrificial steel circular plate,
fitted to the base of the tube prior to driving, which remains at thedbdlse freshlycast pile

after installationFigure 3.2(a) shows a typical 380 mm diameter plate (albeit inverted) used
during installation of the instrumented DCI8st piles in Chapters 5 and 6, while the
attachment of the plate to the base of the installation tube before commencement of driving is
illustrated inFigure3.2(b).
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Hydraulic
hammer

Collar

Installation tube

Figure 3.1 - Junttan PM26 series DCIS piling rig

Figure 3.2 - (a) Inverted steel base plate and (b) with installation tube in position prior to driving
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3.2.2 Pile construction

The driving plate is placed at the intended location of the pile prior to installation and the rig
is subsequently nmmeuvred into position with the tube placed on top of the plate as shown
previously inFigure 3.2(b). The hydraulic hammer is then lowered into position at the ftop o

the tube and driving commencegth the hammer drop height controlled by the rig operator.
The rig instrumentation provides the operator with information regarding installation
resistance, tube depth and total number of blows using an electronic sctieenthé rig

cabin. When the tube reachthe required depth, driving is stopped and the hammer is
retracted upward along the leader. The pile is subsequently constructed by introducing
concrete into the top of the installation tube via a specialisedvahkigh can be raised or
lowered using the piling winch cable (sEmgure 3.3a). Alternatively, the concrete can be
pumped into the tube using a specialised connectitad fto the head of the tube. When
concreting is complete, the hammer is reattached and the tube is extracted from the soil using
the collar connected to the tapered section at the head. Several blows are applied to the tube
during this process in ordeo teliminate any voids present in the concrétigure 3.3(b)

shows the tube after extraction from the ground, together with excess concrete which is

removed prior to {e cap construction.

Figure 3.3 - (a) Skipping of concrete into top of installation tube and (b) tube withdrawal

70



3.2.3 Reinforcement

The test piles were reinforced with four ribbed steel bars throughout the pile length, with
diameters ranging from 20 mm to 40 mm, depending on the estimated structural capacity of
the pile.A helical cagetypically 8 mm to 10 mm in diametwith a pitchspacing of between

200 mm and 300 mpwas welded to the outer section of the main bars in order to provide
shear reinforcement he reinforcement was typically fabricated at Keller Foundations head
office in Rytonon-Dunsmore and subsequently transportedite where it was placed on
timber sleepers to enabédtachmenbf the pile instrumentation prior to installatioPlastic
spacers were placed on the helical reinforcement at locations between gauge levels in order to
provide cover distances of betwed4d mm and 75 mm, depending on ground conditions at

each test site.

In order to minimise damage to the strain gauge instrumentation, the reinforcement cage (with
the instrumentation attached) was installed after casting of the concrete and extraction of the
installation tube. The cage was slowly lifted into a verticaltmmsusing the winch cable on

the piling rig and pushed into the fresh concrete by site operativeBifrsee3.4a). Care was

taken throughout this process to engteecage remained vertical. As showrFigure3.4(b),

the bucket of a JCB was typically used to push the cage during the latter stages of installation.

\
. o

Figure 3.4 - (a) Cage installation and (b) additional force provided by JCB bucket
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3.2.4 Pile cap

A concrete pile cap was constructed at the head of each test pile after instadlatider to

accommodate the instrumentation for the maintained load test (see Se6t@nWith the

exception of the test piles installed at RytmmDunsmore,the caps for each test pile
comprised 700 mm squar e, 900 mMmb50 empelowoncr et ¢

ground level (bgl) after test pile installation.

Eachcap was constructed by excavating the surrounding soil and placing a hollow wooden
frame whch was subsequently concreted with the top surface trowelled flat and the strain
gauge wiring bundled out through a corner of the cap as showigime 3.5(a). Due to a
change in site operating procedures at Keller Foundations, the test pile caps abrRyton
Dunsmore were constructed using a 450 mm diameter, 700 mm long steel casing which was
enmbedded a 300 mm  Hrigureo3wb). (The estraia @audeavarieg was
accommodatethrough acavity in the side of the casinGap reinforcementas provided by

the main bars and shear cage of the test piles which protruded to within 50 mm of the top of

the cap.

Figure 3.5 - (a) Square pile cap with wooden casing and (b) circular pile cap with steel casing
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3.3 RIG INSTRUMENTATION

The DCIS piling rigs at Keller Foundations are fitted with instrumentation wémetoleshe
installation resistance of the driving tuteebe derivedising the Danish pile driving formula
(Chellis, 1961) The velocity of the hammer during freefall is measured using two sensors
located at the top of the hammer casing. The sensors, shdwguine3.6(a), are mounted on

a steel bracket and placed &@ 50 mm vertica
for the hammer rod to transit this distance is measured by the sensors antedotove
velocity. The tube depth is measured by a laser which is mounted at the top of the piling
leader Figure 3.6b), with a target plate placed on top of the haan carriageKigure 3.6a).

The derivation of the installation resistargg, conducted as part of this thesis, is given in

Appendix A.

|
|

Target plate m

Figure 3.6 - (a) Hammer velocity sensors and (b) tube displacement laser
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3.4 PILE INSTRUMENTATION AND DATA A CQUISITION

3.4.1 Vibrating wire strain gauges
The DCIS test piles were instrumented with vibrating wire strain gauges (VWSG) at four
separate levels in each pile, with four gauges placed at each leagittwebending effects,
as well as for redundancy purpos¥thrating wire strains gaugesere chosen due to their
robustness, ease iofstallation and protection from moistuiach gauge contains a tensioned
steel wire within a plastic casing which in turn is connected to steel bars at each end. A
magnetic field generated by electromagnetidgschoused within the plastic casing causes the
steel wire to oscillate at its resonant frequency. This process generates an alternating current,
the frequency of which is processed by a datalogger connected to the gauges. A change in
load within the pileat the gauge level results in a proportional change in length (and hence
frequency) of the wire, enabling the change i
formula:
,afz.  f2 0

De u%- %(TJEGF 3.1
wherefiniia andfeurrentare the initial and current frequency readings respectively and GF is the
strain gauge factor obtained during calibration by Geosgrsédependent calibration was
conducted by the author) not e t hat p o s icateicompressienlandameagaticef e U
values tension. Each gauge is also fitted with a thermistor within the plastic casing, enabling

measurement of temperature during curing and load testing.

Three variations of VWSGs were used during the series of piledestsibed in Chapters 5

and 6. The first variant is the Geosense G40Gsistetbar strain gauge, shown Figure

37( a) , whi ch compr i s e 500 tmhsteel paasucgneectedacseiaan gnd.wi t h
The second type is the reduced stedr gauge where the bar | engt
mm (to enable the gauges to be plhes close to the pile base as possihlg] fitted with

circular steel flanges at the end @nable a sufficient bond to develop within the concrete

during loading (seé-igure 3.7b). The third variant is the embedment vibratimige strain

gauge (Geosense VVZE00) which was used in the instrumented test piles &rFon

Dunsmore (see Sectiofi3 of Chapter 6). The embedment gauge operates in an identical
manner to theisterbar type, buarec onsi der abl y smal l er, having a
(Figure3.7c).
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Figure 3.7 - (a) Sisterbar (b) reducedlength sister bar and (c) embedmentibrating wire strain
gauges
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3.4.2 Strain gauge installation

The strain gauges were procured by ESG on behalfldfGaway/Keller Foundations and
packaged in cardboard prior to transport to site, with the plastic gauge housing covered in
protective foam to prevent ingress of moisture prior to use. Once on site, the serial number
and position of each gauge was noted, aftbich the gauges were securely attached in a
vertical orientation to the inner portion of the helical reinforcement cage using cable ties
(Figure 3.8 and Figure 3.9). The strain gauge wiring was carefully threaded along the main
reinforcement bars and out through the pile head where it was bundled in order to prevent
damage during installation. Given that each test pile contained 16 gauges, the attachment
process tyjeally took 2 hours to complet&he gauge level positions were chosen to optimise

the measurement of shaft resistance across soil layers (particularly at the layered solil sites in
Chapter 5)Each gauge was subsequently checked to see if it was in wankdeg using a
handheld device which sends an electrical charge to excite the wire within the gauge,
enabling the device to measure the wire frequency. Readings were also taken after the cage
was inserted into the concrete in order to assess if eithemggaor large shifts in readings
had occurred. The l ength of t he embedment ¢
instrumented test piles at RytomDunsmore prevented attachment to the shear
reinforcement due to the pitch of the helical cage. To overcoinetlie gauges were cable

tied to two steel mounting rings welded to the inside of the main reinforcement bars
approximately 100 mm apart at each gauge leMgufe 3.10). The mounting rings were
wrapped in PVC tape at the point of attachment to provide an additional level of grip for the

gauges during cabfging.

Figure 3.8 - Attachment of the sisterbar vibrating wire strain gauges
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Figure 3.9 - Attachment of reducedlength sisterbar vibrating wire strain gauges

Figure 3.10- Attachment of embedment vibrating wire strain gauges
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3.4.3 Data acquisition

The variation in strain and temperature during curing of the test piles at Dagenham, Erith and
Shotton (see Chapters 5 a@dor more details) was measured using a Campbell Scientific
AM416 multiplexer data acquisition unit, shown Higure 3.11, which enabled up to 20
vibrating wire stran gauges to be monitored at any given time. Strain and temperature
measurements were typically logged at 15 minute intervals for the first 24 hours or so after
casting, followed by hourly intervals for the remainder of the cupgod. The multiplexer

was powered by a portable battery and placed in metal casing to prdteat damage on

site during curing (seEigure3.12). Strains were also logged continuousyytbe multiplexer

during the subsequent maintained compression load test.

Battery

- WA 2
L

. !ﬁr

Multiplexer

e

Figure 3.12 - Multiplexer and battery in metal casing
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3.5 RESIDUAL LOAD INTERP RETATION METHODS

The review of the literature in Secti@d6 highlightedthe contribution of concrete curing and

soil consolidation to the development of residual load inicasitu piles. Given the observed
strain profiles, three methods for integping the level of residual load present in a-tastitu

pile have been proposed. This section aims to describe each interpretation method; in detail
these will be appraised for the DCIS test series in Secta

3.5.1 Simplified method (Method 1)

A simplified method of interpretation, described by Keh al. (2004) assumes that the
absolute change in total strain during the period between casting and condlo#ddest is
entirely due to residual loads. This methasignated Method Is convenient as strain
readings are only required immediately after casting and prior to conducting a load test.
However, the variation in strain and temperature during teisog remains unknown.
Furthermore, several papers have reported significant tensile strains in existence after the
effects of hydration had diminished (as described in Se@i6r2.2 which would result in
unrealistically large tesile loads throughout the pilehiB method ighereforedeemed to be

the least accurate for determining residual loads irinastu piles.

3.5.2 Continuous methods (Methods 2 and 3)

The downfall of the simplified method lies in its inability to separate the change in strain
between casting and load testing into the various processes described in Séc#ioho
overcome this, continuous or frequent measurements of strain and temgperatu be
obtained using a ddtayger, enabling an accurate profile of strain and temperature variation in
the pile during curing to be known. Two methods of intetgion of residual loads based on
frequent measurements of strain and temperature have been proposed, with the main
difference between the methods relating to the times at which residual load is assumed to

develop.

Pennington (1995) proposed calculatthg change in strain between peak temperature and
load testing to represent the residual load in aioasitu pile, on the basis that the pile is in a
stressfree state at peak temperature. The temperatnected strain profile was used for the
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interpretation, resulting in a change in strain which was compressive at each gaugehlisvel.

method is designated Method 2.

The dternative interpretation methddr residual loads using continuous strain measurements
was recommended by Siegel and McGilliwr@009) and Kimet al. (2011). The correction
procedure referred to as Method 3s based on the assumption that residual loads are
negligible at or near the head of the pile. By placing a set of strain gauges at this level, a strain
profile which is iné&pendent of residual load can be obtained. This profile can then be
compared to the profiles at the remaining sections of the pile. The instance at which a strain
profile at a particular section begins to deviate from the top gauge level is deemeddo be th
time at which residual loads begin to develop, and the change in strain at each gauge level

after this instance represents the strain due to residual load.

The measured strain profiles at two gauge levels @nd 49 m bgl) after casting of a 1.2 m
diameter posigrouted cylinder pile reported by Fellenius et al. (2009) are showrigure

3.13 where compressive total (i.e. uncorrected) strains coincided with peak hydration
temperature, followed by a tensile response as the pile cooled during curing. The strain
profiles began to derge however approximately 10 days after casting due to the development
of residual loads within the pil&igure3.13 also shows the interpreted change in straintdue
resi du a lsadgiven By eagoh rdethod describeeviously

Figure 3.14 shows acomparison of the derivedesidualstrain distributions at five sepaeat
gauge levels within the poegtouted concrete cylinder pile by Fellenies al. (2009)
approximately 39 days after casting wherns iclear that the three interpretation methods give
contrasting distributions of residustrain Method 1 (Kim et al., 204) was deemed to be the
least accurate as tharge tensile strainswould havelikely resulted in cracking of the
concrete, while the compressistainscalculated usinglethod 2(Pennington, 19959ppear
excessive (>@0 ¢ )J For both methods, theonvesion of the residuastrainsto loads (using
Equation2.19) and the addition of these residual lo&olgshe load measurements during the
subsequent static load test yielded distributions of increasing load with depth at failure which
seem highly unraistic. Method 3by Siegel and McGillivray (2009 ppears to give the most

realistic results, as the derived residual load distribution is similar to the dragload which was
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anticipated to develop due to the infleenof external processes in the sdfly layers in

which the pile was drive(i.e. negative skin friction due to consolidation). Furthermore, this
met hod resul ted i n a Ot r bichoéreducen amith ddpths asr i b L
demonstrated by Kim et al. (201Method 3 is therefore used interpret the residual loads

within the instumented DCIS piles in Chapters 5 and 6 in which curing strains and

temperatures wem@ntinuouslymonitoredduring curing.
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Figure 3.13- Comparison of residualload interpretation methods
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Figure 3.14 - Interpreted residual strain distributions
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3.6 LOAD TESTING

3.6.1 Loading frames

Environmental Scientifics Group (ESG) Ltd. was contracted byeK&loundations UK to
perform the maintained compression load tests at all test sites. The majority of the load tests
were performed using ESG6s System 300 | oading
of 3000 kN and is connected to four DCIS anchor pilsing highstrength Dywidag steel
anchor bars which were centrally cast into the anchor piles after installation. Connections are
also available for two additional anchor piles if needed (as was used for the compression load
test at Shotton). The tests Ryton-on-Dunsmore were conducted using a 2200 kN capacity
System 200 frame connected to three DCIS anchor piles; the setup arrangement for this frame
is shown inFigure3.15. The anchor piles were designed by the author based on the estimated
test pile capacity derived using the GPdsed methods described in Sectihb with a
geotechnical factor of safetyds = 2.0.

Loading frame

e —— T ——————— R
i——
e s

Figure 3.15- ESG System 200 loading frame
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3.6.2 Instrumentation

The instrumentation for the maintained compression load tests comprised a load cell,
hydraulic jack, displacement transducers and data acquisition unit; the general setup of the
instrumentation on the pile cap shown inFigure3.16. The hydraulic jack, manufactured by
Woodland Weighing Systems Ltd., has a sphesgealt platen to minimise eccentricities
during loading. Calbration of the jack was performed by ESG prior to testing. The applied
load during the maintained compression load tests was measured using a Penny & Giles Ltd.
3000 kN capacity load cell, calibrated by ESG prior to use, which was placed between the
undeside of the loading frame and the hydraulic jack. Four linear potentiometric
displacement transducers (LPDT) rigidly mounted to an independent reference beam were
used to measure the pile head displacements using flat surfaces attached to the sidle of the p
cap. The transducers have an accuracy of 0.1 mm and a resolution of 0.01 mm. The supports
for the reference beam were placed a minimum of three pile diameters from the centre of the
test pile. Data acquisition during loading was performed using a CathfRcientific
datalogger which was connected to the LPDTSs, load cell and strain gauge instrumentation. A
digital thermometer was also used to monitor the ambient temperature throughout the duration
of the load test. The overall setup of the instrumentaiothe test pile is shown Figure

3.16.

: Kf(’ » o rs’:"- Y ';‘ T o &3

Figure 3.16 - General layout of load test instrumentation
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3.6.3 Loading procedure

The maintained compression load tests on the instrumented DCIS piles at Pontarddulais,
Dagenham, Erith and Shotton were performedadgoordance with the Institution of Civil
Engineers Specification for Piling and Embedded Retaining VéalSPERW (ICE 2007)

which is the standard specification for static load testing of piles in the United Kingdom.
Loading is performed in several stagevith the level of increment based on the design
verification load (DVL) of the pile which was calculated by dividing the estimated total
capacity (determined by either earth pressure or-BdSEd methods) by the geotechnical
factor of safety. Cyclindi.e. a single unloaceload loop)is also performed at applied loads
corresponding to 100 % DVL and 100 % DVL + 25% SWL, where SWL is the specified
working load (note that SWL is equivalent to DVL for the test piles in Chapters 5 and 6).
Table 3.1 summarises the minimum loading times specified by ICE SPERW for siagie
multi-cyclic maintained compression load tests. The specification also requires that the

applied Iad remain constant until one of the following settlement rates has been satisfied:

1 0.1 mm/hour when the pile head displacement is less than 10 mm
1 1% x pile head displacemehtdur for pile head displacements between 10 mm and 24
mm

1 0.24 mm/hour when thelpihead displacement is greater than 24 mm

Single cycle tests were performed on the test piles at Dagenham and Erith due to difficulties

associated with interpretation of the strains (see Chapters 5 and 6 for more details).

The test piles at Rgn-on-Dunsmore (see Sectiof.3 of Chapter 6) were not performed in
accordance with ICE SPERW as these tests were conducted purely for research purposes and
were not part of a specific piling contract (which was the case at the other test pile sites). The
piles were loaded in incremengguivalent to 10 % of the predicted compressive capacity,
reducing to 5 % when pile failure was imminent. The minimum and maximum duration of
each load was 30 minutes and 6 hours respectively. The only exception to this criterion was
Pile R1 which was hdlat 962 kN for 12 hours in order to accommodate a rest period for the
load test technician. The next load increment was applied when the settlement rate had
reduced to 0.2 mm/hour (or the maximum hold duration was reached), although this criterion
becamancreasingly difficult to adhere to when creep displacements increased significantly as
the pile approached failure. The specific loading schedules for eachleestepsummarised

in Appendix C
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Table 3.1 - Minimum loading times for a maintained compression load test (adapted from ICE SPERW

2007)

Load Minimum time of holding for a Minimum time of holding for a
single-cyclic pile test multi -cyclic pile test

25% DVL 30 minutes 30 minutes

50% DVL 30 minutes 30 minutes

75% DVL 30 minutes 30 minutes

100% DVL 6 hours 6 hours

75% DVL N/A 10 minutes

50% DVL N/A 10 minutes

25% DVL N/A 10 minutes

0 N/A 1 hour

100% DVL N/A 1 hour

100% DVL + 25% SWL 1 hour 1 hour

100% DVL + 50% SWL 6 hours 6 hours

100% DVL +25% SWL 10 minutes 10 minutes

100% DVL 10 minutes 10 minutes

75% DVL 10 minutes 10 minutes

50% DVL 10 minutes 10 minutes

25% DVL 10 minutes 10 minutes

0 1 hour 1 hour
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3.7 INTERPRETATION OF LO AD TEST STRAINS

3.7.1 Introduction

This section describes the procedures used to interpret the strain gauge data measured during
maintained compression load testing of the instrumented DCIS piles in Chapters 5 and 6.
These procedures include correction for creep effects, derivation of pileessiffand

averaging methods.

3.7.2 Raw strains

The strain gauge frequency readings during both curing and load testing were converted to
strain using EquatioB.1 and subsequently compiled in a Microsoft Excel file for analysis.
The raw strains were initially plotted against both applied stress at the pile head and time
during the load test to assess any potential abnormalities in gauge behaviour during the
maintaned load test. If no abnormalities existed was generally the cas#)e strains were
subsequently corrected for creep effects as described in S8ati@n

3.7.3 Creep effects

The increase in strain within concrete under the application of a constant stress is referred to
as creefdNeville and Brooks, 1987and the development of creep strains within a concrete
pile can therefore be significant during a maintainethgression load test (where applied
loads may be held constant for several hours as described previously in Se&®priThe
magnitude of creep is inversely partional to the strength of the concréideville and
Brooks, 1987)nd will therefore be considerably larger within concrete piles which are load
tested within a few days of casting (due to the applied load being a greater portion of the
compressive comete strength at the time of loading). Lehaeteal. (2003) for example,
observed large increases in displacement of a 350 mm instrumented precast concrete pile
during a maintaiad compression load test approximately 7 days after casting which was
attribued to creep deformation within the concrete. Such increases in strain during each load
hold can have a strong influence on the interpreted pile stiffness and should therefore be
accounted for accordinglftam and Jefferis, 2011)
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For this thesis, elastistrains were assumed to be fully mobilised approximately 10 minutes
after application of a new load.am and Jefferis, 2011 with increases in strain thereafter
attributed to creep within the concretéigure 3.17 shows the corresponding variation in
measured and elastic strain at a particular gauge level with time during a maintained
compression load test on an instrumented DCIS pile; the elastic strains rensa@mtdaring

each load hold, while creep within the pile leads to increases in the measured strain, resulting
in a difference of a 13% in this case at t
and elastic stresstrain responses of the dataHigure 3.17 are shown inFigure 3.18 where

the responses are comparable duringititéal stages of loading, the difference becoming
considerably larger during the latter stages (as the applied stress becomes a greater portion of
the concrete compressive strength). Creep strains must therefore be corrected for in order to

obtain an aaarate pile stiffness during loading.
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Figure 3.17 - Variation in measured and elastic strain with time during a maintained load test
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3.7.4 Strain averaging

After correction for creep effects, the four strain readings at each gauge level were averaged
in order to account for the effect of pile bending during loading. Following the
recommendations of Felhius and Tan2012) averaging was initially performed using
diametricallyopposing strain gauge$-igure 3.19a) and then compared with the average
obtained from theall four gauges at each leveFigure 3.19). If a gauge exhibited
irregularities in measured strain (due to either damage during installation or cracking during
curing and/or loading), the diametricalbpposing gauge was subsequently ignored and the
remaining two gauges at the level in question were used to determine the average strain; this

was rarely required however as the majority of test piles had fully funuji@gauges.
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Figure 3.19- Variation in (a) individual strains and (b) average strain with applied stress

3.7.5 Pile stiffness

The variation in pile stiffnesg&, during loading of an instrumented concrete pile must be
derived in order to convert the measured strains to loads. While several methods for
determiningE, are available, the stramtependent secant and tangent meth@atdlenius,
1989)remain the most guular (Lam and Jefferis, 2011These methods, illustrated fingure

3.20, deriveE, from the slope of the stressrain response at the uppermost gauge level, the
only difference between them being the type of slope,usedecant or tangent. Valueskf

are calculated for each load increment and plotted against the corresponding elastic strain,

after which am™-order polynomial is fitted to the data in ordemtatainE, for a given strain
level.
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Figure 3.20- Pile stressstrain relationship and modulus derivation methods

Figure3.21 shows a comparison of the derived secant and tangent moduli for thesstess
response irigure3.19(b) where it is apparent that the methods yield vastly different stiffness
curves, with a somewhat erratic tangent modulus response evident during the latter stages of
loading. This erratic response is generally attributed to the increased sensitieityrs in

stress and strain values during the differentiation process of the tangent rffethexius,

2012a; Lam and Jefferis, 201I0he stiffness response of the instrumented test piles in

Chapters 5 and 6 were therefore determined using the secdaotus method.
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Figure 3.21- Comparison of secant and tangent modulus methods
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Lehaneet al. (2003) proposed an alternative method for determining the variation in pile
stiffness with strain level, based on a series of compression tests on instrumented concrete
cylinders tested between 4 days and 28 days after casting. Unlike the secant amid tange
methods, no correction for creep strains is necessary, enabling the variation in load during

each hold to be determined using the following expression:

R ° - o 5 (]

E, =E d- f%fié'jf1+o.o%fi§1 in[(de/dt)/(de,; /dt)]E 3.2

e Cleklf Clek + i

wherekE; is the initial linear stiffness of the concretg,is the concreteyclindercompressive
strength,f is an empirical parameted, ky/dt is the reference creep rate during loading and
d Mdtis the strain rate. Lehar al.(2003) used a reference straateles= 3. 5 e U/ s t o
the load distribution of an instrumente803mm wide precast concrete pile during maintained
compression load testing in soft alluvial sand and clay. However, this method was not used to
determine the moduli of the instrunted DCIS test piles in Chapters 5 and 6 as the required
tests to determine the compressive strefgtbf the concrete used in each test pile were not

performed.

The majority of the instrumented DCIS test piles in Chapters 5 and 6 had uppermost strain
gauge levels which were placed between 0.5 m and 2.5 m below the ground surface, with the
shaft resistance mobilised across this distance during loading resulting in a lower stress level
at the gauges. In order to determine the stiffness correctly, thatowegof shaft resistance

was estimated using empirical relationships with the cone resistgnqrefile measured at

each pile location (see Chapter 4 for more details) proposed by Bustamante and Gianeselli
(1982) described in SectioR.5.2 primarily due to the simplicity of the equations. The load
transfer curve between the surface and the uppermost gauge level was subsequently derived
using te procedure by Niazi and May2010) summarised ifrigure 3.22, which is based

on the closedorm solutions for pile displacement during loading by Randolph andhwro
(1978) The smalistrain shear modulu§, was derived using relationships with the CRT

profile as discussed in Chapter 4. However, given that the shear modulus reduces with strain
level during loading, a reduction factor was appliegan order tocalculate the operational

shear modulu& using the expression by Fahey and Cq6©3)
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3.3

wherel ./ is the mobilised level of star stressandf (= 0.99)andg (= 0.3) are empirical
curve fitting exponents. The resulting shaft load transfer curve, obtained using the procedure
in Figure 3.22 and Equation3.3, was subtracted from the lodisplacement response
measured at the pile head in order to derive the variation in Stegsthe uppermost gauge

level. The pile modulus was then estited using the secant method described previously.

Compressible pile solution: Q, Layered soil load and
WD) settlement distribution:
41 ,dmpg tanhipl) L . ; - -
o [-;1 _LHF - PE{. L r: Pile diameter o a0l
G, T, Wy 14y tanhipl) L T 16, - Layers Q= Qg =1, il L,
[ miA(1-wvjépulr, '1l _ L Wy =Wy + W,
Load transfer to base: o Pile G..4
[ ) | Pile Length Bsoz = Gt
Qy (1—v)fcosh{pl) 1A Q.=Q.,=Ff, m.L
Q [ L./ I 4":“5‘“"‘“&‘“1'] \ [rover? Wﬁ = st + b;? i
(1-u)¢ {(uL)d Q. G L 2 =2 ¢
\ - Cuz_ _
T ' G, ;=G
Shaft load distribution: | sof ~ “sh2
E Mayer3 QIJ = QSJ’ + Q.EI
Q.=Q,-Q Qf | L Qp =y adsl; + Q,
. . 4 hd ! Wy = Wot W,
Operational soil modulus: \G., 2= Deptiy
L et s
G =Gpnad 1 ~ AQIQ)Y] LG, Gy
* 1, = pile radius = d /2 vE= G, G, = xi factor
* 1y = pile base radius = d,/2 * Gy, = soil stiffness below the pile tipftoe/base
« 1= 1t = eta factor for bell-shaped piers » &= In(ryfr,) = zeta factor
+ E, = pile modulus ot = L{0.25 + £[2.5 pg(1- v} 0.25]} = Magic radius
+ G, =s0il shear modulus along side at z=L  + gl = 2(2/Z4)"9(Lid)= mu factor
+ pe= GG, = gibson parameter * wy = settlement at top of pile segment
= Gy = soil shear modulus at mid-shaft + w; = settlement of individual pile segment
* A= E /G, = pile-soil stiffness ratio * Wy, = pile base settlement
Figure 3.22 - Procedure for deriving load transfer curve (Niazi and Mayne, 2010)

Once the strahdlependent pile modulus has been established, thd?|@ddh particular gauge
level was obtained using the following relationship:

I:>i = eelasticEp'%

34
where Qastic is the creegrorrected elastic strairfg, is the secant pile stiffness aAd is the

crosssectional area of the pile at the gauge level in question. The resulting load distribution

was then used to derive the local shear stthgsand base resistancg during loading, as
described below.
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3.7.6 Base resistance

The lowermostlevelof i br ati ng wire strain gauges wer e
250 mm (depending on the type described in Se@idri) of the base of each DCIS test pile

in order to measure the base resista@geduring loading. Given that additional shaft
resistance was likely to be generated between the lowermost gauge level and the base, the
resulting load distribution was linearlxteapolated to the base level in order to estimate the
true base resistance of the pile; such a procedure is likely to give a sligipredition inQp

as the local shear stress of a displacement pile generally increases exponentially adjacent to

the base.

3.7.7 Shaft resistance
The local shear stredg,. between two successive gauge levels is derived from the load
distribution using the following expression:

_ DQs

ts,loc - ES 35

w h e rQgis the clange in load between the two gauge levels in questioDaiglthe pile

shaft diameter.

3.7.8 Elastic shortening

The applied load at the pile head inevitably leads to elastic shortening of the pile during
loading. While several methods have been proposedstonating the quantity of elastic
shorteningweiasiic during loading, the following expression is used in this thesis, assuming a
triangular distribution in local shear strdgs.between the pile head and bg&gfor et al.,

1992)

o 4L
0—

3.6
+pDZE,

3 1
Welastic :%head' _Qsi
C 2
where QneaqiS the applied load at the pile he& andL; arethe total shaft resistance and

length between the pile head and the level in question respeciddly the shaft diameter
andE; is the strairdependent pile stiffness.
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CHAPTER 4 GROUND CONDITIONS AT PILE TEST SITES
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4.1 INTRODUCTION

This chapter describes the ground conditions at the three layered sites (Pontarddulais,
Dagenham and Erith) and two sand siteBo{®n and Rytofon-Dunsmore) in the United
Kingdom in which the instrumented DCIS pile tests were performed. The location and
geological history of each site is initially presented, followed by the results-sfuirand
laboratory tests (where applicapl®arameters relevant to pile behaviour are also discussed.
The test sites are identified iigure4.1. It is important to highlight that the majority of sites

had relatively basic ground investigations, typically comprising only borehole logs with SPT
results, and these were conducted prior to involvement from NUI Galway. Cone penetration
testing (CPT) wa therefore commissioned at the instrumented DCIS pile test area of each site
as part of this research in order to help classify the soil conditions and enhance the

interpretation of the results of the instrumented pile tests.
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Ryton-on-Dunsmore

1 Dagenham
o Pontarddulais

Erith

Figure 4.1 - Summary of pile test locations
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4.2 PONTARDDULAIS, WALES

4.2.1 Site location

The pile test site was located in the western portion of the Lye Industrial Estate (National Grid
reference SN 596 053) , a of Pantarddldais, Walesr dndh of
approximately 16 km northwest of the city
hectares, most of which is occupied by a large distribution warehouse. A smaller warehouse
structure was previously situated at the wessection of the site, but was demolished in the
summer of 2010 to accommodate further expansion of the larger warehouse. The site is
accessed by Glanffrwd Road to the south, with the northwest perimeter bounded by a railway
line, while vegetation and unsaded access tracks are present along the western perimeter.
The site was previously used as a metal plating facility until thel®&®s, after which it

remained relatively derelict until the construction of the existing buildings in the 1990s.

Figure4.2 shows a general layout of the site, while a plan view of the instrumented DCIS pile
test area is illustrated irigure4.3. The topography of the site slopes approximately 2 m from
north to south over a distance of & 350 m,
Ordnance Datum). The instrumented DCIS pile test area wa®dbaathe northern end of

the site, approximately 20 m from the footprint of the new structureFigeee 4.2) in order

to avoid any potential constraints with the-going construction programme. The results of

the instrumented pile test attescribed in detail in Sectidn2 of Chapter 5.

4.2.2 Geology

The bedrock comprises thid¢yers of sandstone with thin interbedded seams of mudstones,
shales and coal seams, known as the Upper Pennant Measures which were formed 305 million
years ago during the Carboniferous Period. Superficial deposits of glacial till and fluvio
glacial sandsand gravels overlie the bedrock, with layers of peat and alluvium present

throughout the site.
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4.2.3 Ground investigation

A basic ground investigation was conducted by Minil Surveys Ltd. in July 2010, prior to
demolition of the existing warehouse structure, and comprised 5 no. cable percussive
boreholes to maximum deptosf &8 4 m bel ow ground | evel (b

reinforced concrete slab prevented construction of borehole BHO5 below 0.2 m bgl.

The soil profile of borehole BHO04, which w
test pile location, ishown inFigure 4.4(a), while Figure 4.4(b) presents the corresponding

profile of SPT Nspr values with depth during construction of the borehole. The stratigraphy
comprises medium dense to dense made ground, containing sand, gravel, cinder and ash, to a
depth of a 1.6 m bgl, foll owed by dgravél,boos e
becoming very silty between 2.3 m and 3.4 m bgl. Aetayf dark brown fibrous peat,2m

thick, is present below 3.4 m bgl, overlying soft grey sandy very silty clay to the bottom of
the borehole at 4.0 mbgl. SNEprv al ues of  &during peretration in yhe loosea

sand and soft clay and peat layers at depths of 1.6 m or greater. A dense obstruction was
encountered at 2 m bgl within the loose sand and gravel, resulting in a temporariNgkigh

value (> 50) between 1.6 m and 2.3 m Ib. Groundwater was o0bse

approximately 20 minutes after borehole construction.

Soil inti
Description SPT Nepy (blows/300mm)

0 10 20 30 40 50

Concrete overlying sand, gravel, cinder and
ash fragments (MADE GROUND)
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[}
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LA i Ly
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2 A /
° Dense

Loose to very loose grey slightly gravelly obstruction
very silty fine to medium SAND

[
-

N
T
]

Depth (m)

W0t Dark brown fibrous and amorphous PEAT
<

Soft grey sandy very silty CLAY

5

Figure 4.4 - (a) Soil profile at borehole BH04 and (b) corresponding SPT profilé Pontarddulais
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4.2.4 Conepenetration tests

A series of cone penetration tests (CPT) were conducted by Fugro Ltd. in October 2010 at
several locations across the site (Begpire4.2), includingat the test pile area. The tests were
performed by Fugro Ltd. using a 36 mm diameter piezocone, enabling measurement of pore

pressures during penetration, with reaction provided by a 20 tonne CPT truck.

Figure4.5 presents the results of CPT101 which was conducted directly on the location of the
subsequenty nst al l ed i nstrumented pile test; t he i
made ground (sand and grgvedverlying soft clay between 1.8 m and 4.7 m bgl whith

turn was underlain by mediume nse sand to a depth of & 6.1 n
clay was present between 6.1 m and 7.3 m bgl, followed by loose to medium dense sand
becoming dense belo#1 m until the test was terminated at 10.4 m bgl. High friction ratios

(R: > 5 %) and positive pore pressures observed during penetration in the soft clay layer
between 2.0 m and 4.1 m bgl were indicative of amorphous (peahe et al., 1996)A

negative pore pressure response was evident at depths in excess of 4.1 m bgl, which may be

the result of insufficient saturation of the piezocone.

The CPT classification chart by Robert4@890) in which the normalised cone resistaqke

= (o - Gvo)/0 o is plotted against normalised friction raffp= fJ/(q; - Ovo), was used to assess

the stress history of each layer; Figure 4.6 shows the normalised data of each layer for
CPT101, while a summary of the soil types associated with each zone of the ¢finaehiin

Table 4.1. The majority the data between 1.8 m and 7.3 m bgl plots to therigppaf the

chart, indicating potential oveonsolidation or agng effects. In contrast, the sand layer
between 7.3 m and 10 m bgl (in which the base ofitbtumented DCIS test pile was
socketed) predominantly plots in the central normally consolidated zone.
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Figure 4.5 - Results of CPT101- Pontarddulais
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Figure 4.6 - Robertson (1990) soil classification Pontarddulais

Table 4.1 - Soil classification legend Robertson (1990)

Zone Soil description
1 Sensitive finegrained

Organic soil

Clay to silty clay

Clayey silt & silty clay

Silty sand to sandy silt

Clean sand to silty sand

Dense sand tgravelly sand

Stiff sand to clayey sand (overconsolidated)
Stiff fine-grained (overconsolidated)

© 0O ~NO b~ wWwDN

As laboratory tests were not performed as part of the ground investigation, the soil parameters
for pile design were derived using existing popular correlations with CPT data. The relative
densityD, of each granular layer was estimated using the followorgelation with CPTg.
proposed by Jamiolkowskt al (2003)

a9cin 0

D, =0.35Ings—§ 4.1
¢ 20 -

WhereqclN = (qc/pref)/(fj v'()/pref)O'5 and Pres = 100 kPa.
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The undrained shear strengéhof the clay layers was derived from the measured GPT

profile using the following expression:

5, =0 42

where ; is the cone resistance corrected for unequal end effegtss the total vertical
effective stress anik is the cone factor. The value lf depends on the properties of the clay
and typically ranges from 12 to 17. However, given the relatively limited data regarding the
clay layer properties at Pontarddulais (asll as the other layered sites described in
forthcoming sections), a value bk = 15 was assumed when estimatsgor each layer

using Equatior?.2, based on thassumptions by Leharet al (2013)for derivings, profiles

from CPT data during compilation of a database of load tests on displacement piles in clay.
Table 4.2 provides a summary of the soil parameters obtained for each layer using CPT
correlations given by Equatiodsl and4.2.

Table 4.2 - Summary of soil layer parameters based on CPT101Pontarddulais

Undrained shear

Stratum  Depth Sall Bul_k unit Rela_mve strength s,
. weight 9, density D, =

No. (m) Description 3 N (Ny =15)

(KN/m~) (%) (kPa)

1 0-1.8 Made ground 19 75 -

2 1.8-4.7 Soft claypeat 16 - 35

3 4.7-6.1 Mediumdense sand 19 50 -

4 6.1-7.3 Firm clay 18 - 65

5 7.3-9.3 LooseSand 19 20 -

6 9.3-10.2 Medium dense to dense 19 50 -

sand

1. Salgado (2008)
2. D, = 0.35In@1n/20) (Jamiolkowski et al., 2003)
3.8= ((h'ﬁvo)/Nk

101



4.3 DAGENHAM, ENGLAND

4.3.1 Site location

The test site was located Beach Ream Industrial Park (National Grid reference TQ503 826),
approximately 1.6 km southeast of Dagenham,
hectares and is bounded to the north by the Channel Tunnel Rail Link (CTRL) railway line, to

the south B the A13 Choats Manor Way road, to the west by Thames Avenue and Marsh
Way to the east.

A general overview of the western section of the site (where the instrumented DCIS pile test
was located) is shown figure4.7, while Figure4.8 illustrates the layout of the instrumented
DCIS test pile area. The site was previously ocalipye Ford Motors as part of their adjacent

car manufacturing facility at Thames Avenue and contained several small derelict buildings,
stockpiles of debris and overgrown vegetation. Clearance works began in the summer of 2011
to facilitate the constructioof a large distribution centre for a major supermarket chain.

The topography of the site was relatively flat prior to commencement of clearance works,
with the western section having an average elevation of 1.9 m AOD. The underlying soft
alluvial depodis (see Sectiort.3.2 could not support the anticipated loads of the new
structure, so driven cast-situ pile foundations were comgtted into the underlyingiver

terrace gravels. The instrumented DCIS pile test was performed to verify design parameters
for the contract piles, the results ofialh are presented in Sectiér8 of Chapter 5.

4.3.2 Geology

The bedrock geology of the area comprises chalk, overlain by dense sand (known as Thanet
Sand), followed by gravelly sand and clay of the Lambeth Beds. The superficial strata
comprises flood plain gravel (referred to as rit@arace deposits) containing sand, silt, clay

and flint gravel, followed by Flandrian deposits of soft blue to grey silt and clay (i.e.
alluvium) and interbedded layers of peat which formed as a result of rising sea levels and

temperatures between 2000 a&t)00 years before presé¢harsland, 1986)
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4.3.3 Ground investigation

A ground investigation was conducted by Dunelm Geotechnical & Environmental Ltd. in
September 2010, comprising over 40 cable percussive boreholes at various locations across

the site (sed-igure4.7) . Boreholes BH108 and 109A were |
instrumented DCIS test pile area and the general soil profile inferred from these boreholes is

shown in Figure 4.9(a), while the corresponding profiles of SANspt with depth are

illustrated inFigure4.9( b ) . The soi | .4anof eatiegground, ooptairing leglst a 1
grey sand and gravel, overlying |l oose green g
alluvial cohesive layer exists between 2.1 m and 4.7 m bgl, which cadi\sdéd into an

upper layer of soft spongy darkdwn pseuddibrous peat, approximately 1.6 m thick and
characterised bjlsptv al ues of a 6, and a | ower soft sand
m bgl. The soft alluvial layer is underlain by dense silty sand and gravel which is present for

the remaindr of the borehole (which was terminated at 11 m bgl). Some variability in
measuredNsprVvalues exists between the two boreholes in the upper layer of the sandy gravel,
although values appear to converge to a 25 bl
observed at 4.0 m bgl in both boreholes approximately 20 minutes after construdtioa, w

perched water table present at 1.5 m bgl in Borehole 109A.

Soil Description
profile SPT Ngpr (blows/300 mm)
0 20 40 60 80
O O I I I
y Tarmac overlying light grey fine to medium
sand and sub-angular gravel (MADE
/ GROUND) ®BH108
.-._._-._._{ ° e} OBH109A
-'..-'..-', Loose green grey silty fine SAND
2 s 2
rLo]
»n [ Je)
: B : ] Spongy dark brown pseudofibrous PEAT
-
: - : - o
— 4 1 = = { Softlight greyish green sandy CLAY of 4 1
é ~_—_—| intermediate plasticity O
£ o
o) o) °
[a)] Dense greyish silty SAND and GRAVEL
6 6
[ J (e}
8 - . . Medium dense greyish silty SAND and 8 -
P GRAVEL
@0
10 — 10

Figure 4.9 - (a) Soil profile at borehole BH108 and (b) corresponding SPT profilé Dagenham
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4.3.4 Cone penetration tests

A series of CPTs were conducted by Fugro Ltd. at the instrumented DCIS test area (see
Figure 4.8) in September 2011. The elevation of the site at the time of tle Hadtbeen
increased to 3.45 m AOD due to the placement of a granular piling platform to accommodate
the DCIS piling rigs. The tests were performed using a 36 mm diameter piezocone, with a 20
tonne CPT truck providing reaction during each test. With tleemion of CPT A6, each

CPT sounding met refusal during penetration into the dense sandy gravel at depths of between
7.1 mand 7.7 m bgl.

Figure 4.10 shows the profes of cone resistance, sleeve friction, friction ratio and pore
pressure during CPTA2 at the instrumented DCIS pile location. The stratigraphy inferred
from the results comprises a medium dense to dense made ground layer between the surface
and3.4mbgwhi ch is underlain by a&a 0.5 m of firn
to a depth of & 6.0 m bgl. Soft to firm cl:
sharp increase inc occurs as the cone entered dense to very dense sandaaet with
refusalg:& 50 MPa) occurring at a depth of 7.7
observed during penetration in the made ground layer between the surface and 3.4 m bgl, but
gradually reduced as the cone penetrometer entered fthallsgial clay and peat layers,
becoming negative below a depth of a 4.2
pressure response observed in the cohesive layers at Pontarddulais (which was also performed

by the same CPT contactor).

The normalisd CPT data is plotted on the soil classification chart by Robertson (1990) in

Figure 4.11 which suggests that the made ground and alluvial layers are overconsolidated,
with the layer of soft to firm clay between 6.0 m and 7.1 m bgl classified as organic soil. In
contrast to the upper layers, the sand and gravel layer below 6.0 m plots iorriedlyn

consolidated region of Zone 6 (i.e. clean sand to silty sand).

Due to the lack of information on soil properties, the relative deBsiof the granular layers
was derived using Equatiahl (Jamiolkowski et al., 2003while Equatiord.2 was used to
estimate the undrained shear strengtthefalluvial deposits using a cone fadwr= 15; the

resulting soil parameters for each layer are summarisédhie4.3.
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Cone resistance g, (MPa) Sleeve friction f, (kPa) Friction ratio R; (%) Pore pressure (kPa) Soil classification index I Soil

0 20 40 60 0 100 200 300 400 0 3 6 9 12 5 25 0 25 50 75 0 1 2 3 4 5 profile

O 1 1 0 1 1 1 0 1 1 1 0 1 1 1 1 O 1 1 1 1 -

uo E
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3 - 3 - 3 3 ] 3 - -
£ 4 4 41 4 - 41 [
o - - -
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5 5 - 5 - 5 5 - SRR
6 - 6 - 6 - 6 6 - -]
\Erroneous ==~
pore -
7 7 7 7 - pressure u, 7 - m_=__"
\\ reponse B
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Figure 4.10- Results of CPTA2- Dagenham
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Figure 4.11 - Soil classification- Dagenham

Table 4.3 - Summary of soil layer parameters based on CPTA2Dagenham

Stratum Debth Soil Bulk unit Relative Undrained shear
NG (rr?) Description weight o, density D,? strength s,°

: P (kN/m?) (%) (kPa) (N, = 15)
1 0-34 Medium dense to dense 19 95 -

sand

2 3.4-3.9 Soft to firm clay 16 - 50
3 3.9-6.0 Soft to firm peat 16 - 20
4 6.0-7.1 Soft to firm clay 16 - 15
5 7.1-7.7 Dense to very dense sar 19 85 -

1. Salgado (2008)
2. Dy = 0.35In@e1nv/20) (Jamiolkowski et al., 2003)
3. S = (q1-l°.|vo)/Nk
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4.4 ERITH, ENGLAND

4.4.1 Site location

The test site was located in Belvedere Industrial Estate (National Grid reference TQ506 795),
approximately 1.5 km north of Erith, Kent. The site, whic occupi es a tot al
hectares, is bounded to the north and south by industrial plants, to the northeast by the River
Thames and to the west and northwest by Bronze Access Way and Churchmanor Way roads
respectively. Access to the site is provideal Churchmanor Way. An overview of the site,
including the location of the various ground investigation tests, is shokiguine4.12, while
Figure4.13 presents a layout of the instrumented DCIS pile test area. The results of the pile
test are decribed in detail in Sectidb.4 of Chapter 5.

The site was previously owned by a higbltage cable manufacturing company whose
premises were located adjacent to the site, and contained a car park and drainage pond, as
well as berthing facilitiesat the boundary with the River Thames to enable goods from the
cable plant to be loaded onto vessels. The site was subsequently cleared in September 2012 to
facilitate construction of a large distribution warehouse which was founded on driven-cast

situ piles.

4.4.2 Geology

The geology of the site is similar to that
the northwest. The bedrock is primarily composed of chalk deposits which are overlain by the
Thanet Sand Formation, followed by gravelly sand @ag of the Lambeth Beds. Superficial
deposits comprise alluvial clay and silt, with bands of fibrous peat. The thickness of the
alluvial deposits is considerably greater than at Dagenham due to the proximity of the River
Thames.
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4.4.3 Ground investigation

A site investigation was conducted by WSP Environmental Ltd. in June 2004 as part of a
larger ground investigation of an adjacent derelict area to the west of the site. The
investigation included a total of 13 no. trial pits and 2 no. cable percussiV®laz@cross

the site, the locations of which are shownFigure 4.12. The trial pits were excavated to

maximum depths of 4.7 m bgl.

The soil profile of BHO2,lodaed a 100 m from the | ocation of
test, is presented iigure4.14(a) and the corresponding SRIEpt profile is shown irFigure

4.14(b). The stratigraphy comprised a made ground layer with a maximum thickness of 1.8 m,
overlying soft grey and brown clay, with bands of fibrous peat, to a maximum depth rof 9

bgl, which in turn was underlain by medium dense sandy fine to coarse angular flint gravel
(Lambeth Beds) to a depth of & 13.8 m bgl, fo

The clay can be suttivided into two layer$ an upper layer of fin to stiff mottled grey clay,

a4 2 m thick, overlying soft moist brown to g
fibrous peat. The silt content of lower clay layer was also observed to increase with depth.
Average SPNsprv al ues o f erded @Zetwaea 2.6em and 80 m bgl, highlighting the

soft nature of the material. The gravel particles of the Lambeth Beds were described as
angular and coars&PT Nspt values were typically greater than 30 in the granular deposits

bel ow a depth of & 10 m.

Groundwater strikes were observed at depths of between 8.45 m and 9.9 m bgl, coinciding
with the interface between the alluvial clay layer and the Lambeth Beds. However, the levels
rose to between 2.7 m and 3.0 m bgl approximately 20 minutes aftenggtiikilicating that

the groundwater in the sand and gravel is confined by the low permeability of the overlying

alluvial layer.
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profile Description SPT Ngpr (blows/300mm)
0 0 20 40 60 80
Gll" Tarmac overlying sandy gravel, brick, clinker 0 } } }
=4  and concrete fragments (MADE GROUND)
2 T = 4 Soft mottled grey and occasional brown 2
~_—_—| slightlysilty CLAY (ALLUVIUM) [}
4 == 4 e
6 = = =| Soft moist brown CLAY with fibrous peat | 4
1 = =1 (ALLUVIUM) 6 1@
= ] o
E 8 - = 8 -
< = — —| Soft moist grey very silty CLAY with fibrous
o _=_=_1 peat (ALLUVIUM)
210 | T ] 10 -
Brown fine gravelly clayey SAND (ALLUVIUM) [ ]
12 Lot Medium dense fine to medium course 12 o
angular flint SAND and GRAVEL
(LAMBETH BEDS) °
14 e 14 - ®
16 - 11111 Dense grey fine SAND (THANET SANDS) 16 - ®
18 s 18

Figure 4.14- (a) Soil profile at borehole BHO2 and (b) corresponding SPprofile i Erith

4.4.4 Conepenetration tests

A total of 4 CPTs were conducted by Lankelma Ltd. in November 2012 at various locations
across the site (including the instrumented test pile area). The tests were conducted using a 44
mm diameter piezocone with a 20.5 tonne truck providing reaction dednl test. The
results of CPT03, which was |l ocated & 5.5 n
in Figure4.15; the inferred soil profile comprises a ti{# 0.4 m) layer of made ground at the
surface, overlying soft alluvial clay between 0.4 m and 8.0 m bgl, with bands of fibrous peat
(Fr > 5 %) between 0.75 and 3.0 m bgl, and once again between 7.0 and 8.1 m bgl. A layer of
sand and gravel is present bel8.1 m bgl, withg. values fluctuating between 5 MPa and 27

MPa. Higherg. values are reached in the dense Thanet Sands, with a maximum of 58 MPa at

a 14 m bglg.Vvallawesyv esruubsequently reduce to a

sounding.

Large excess pore pressures were evident during penetration in the alluvial clay layer,
although thema g n i t uudreducexfin ppximity to the underlying granular layeore
pressures remained hydrostgssuming the piezometric surface was located rat bgl)in

the sandand gravedoftheL amb et h Beds u n tbgl lat waich doinpnedativeo f 3

pore pressures were observedthe remainder of the sounding
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Cone resistance g, (MPa) Sleeve friction f, (kPa) Friction ratio R; (%) Pore pressure (kPa) Soil classification index I, S(}i_ll
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Figure 4.15- Results of CPT03- Erith
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Figure4.16 shows the normalised CPT parameters plottedhe soil classification chart by

Robertson (1990); the majority of the data from the alluvial layer plots in Zone 3 (i.e. clay and

silty clay), with the sands and gravels of the Lambeth Beds between 8.2 m and 12.9 m bgl|

plotting in the normally consolided region of Zones 6 and 7, indicating clean dense sand and

gravel. The Thanet Sand layer below 12.9 m plots in the upper section of Zone 6, implying a

high degree of ovetonsolidation.Table 4.4 provides a summary of the estimated relative

density and undrained shear strength for the granular and cohesive layers respectively.

(qt - Gvo)/lj IvO

Normalised cone resistance Q,

1000

100 -

|| ®0-0.5m
00.5-2.2m
A2.2-2.8m
02.8-82m
08.2-12.9m
A129-17.2m

=
o
,

0.1 1 10
Normalised friction ratio F, = f./(q, - 0,,) (%)

Figure 4.16 - Soil classificationi Erith

Table 4.4 - Summary of soil layer parameters based on CPES3 - Erith

Stratum Debth Soil Bulk unit Relative Undrained shear
No (rr?) Descriotion weight 9," density D,2 strength 2
' P (kN/m?) (%) (kPa) (N = 15)
1 0-05 Medium dense silty sanc 19 80 -
2 0.5-2.2 Soft to firm clay 16 - 35
3 2.2-2.8 Very soft peat 16 - 10
4 2.8-8.2 Soft to firm clay 16 - 20
5 8.2-12.9 Dense sand 19 75 -
6 12.9-17.2 Very dense sand 19 95 -

1. Salgado (2008)
2. D, = 0.35In@1v/20) (Jamiolkowski et al., 2003)

3.5, = (Grtho)/Ni
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4.4.5 Laboratory tests

Classification tests were performed by WSP Environmental Ltd. as part of the ground
investigation phase on samples retrieved from trial pits and boreholes at variousimlepths

both the alluvial and underlying granular layers. The moisture comieoit the alluvial
deposits increased from & 51 % at 2.0 m bgl t
bgl, with a liquid limitw_ o f A 45 % measuredr i(nd tZh.e0 umpplegl )c
between 65 % and 141 % in the lower soft clay/peat layer, while both layers had a plastic
limtw,of & 45 %. The organic content of the | ow

determined by the |l oss%on ignition method, wa

Sieving was perfaned in accordance with BS13TBSI, 1990)on samples retrieved in the

underlying Lambeth Beds (10.25 m bgl) and Thanet Sands (15 m bgl). The resulting particle

size distributions are shown Figure4.17; the sample retrieved from the Lambeth Beds at

10. 25 m bagl is predominantly composed of sanct
accounting for about 25 % and 10 % respectively, whileTtmenet Sands sample (15.0 m

bgl) had a signifiantly greater portion of claya( 10 %) . The mMgeduceparti cl

o

from a 0.4 mm at 10.5 m bgl to & 0.18 mm at 1

100

Thanet Sands;
15.0 m bgl
80 | (BHO1)

60 -

Lambeth Beds;
10.25 m bgl
(BHO2)

40 -

Percentage passing (%)

20 -

0.01 0.1 1 10 100
Sieve size (mm)

Figure 4.17 - Grading curves- Erith
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4.5 SHOTTON, WALES

4.5.1 Site location

The test site was located in the northwest section of Deeside Industrial Estate (National Grid
reference SJ 299 715), approximately 3 km north of thagélof Shotton idrlintshire,north

Wales. The site is bounded to the north and west by Weighbridge Road, to the south by a
large drainage pond and to the east by a car park and a large paper mill. The River Dee is
|l ocated &4 1.5 km to the south of the site.

Several stockfes of rubble material were present on the site prior to the commencement of
clearance works in March 2011 to facilitate construction of a new electricity station which
was founded on driven caist-situ piles. The ground levels at the site varied betwedmm

and 8.5 m AOD prior to clearance works, with the final ground level at 8.0 m AOD

coinciding with the top of the piling platform.

An overview of the nortkastern section of the site, including the instrumented DCIS pile test
area, is shown ifrigure 4.18, while the layout of the anchor piles, CPTs and instrumented
DCIS test pile S1 is illustrated iRigure 4.19. The results of the pile test aresdabed in
detail in Sectiorb.2 of Chapter 6.

4.5.2 Geology

The geological history of the Beide area,wsmmarised by Nichol and Wilso(2002)
comprises Carboniferous coal measures containing mudstone, sandstone and siltstone, which
are overlain by Quaternary deposits of brown and grey boulder clay (i.e. glacial till), followed
by alluvial sandsilt and gravel from the River Dee. Nichol and Wilson (2002) note that
hydraulicallyplaced sand and pulverised fuel ash deposits are widespread in the industrial

area (where the pile test site is located) to the north of the River Dee.
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4.5.3 Ground investigation

A site investigation was performed by Fugro Ltd. in January and February 2009, comprising
of 14 no. cable percussion boreholes and 25 no. trial pits. Standard penetration tests (SPT)
were conducted during construction of the boreholes, with disturbed esatagen from the
boreholes and trial pits for classification purposes and particle size analyses (see Section
4.5.5.

The general soil profile inferred from boceh es BH06 and BH10B, | oca
instrumented DCIS test pile location is shown Rigure 4.20(a), while Figure 4.20(b)
illustrates the corresponding SEpr profiles of each borehole. The underlying stratigraphy
comprises a layer of made ground, approximately 1.4 m thick, containing grey gravelly fine to
coarse sanwith occasional fragments of concrete, brick and slag, which in turn is underlain
by medium dense | ight brown fine to medium
the sand begins to increase significantly at depths in excess of 5.0 m bgl, witNsSPT
values typically greater than 40 blows per 300 mm below a depth of 6.0 m. Occasional
fragments of organic shells were present in the upper sections of the sand layer between 4.6 m
and 6.7 m bgl. Groundwater was not observed during construction w¥dHeoreholes in the

vicinity of the instrumented DCIS test pile area.

Sofi,'l Description SPT Nepr (blows/300 mm)
rotiie
P 0 10 20 30 40 50
0 0 T T T
/ Grey gravelly fine to coarse sand
(MADE GROUND) @ BHO6
7 ° o
. OBH10
2 2 ‘)
Medium dense light brown fine
and medium SAND PY o)
4 4
E e O
=
Qo i . o (o)
[ Medium dense grey slightly organic slightly
[a] 6 - silty fine and medium SAND 6 [
o
( J
8 1 Very dense brown grey fine 8
and medium SAND (e}
el @)
10 — 10

Figure 4.20- (a) Soil profile at borehole BH108 and (b) corresponding SPT profilé Shotton
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4.5.4 Conepenetration tests

A total of 5 CPTs were conducted by InSitu Site Investigation Ltd. at the instrumented DCIS
pile test area (seBigure 4.19) in May 2011. The tests were performed gse 36 mm
diameter piezocone with a 21 tonne CPT truck providing reaction, and were specified to

penetrate to a minimum depth of 10 m bgl.

The results of CPTO1 at the test pile location are shoviagimre4.21 where the inferred soil
profile comprises a 2 m of maaluesraypgingbetwden char a
5 MPa and 40 MPa, overlying stiff sandy silt between 2.0 m and 2.3 bgl, which in turn
overliesmedium dense to dense sand. Intermittent lenses of cohesive material between the
ground surface and 4.0 m bgl are evident by friction r&jas excess of 2 %. The sand layer
becomes very dense at & 5. 2q.imcrebsindfrom IlyMPah v al ue
to 25 MPa.

A positive pore pressure response was observed within the made ground and sandy silt layers
between the surface and 2.3 m bgl, before reducing somewhat during the initial stages of
penetration in the underlying sand layerand sygnsee nt | 'y i ncreasing again
4.0 m. However, pore pressures were less than the idealised hydrostatic profile (based on an

assumed piezometric surface at 1.0 m bgl).

Figure 4.22 shows a plot of the normalised CPT data on the soil classification chart by
Robertson (1990); the made ground layer plots in Zones 6 to 9, implying a mixture of sand,
gravel and stiff clay. The majority of data for the sand ldgiween 2.5 m and 10.4 m bgl
plots in the normally consolidated section of Zon@écasional lenses of silt and clay were
present between 2.5 m and 4.1 m bgl)summary of the soil parameters for each layer is
given inTable4.5; relative densities were estimated using the correlation by Jamiolketwski

al. (2003), while the bulk unit weights were assumed based orsrakcommended by
Salgadq2008)
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Cone resistance g, (MPa) Sleeve friction f, (kPa) Friction ratio R; (%) Pore pressure (kPa) Soil classification index I, Soil
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Figure 4.21 - Results of CPT01- Shotton
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Figure 4.22 - Soil classification- Shotton

Table 4.5 - Summary of soil layer parameters based on CPT041Shotton

Bulk unit weight Relative
Etc:atum D(en[?)t h Soil description o density D,?
: (kN/m?) (%)
1 0-1.8 Made ground 19 60
2 1.8-25 Sandy silt 19 -
3 25-5.2 Medium dense to dense sanith 19 65
occasional lenses of silt and clay
4 5.2-10.0 Very dense, locally gravelly, san 19 85

1. Salgado (2008)
2. D, = 0.35In€e1v/20) (Jamiolkowski et al2003)
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4.5.5 Laboratory tests

Particle size analyses, peanfieed in acordance with BS 137{BSlI, 1990) were reported for a
total of 41 samplesbtained from the boreholes and trial pits at various depths ranging from
1.5 m to 15.0 m bgFigure4.23 presents the grading curves for samples taken from borehole
BHO6 and trial pit TP12 which were located in the vicinity of the test pile location; the sand
was classified as tfiorm fine to medium sand with a mean effective particle Bigg= 0.14 +

0.02 mm and coefficient of uniformitg, = 2.17 + 0.3. All samples had a fines content of less
than 5 %.
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Figure 4.23- Grading curvesi Shotton
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4.6 RYTON-ON-DUNSMORE, ENGLAND

4.6.1 Site location

The pile test site was located at Keller Foundations head office (National Grid reference

SP385 735) on the outskirts of the village of RytmrDunsmore,approximately 8 km

sout heast of Coventry in Warwickshire, UK. T h
comprises a three storey office building at the entrance to the site with a large yard at the rear
containing several workshops and maintenancklibgs, as well as storage areas for piling

rigs and associated machinery. The site is bounded to the west by a warehouse, to the north by
Coventry City Football Club training ground, to the east by a lake and to the south by the

A423 Oxford Road.

The ple tests were conducted in an area at the northern end of the yard which is typically
used for parking piling rigs. A general layout of the site is showhigare 4.24, while an
overview of the instrumented DCIS pile test area is illustratdéignre 4.25. The test area

was underlain by several 250 mm wide precast concrete [alds out horizontally
immediately below the surface to provide a stable working platform for the piling machinery;
the presence of these piles led to difficulties in performing the CPTs during the ground
investigation in June 2013 and were subsequenthavated in October 2013, with the
original site levels at the time of the CPTs subsequently restored byilliagkthe area with

made ground prior to installing the anchor piles and instrumented test piles. The results of

instrumented pile tests aresdebed in detail in Sectiof.3 of Chapter 6.

4.6.2 Geology

The geological history of the Warwickshire area comprises Triassic Mercia Mudstone
bedrock which is overlainybsuperficial Pleistocene deposits of boulder clay, river terrace
gravels and alluvial sands; the complex formation of these drift deposits is described
extensively by Shottof1953) The majority of the Rytolon-Dunsmore area (including the

test site locton) is underlain by Baginton Sand, described as rusty brown in colour with
occasional blacistained layers, which was deposited within a valley which traversed the area
in a north easterly directiqi®hotton, 1953)
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4.6.3 Conepenetration tests

A total of three CPTs were conducted by InSitu Site Investigation Ltd. in June 2013 to
establish the ground conditions in the test area. The CPTs were performed using a 36 mm
diameter piezocone with a 21 tonne truck providing reaction for the tests agitapeoh to
maximum depths of between 8.3 m and 9.7 m bgl (the details of each test are summarised in

Table 4.6). Figure 4.26 shows the average profiles of cone resistapgesleeve frictionfs,

friction ratioR; and pore pressugat t he test | ocation. The infe
0.5 m of dense made ground, overly;yxg i f f sandy silt to a depth o
is underlain by medium dense to dense sand. Valugsiofthe sand layer were observed to

increase wtdept h from & 10 MPa at 2 m bgl to a 20

o

againtoa minimunof a 10 MP a Variable galués ofip values lwere evident

below 6.5 m due to the presence of dense gravelly sand. Pore pressures were generally
negligible (<10 kPa) during penetration in all layers, with a dissipation test conducted at 7.0

m bgl during CPTO1 to assess if the pore pressure response was a result of insufficient
saturation of the piezocone; pore pressures remained negligible during the 5 peimode

dissipation period, suggesting that the deposit is essentially unsaturated.

A seismic cone penetration test (SCPT) was also performed in a central position within the
test area to determine the smstain shear stiffnes&g of the soil. Shear was were
generated by striking a ground beam beneath the CPT truck with a hammer at 0.5 m intervals
of penetration (with the exception of 2.5 m bgl where the seismic cone was unable to
successfully measure the generated shear waves). Valu€g sebr were subsequently
derived using the expressi@y scpr = } v where} is the density of the soil and; is the

shear wave velocity measured by the seismic cone. The resulting prd@ile&fr(assuming

} = 1890 kg/m) with depth is also shown Figure4.26 where a relatively consta® scprof

a 100 MPa was evident below a depth of 3.5

Table 4.6 - Summary of CPT details- Ryton-on-Dunsmore

CPT Date of test Maximum depth (m bgl) Comments

01 10™ June 2013 9.5 Dissipatin test conducted at 7.0 m bgl

02 10" June 2013 9.7 Refusal in gravelly sand

03 10" June 2013 8.3 Refusal in gravelly sand

SCPT 10" June 2013 9.0 Shear waveneasurementst 0.5 m intervals
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Soil

Cone resistance g, (MPa) Sleeve friction f, (kPa) Friction ratio R; (%) Pore pressure (kPa) Soil classification index I, Gy scpr (MPa) '
0 10 20 30 0 100 200 300 O 2 4 6  -20 0 20 40 0 1 2 3 4 0 100 200 300 Profile
O 1 1 I 0 1 1 ] O 1 1 ] O 1 1 0 1 1 1 0 1 1 |
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Figure 4.26 - Results of average CPF Ryton-on-Dunsmore
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Figure 4.27 shows the normalised CPT data plotted on the soil classification chart by
Robertson (1990); the majority of the sand layawken 1.8 m and 8.3 m bgl plots in the
normally consolidated section of the clean sand (i.e. Zone 6), while the made ground and
sandy silt layers are classified as stiff, overconsolidated sand to clayey sand. A summary of
the assumedbulk unit weights(Sabado, 2008and relative density (obtained using Equation

4.1) is provided inTable4.7.

1000

(qt - ljv())/lj'v()

100 -

=
o
,

Normalised cone resistance Q,

Normalised friction ratio F, = f./(q, - U,,) (%)

Figure 4.27 - Soil clas#fication - Ryton-on-Dunsmore

Table 4.7 - Summary of soil layer parameters based on average CRTRyton-on-Dunsmore

Stratum Depth Soil Bulk unit wesight % deRr?skiitB\gaz
it r

No. (m) Description (KN/m”) (%)

1 0-0.5 Dense sand (made ground) 19 100

2 0.5-1.8 Stiff to very stiff clay 19 -

3 1.8-8.3 Medium dense to dense sand 19 70

1. Salgado (2008)
2. D, = 0.35In@1v/20) (Jamiolkowski et al., 2003)
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4.6.4 Laboratory tests

Disturbed samples of clay and sand were retrieved in a somewhat unconventional manner by
driving a steel DCIS installation tube opended (i.e. without the sacrificial base plate) to a
depth of 3.5 m bgl at a position approximately 2 m from the locatidPile R3. The tube
became fully plugged during driving in the sand layer and was subsequently withdrawn and
subjected to a number of blows after extraction in order to retrieve the plugged soil.
Inspection of the samples immediately after extraction atdatthat the clay and sand layers
were unsaturated. The soil was placed intdigitt containers and subsequently transported to

the geotechnical laboratory at NUI Galway for further analysis and testing.

Classification tests on the sand and clay saswlere condcted in accordance with BE377

(BSI, 1990) Five samples were used to determine the specific gr@vity the sand particles

using the gas jar method, resulting in an avefagealue of 2.65 = 0.01. The minimusgn

and maximum void rati@yax of the sand was 0.49 and 0.85 respectively. Visual inspections

of the particles indicated that they were predominantlyreubded to suangular. The
moisture contestw of the sand and clayavea 5% a nldb % éespectively. The clay has a

liquid limitw,of & 26 % anw,oh @Al a5t%ec bBhcthits theref
of low plasticity, based on thégsticity chart of B&930(BSI, 1999)

The grading characteristics of the sand were assessed by dry sieving ten samples i
accordanceavith BS 1377(BSlI, 1990) Figure4.28 shows the average grading cunl#ained;

the soil was classified as brown uniform fine to medsand with a mean effective particle

size Dsp of 0.3 mm and uniformity coefficien€, (= Dgo/D1g) Of 1.69. The average portion
passing stevewa $ 33 ¢ 3n%.

A total of 20 sanén-sand direct shear tests were conducted on reconstituted samples at
various densities and normal stresses ranging from 40 kPa to 100 kPa using a Wykeham
Farrance 2540 Series shear box apparatus. Dense samples were prepared by air pluviation in
three | ayers using a funnel with a drop he
blows using a wooden tamper. Loose samples were obtained using the procediuealst

al. (1997)whereby the sand was placed using a funnel which was slowly lifted from the base

of the mould with the tip of the funnel remaining in contact with the placed sand in order to
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minimise the drop height (and hence density), after which th@leawas levelled using a

handheld vacuum device prior to placement of the upper grid plates of the shear box.

Samples were sheared at a rate of 1 mm per minute to a maximum horizontal displacement of

12 mm.Figure4.29 shows the resulting variation in friction angle with void ratiowvhere a

constartvolume friction angle 'c, o f

Awas3obtained which was relatively independent of

void ratio and in reasonable agreement with = 33 recommended for quartz sands by

Bolton (1986).
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Figure 4.28 - Average grading curve for sand samples Ryton-on-Dunsmore
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Figure 4.29 - Variation in sand friction angle with void ratio - Ryton-on-Dunsmore
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4.7 SUMMARY

This chapter presented the ground conditions at the five sites in which instrumented DCIS
piles were installed and tested. While three of the sites contain significant layers of soft
cohesive soils, the shaft and base resistance generated in the gegruntaisl of most interest

to the author during the subsequent DCIS pile tests in Chapters 5 and 6; a summary of the soil
properties of the granular layers at each site is givaraie 4.8 while Figure4.30 shows a
comparison of the normalised CPT dadaall sitesplotted on the soil classification chart by
Robertson (1990).

Table 4.8 - Summary of granular layers at all test sites

Depth Soil Bulk unit Relative

Site (m)p Descrintion weight o, density D,

P (kN/m?) (%)
Pontarddulais  4.7-6.1 Medium dense sand 19 50
Pontarddulais  7.3-9.3 Loose sand 19 20
Dagenham 0-34 Medium dense to dense sand 19 95
Dagenham 7.1-7.7 Dense to very dense sand 19 85
Erith 8.2-12.9 Dense sand 19 75
Shotton 2.5-5.2 Medium dense to dense sand 19 65
Shotton 5.2-10.0  Very dense, locallgravelly, sand 19 85
Rytorron- 1.8-83 Medium dense to dense sand 19 70
Dunsmore

1. Salgado (2008)
2. D, = 0.35In@e1v/20) (Jamiolkowski et al., 2003)
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Figure 4.30- Granular soil layer classification - all test sites
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CHAPTER 5 TESTS ON INSTRUMENTED DCIS PILES
WITH GRANULAR SOCKET S
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5.1 INTRODUCTION

This chapter presents the results of a series of tests conducted on instrumented DCIS piles at
Pontarddulais, Dagenham and Erith in the United Kingdom. These piles are grouped together
in this chapter as all three rely heavily upon a socket in granulbfosdiheir capacity.
General details of each test pile are summarised, followed by the results of the installation,
curing and compressive maintained load test phases, and consideration of shaft and base
behaviour. Much of this interpretation draws upatadrom the strain gauges within the pile.

The experimental procedures for each of these phases were described in detail in Chapter 3,
while Chapter 4 provided a detailed description of the soil conditions and parameters relevant
to pile behaviour at eadkst site.

5.2 INSTRUMENTED PILE TE ST AT PONTARDDULAIS, WALES

5.2.1 Introduction

This section describes the installation, curing and maintained compression load testing of an
instrumented DCIS pile at Pontarddulais, Wales in November 2010. Details of thedgst pil
designated Pile P1, are summarisedable5.1, while Figure5.1 preserg a schematic of the

test pile (including strain gauge levels and pile cap dimensions) and the correspoodinty g

profile inferred fromCPT101 at the pile location. The pile had a nominal shaft diameter of
320mm and a | ength of 8.2@intmthe ralativly lnosesstrasum ofk e t e d
sand D;& ZoPat 7.3 m below ground level (bgl). Instramation comprised vibratingire

sister bar strain gauges in groups of four at depths of 2.0 m, 4.5 m, and 6.25 m bgl in order to
measure the reductian load across each soil layer, with an additional level of four gauges
placed in the granular socket approximately 0.5 m from the base of the pile. These gauge
levels were not chosen by the autftbie only one of the series where this happehed)ever

and were not placed in optimal positions to enable an accurate assessment of the load transfer
characteristics of the pile (particularly the base resistance) as will be highlighted later.
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Table 5.1 - Test pile details- Pile P1

Test pile details
Pile reference

LengthL (m)

Nominal $aft diameteDg (mm)
Nominal kase diameteb, (mm)
Date of installation

Date of static load test

Reinforcement details
Main reinforcement
Shear reinforcement
Cover (mm)

Concrete details

Mix

28-day characteristic cube
compressive strengfh, (MPa)
Maximum aggregate size

Piling rig details

Keller DCIS piling rig reference
Hammer

Drive tube length (m)

Drive tube dimensions (OD, ID, wall thicknetssnm)

Drive platedimensions (D, thicknegsmm)

Instrumentation details
Straingauge type
Levels (m bgl)

Normalised distance from pile tip to mbint between

gauge level$/Dg

Pile P1
8.50

320

380
08/11/10
17/11/10

4xB20x8.7m
240 mm OD B8 helical cage at 250 mm pitch
40

C35/45

45
10 mm

3190

Junttan HHK5ASS
16

320, 280 20

380, 11

Geosense G106040 Vibrating Wire Sister Bar
2.0,4.5,6.25,8.0

155,9.2,4.0

0 |
700mm square
0.5m pile cap
2 I Level 1
2.0 m bgl
§4 | Strain Level 2
—
E gauges 4.5 m bgl
e
2
06 - Level 3
N 6.25m bgl
Level 4
8 1 l ™ sombgl
8.5m

10

Cone resistance g, (MPa) SC}UI

0 10 20 30 40 protiie

0 1 \ |
E—
2 T
. =
6 4
8 4
10

Figure 5.1 - Schematic of Pile PLCPT g profile and corresponding soil profile
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5.2.2 Installation

The test pile was installed on Novembé&t Z10 using a 326hm outer diameter, 20 mm
thick, operended steel driving tube, fitted with a 380 mm diameter steel driving plate at the
base, which was driven to a final depth of 8.5 m using a Junttan HE8%¥draulic
hammer.No driveability issues were encountered dgrinstallation.The total number of
blows recorded during installation and corresponding number of blows per 250 mm of
penetration are shown Figure5.3(a) and 5.3(b) respectively, whilegure5.3(c) shows the
variation in installation resistance (derived from the piling rig instrumentation) with depth

during driving It is evident that:

1 The majority of installation resistancgesignated,, during driving was provided by
the made ground and sand layers, with plunging of the tube occurring during
penetration in the soft peat and clay layer between 2.0 m and 4.6 m bg

1 Typical sets per blow of between 60 mm and 100 mm were evident below 7.3 m bgl,
highlighting the loose state of the sand in which the pile was socketed.

1 The installation resistance profiléneasured by the piling rig instrumentation)
showed goodesembéncewith the base resistan@g o.1p, Of a closedended driven
displacement pile preded by the UWAO5 methodLehane et al., 2005described
in Section2.5.3 of Chapter 2 using the cone resistarmgeprofile at the test pile
location (CPT101).

The hammer was retracted when the tube reached the final embedment depth of 8.5 m bgl,
after which C35/45 strength, higtlump concrete, with a maximum aggregate sizedahin,

was poured into the top of tube using a specialised $kip.tube was then extractesthout
difficulty, with the sacrificial driving plate remaining at the base of the pile. The instrumented
reinforcement cage was carefully inserted into the fyesast concrete, with a set of strain
readings taken after insertion to provide reference readings for assessing strain behaviour
during curing (see Sectidn2.3. Finally, the soil surrounding the pile head was excavated to

a depth of 500 mm to accommodate a 700 mm x 700 mm, 900 mm deep, square concrete pile
cap, with the strain gauge wiring threaded out through one of the corners of the cap in order to
provide clarance for the hydraulic jack and displacement transducers for the subsequent

maintained load test described in Sectah 4
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5.2.3 Curing

The pile was left to cure for a period of 9 days to allow the concrete to gain sufficient strength
prior to conducting the maintained compression load test. While variations in strain and
temperature during this period were not monitored continuouslystthen readings taken
immediately after casting and once again prior to commencing the static load test enabled the

net change in strain at each gauge level to be determined which is shHeigureb.3(a):

f A large tensile strain i 75¢ Was present at the upperost level at 2.0 m bgl.
| Tensile strains reduced with depth, reaching a peak compressive value ftat
6.25 m bgl, before becoming slightly tensele Uapain near the base.

As will be subsequently shown during curing of the instrumented pile at Dagenham (see
Section5.3.3, the reduction in tensile strawith depth implies that compressive strains
developed during curing due to the presence of residual loads within the pile as the cohesive
layers settled after consolidation. Unfortunately, the precise magnitude of such loads could
not be determined dirdgt as strain was not monitored continuously after casting. The
negative local shear stressilses mobilised along theshaft between the surface and the
clay/sand interface at 7.3 m bgl were therefore estimated using the expkgssio®.3.o
(Meyerhof, 1976) The resulting residual load distribution in showrFigure5.3(b) where a
maximum compressive load of 117 kN was estimated at 7.3 m bgl. Positive sheaesst

were likely to be mobilised in the socket to counteract the downward forces from the settling

|l ayers, resulting in a compressive residual
Net change in strain after curing (¢ § Dragload (kN)
-100 -75 -50 -25 0 25 50 75 0 25 50 75 100 125
0 r r r r r 0 + + + +
1 T 1 -
Tension Compression

> 2 -

N
N
!

[é)]

Depth (m)
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Figure 5.3 - (a) Net change in strain after curing of Pile P1 and (b) estimatedragload distribution
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5.2.4 Load testing

The test pile was subjected to a maintained compression load test in accordance with the
Institution of Civil Engineers Specification for Piling anthBedded Retaining WalldCE,

2007) on November 1% 2010. The load schedule, summarised in Aywie C, comprised

two unload/reload cycles (designated Cycles 1 and 2) to maximum loads of 313 kN and 471
kN respectively, after which the pile was loaded emeentally (Cycle 3) to a maximum load

of 935 kN. The tot al d ur a Figues.4 shoivs thehmeasured a d |

load-displacemenand loadtime respnses at the pile head where the following was noted:

! The head displacement at the design verification load (DVL) of 313 kNawlasim,
which was within the maximum permitted displacement of 5 mm.

1 Reloading resulted in a stiff linear loagsplacement regmse until the applied load
exceeded the maximum load from the previous cycle.

1 Creep displacements increased significantly during the latter stages of the loading as
the pile approached failure.

f  While a plunging failure did not occur, the pile displacemeasa 37 mm at the
maximum applied load of 935 kN. Extrapolation of the loé&placement curve to a

displacement of 38 mm (i.e. @§) resulted in a total pile capacity of 949 kN.
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400 -
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Pile head displacement (mm)

Figure 5.4 - Load-displacement response at pile head for Pile P1
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5.2.5 Strain analysis

Figure5.5 shows the variation in average strain (uncorrected for creep) at each gauge level
with time during the load test. Strains were typically logged at 5 minute intervals for the first
30 minutesof each hold, followed by intervals of between 15 and 60 minutes thereafter,

depending on the duration of the hold. It is apparent that:

1 The largest strains were mobilised at the uppermost level nearest to the pile head at
(2.0 m bgl) and decreased with depth towards the base of the pile, with the greatest
reduction in strain occurring between 2.0 m and 4.5 m bgl (i.e. across the saftigheat
clay layer); this anomaly is discussed further in Sed@i@ra

1 Minor increases in strain occurred at all levels during each load hold, particularly at
2.0 mand 4.5 m bgl during the 6 hour holds at 313 kN and 471 kN; such increases
were attributed to creep within the concrete.

1 With the exception of the uppermost gauge level, tensile strains were mobilised at all
levels when the pile was unloaded to 0 kN, thegnitude of which increased after
each successive load cycle. In contrast, the strains at 2.0 m were compressive, and
increased with each successive load cycle.

1 The latter stages of the test were characterised by increases in strain at 2.0 and 4.5 m

bgl while values at 6.25 and 8.0 m bgl remained relatively constant.
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Figure 5.5 - Variation in strain with time during loading - Pile P1
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The elastic strain at each gauge level was derived by removing ar@ep sthich developed
within the concrete during each hold using the procedwyeLam and Jefferis (2011)
described irSection3.7.30f Chapter 3. The resulting vation in elasticstrain at each level

with appliedstress at the pile head is showrFigure5.6(a); the unloadeload cycles have

been excluded for clarity purposes. The elimination of creep strains had only a minor effect of
the overall strain response at each gauge level, resultmg it ot al reduction
elU at 2.0 m for example.

The stresstrain response at the uppermost gauge level was used to derive the strain
dependent pile stiffneds, during loading using the secant method (describ&krtion3.7.5
of Chapter 3). The variation i, with strain at 2.0 m bgl for each loading cycle is illustrated

in Figure5.6(b) where it is apparent that:

1 The pile stiffness increased with increasing strain level; such behaviour contrasts with
that expected for typical concrete structures whereby stiffness reduces with increasing
strain level(Neville and Brooks, 1987)

1 Load cycling resulted in a higher pile stiffness in comparison to the previous cycle.
Given that the duration of the test was41l hours, timelependent increases in
stiffness may also have contributed to the higher values of stifinee iatter stages
of loading.

A polynomial was fitted to the data Figure5.6(b) to enable the measured elastic strains at
the remaining gauge levels to be coted to axial loads using the expressibr QmsticApEp,

whereP is the axial load ané is the crossectional area of the pile.
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Figure 5.6 - Variation in elastic strain with (a) applied stress andb) pile modulus- Pile P1
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5.2.6 Shaft resistance
Figure 5.7 shows the variation in local shear strdgg., inferred by assuming a linear
distribution of load between twsuccessive gauge levels, with shaft displacemeduring

loading. It is evident that:

1 Negative local shear stresses were present along the shaft of the piletloeiimigal
stages of loading; these stresses were a consequence of the residuaVhichds
developed during curing, as mentioned previously.

1 The initial reloading stage of each cycle resulted in local shear stedgagghe upper
levels of the shaftbeing considerably larger for a given load in comparison to the
previous cycle. Such belaur is clearly unrealistic and can only be attributed to the
difficulties associated with interpreting the strains and pile stiffness during unloading
and reloading.

91 Displacements in excess of 30 mm (wgDs > 8.8 %) were required to mobilise local
shear stresses in both the soft cohesive and sand layers between 2.0 m and 6.25 m bgl.

f The maximum local shear strédgs. of & 150kPa measured across the soft peaty clay
layer between 2n and 4.5 m bgl was over fotimes the estimated undrained shear
strengths, of & 35kPa of the clay (using the CRJ profile as described in Chapter 4)
and cannot therefore be considered realistic.
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Figure 5.7 - Variation in local shear stress withshaft displacement- Pile P1

A possible explanation for the large reduction in strain between 2.0 m and 4.5 m bgl is an
increase in pile diameter within the soft layer at 4.5 m bgl after casting; this would have

resulted in lower strains being mobilised at this level dubdadarger crossection. However,
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this assumption has the knechk effect of undepredicting the local shear stress in the sand
layer between 4.5 m and 6.25 m bgl. Unfortunately, the true diameter of the pile at each level
could not be determined &#egrity tests were not conducted atine pile was not extracted

after testing.

5.2.7 Base resistance

The fact that the lowermost gauge level (8.0 m bgl) was located 0.5 m above the base of the
pile prevented direct measurement of the base resistance duringgldadenar extrapolation

of the load distribution from 8.0 m to 8.5 m bgl was also considered inaccurate she#ne
stressmeasuredetween 6.25 m and 8.0 m bgintainedboth thefirm clay and loose sand

layers. The reduction in load below 8.0 m duringatling was therefore estimated using the
hyperbolic loaetrander curve technique bMiazi and Mayng2010)with the peak local shear
stress between 8.0 m and 8.5 m bgl derived using the correl@tiom/150 proposed by
Bustamante and Gianeselli (1982Zhe resulting variation in base resistagg@nd stiffness

Epneq With base displacementv, is shown in Figure 5.8(a) and 5.8(b) respectively.

Observations of badsehaviour include:

1 A residual stresgy,res0f & 0.95 MPa was present at the base prior to loading,
corresponding td 66 % of the base resistance at failggg.1pn ( = 1.44 MPa)

1 Degradation in base stiffneds, o began at a base displacement &f4.5 mm,
corresponding to a normalised displacenvesiD, = 1.2 %.

! The peak base stiffness ®f11.4 MPa was substantially lower than the estimated in
situ smallstrain stiffnessy of & 155 MPa at the base of the pile, derived using the
correlation withthe CPT coaresistance. by Mayne(2006)
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Figure 5.8 - Variation in (a) base resistance and (b) stiffness with displacemedtiring loading - Pile P1
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5.3 INSTRUMENTED PILE TE ST AT DAGENHAM, ENGLAND

5.3.1 Introduction

This section describes the results of the installation, curing and load testing of the second
instrumented DCIS pile constructed in a layered soil deposit at a site in Dagenham, Essex in
September 2011. The test pile haglominal shaft diameter o8 mm and a length of 7.7 m,

and was socketed a4 0.5 m into dense sandy
corresponding ground profile are presenteBigure5.9, while Table5.2 provides a summary

of the test pile details.

Instrumentation comprised vibrating wire strain gauges, in groups ofgtaged at levels of

1.3 m, 3.55m, 6.5 mand 7.5 m bgl to assess the local shear stress profile within the upper
sand, alluvial cohesive layer and sandy gravel layers respectively. The lowermost strain
gauges had reduced sistar lengths to enable pkment as close to the base of the pile as
possible (& 0.2 m).

Table 5.2 - Test pile details- Pile D1

Test pile details

Pile reference Pile D1
LengthL (m) 7.70
Shaft diametebg (mm) 320
Base diameted, (mm) 380
Date of installation 08/09/11
Date of static load test 22/09/11

Reinforcement details

Main reinforcement 4xB25x7.9m
Shear reinforcement 190 mm OD B8 helical cage at 300 mm pitch
Cover (mm) 65

Concrete details

Mix C40/50

28-day characteristic cube

compressive strength, (MPa) 50

Maximum aggregate siZenm) 20

Piling rig details

Keller DCIS piling rig reference 3192

Hammer Junttan HHK5ASS
Drive tube length (m) 175

Drive tube dimensions (OD, ID, wall thicknessnm) 320, 28Q 20

Drive platedimensions (OD, thicknegsmm) 380, 11
Instrumentation details

Strain gauge type Geosense G16040 Vibrating Wire Sister Bar
Levels (m bgl) 1.3,3%,6.5,75
Normalised distance from pile tip to midpoint betwe

gauge level$/Dg 155,79, 2.1
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Figure 5.9 - Schematic of test pile D1CPT q. profile and corresponding soil profile

5.3.2 Installation

The tube installation data is presenteérigure5.10 which is summarised as follows:

1 The majority of the blows required to install the pile occurrethénmade ground and

sand layers between the ground surface and 3.4 m bgl,plutiging of the tube

observed during driving in the soft alluvial layer between 3.4 m and 7.2 m bgl.

1 The number of blows per 250 mm of penetration increased rapidly in the gavey

layer below 7.2 m bgl, with an installation resistanceéd df4 MPa measured at the

endof-driving (EOD).

1 The installation resistanag@neasured by the piling rig instrumentatian)the made

ground and sand layers between the surface and 3.4 rgdigldosely resembled the

corresponding profile of base resistance derived from the CPT profile using the UWA

05 method. Comparisons in the dense sandy gravel layer below 7.2 m could not be

determined as the CPT cone penetrometer met refusal at 7.7 m bgl.

The pile was cast using C40/50 strength, felgtmp concrete via skipping, followed by

instrumented reinforcement cage installation and pile cap construbtoissues with tube

extraction were encountered.
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5.3.3 Curing

The pile was left to cure igitu for a total of 13 days prior to testing. Given the development

of significant residual loads after casting at Pontarddulais, the variation in strain and
temperature within the test pile was continuously monitored durmguhng period using a
datalogger which was connected to the strain gauges immediately after pile cap construction.
The logger was programmed to record strain and temperature at 15 minute intervals for the
first 48 hours after casting, reducing to houniervals for the remainder of the curing period.

The variation in strain and temperature with curing time are presenteédure5.11(a) and

5.11(b) respectively; thfollowing was noteworthy:

f The initial set period after connection of the datalogg8® minutes after casting was
characterised by increases @ompressivetotal strain and hydration temperatures
throughout the pile. Ré temperatures were greatest 6 3C) near the pile head at 1.3
m bgl and reduced with depth, presumably due to variations in soil temperature.

1 Compressive strainssubsequentlyreducel at all gauge levels aftehydration
temperatureshad peakecand began to abilise during the curingphase, with the
largest reduction occurring near the head of the pile (stabilised tensile stéai0of
e )

f With the exception of the tensile strain near the head (which remained stea@l at
¢ )J compressive strains began to develop in the pile ageén after 80 hours and
continued to slowly increase for the remainder of the measurement period.

1 Minor increases in compressive strain occurred at all levels immediately prior to
commencing the load test due to the placement of the loading frame anchtasso

equipment.

The compressive strains which developed at
residual loads within the test pile due to consolidation settlement of the alluvial layer between
3.4 m and 7.2 m bgl. The magnitude of residuatl le@s calculad from these strains using
Method 3(Siegel and McGillivray, 2009)lescribed inSection3.5, assuming the onset of
residual load development begampagximately 80 hours after casting (i.e. the point at which

the strain behaviour within the pile began to deviate from the uppermost gauge level at 1.3 m
bgl). The resulting distribution of residual load with depth prior to conducting the load test is
shown in Figure 5.12, where reasonable agreement is achieved with the pregobéite

using the expressidg = 0.3 proposed by Meyerhof (1976).
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5.3.4 Load testing

Thetest pile was subjected to a maintained compression load test on Septetfizén2an
accordance with the ICE Specification (see Apper@lbor details of the loading schedule).
However, unlike the previous load test at Pontarddulais described inrfS2eti the loading

cycles at 100% and 150% DVL were not performed due to the difficulties associated with
strain interpretation and derivation of pile stiffnedsiring reloading. An unplanned
unload/reload cycle was necessary about midway through the load test however, as the
original hydraulic jack hadnsufficient capacity to compte the pile test and had to be
replaced. The total duration of the load testwas6 8 hour s . T-displacemert s ur e

response at the pile head is showfigure5.13. The following behaviour was noted:

! The head displacement wasg.65 mm athe DVL of 735 kN.

1 Creeprelated displacements were increasingly apparent when the applied load
exceeded 1600 kN.

1 The loaddisplacement response during the initial stage of reloading was considerably
stiffer in comparison to that observed during virgiading.

! The pile reached a maximum head displacemerét 41 mm at a applied load of
2566kN, resulting in a total capacit; o.1pb0f 2493 kN.

3000

2500 -+
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1500 -
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Unloading cycle
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Figure 5.13- Load-displacement response of Pile D1
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5.3.5 Strain analysis
Figure5.14illustrates the variation in average uncorrected strain at each gauge level with time
during the load test. Key observations include:

1 Anomdies in strain behaviour were evident at 3.55 m bgl, where the lowest strains of
all levels were mobilised, particularly during the latter stages of the test.

1 Significant creep strains developed at all levels during each load hold, accounting for

& 2e0@f the total strain response per level at the maximum applied load of 2566
KN.

1 Residual compressive strains were mobilised at all levels when the pile was unloaded

to O kN.

The reduced strains mobilised at 3.55 m bgl were once again consistent wittreasen
diameterat that level However, given that the pile was not extracted after loading, the true
diameter of the pile at this level could not be determined and it was therefore decided to
ignore the strains at 3.55 m bgl during the subsequent atralysis described below.
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Figure 5.14 - Variation in strain with time during loading - Pile D1

Figure5.15a) shows the variation in averagkasticstrain at the remaining gauge levels (i.e.
1.3 m, 6.5 m and 7.5 m bgl) with applied stress at the pile head during loading; the residual
strains during the unloading cycle at 1835 kN are not presented for garjpgses. It is

evident that;

1 The largest strains were mobilised at the uppermost gauge level and reduced with

depth towards the base of the pile.
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1 The reduction in strain between 1.3 m and 6.5 m bgl reached acgunasant value of
4 95¢ When the applie stress exceeded 8 MPa.
1 A soft, albeit temporary, stresgrain response was evident at all levels during the

initial stage of reloading after replacement of the hydraulic jack.

The variation in the secant pile stiffnésswith strain level at 1.3 m bgl during the two load
cycles of the test is shown Figure 5.15(b); the first load cycle was characterised by an
initial E, o f  8GPa&which reduced with increasing strain, but reloading resulted in a
reversal in behaviour, with stiffness increasing with strain level in a similar manner to that

observed during the previous pile test at Pontarddulais.
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Figure 5.15- Variation in strain with (a) applied stress and (b) pile modulus Pile D1

5.3.6 Shaft resistance
The variation in local shear strelds,.(assuming a uniform reduction in load between gauge

levels) with local shaft displacementvs is illustrated in Figure 5.16. The following

observations were noteworthy:

1 The majority of shaft resistance was provided by the sandy gravettsadkere a
local shear stredd o of & 460 kPa was mobilised when the test was terminated at a
displacement of 36 mm.
1 The unreliable strain readings at 3.55 m bgl prevented separate measurements of the
local shear stress in the medium dense sand @48m bgl) and soft clay (3-46.5 m
: a apxekkPk wad moebitisech g e 0
between 1.3 m and 6.5 m bgl at a displacemer& 4fmm (v/Ds = 125 %) and
remained constant for the remainder of the load test.

bgl) |l ayer s. However
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Figure 5.16 - Variation in local shear stress with displacement Pile D1

The large value ofi ,,c mobilised across the granular socket during loading was attributed to
the greater degr eey(anfl hemca dilatianktlated ingeadesaic @diae n t
st r ag)®f the gravel particlesDso > 1 mm) within the shear band adjacent to the pil
shaft similarly large values of} ,c were reported by Rollins et §2005)during tension load

tests on drilled shafts in dense overconsolidated sandy gravels.

While the peak local shear stress in the upper sand layer was not measured direttdlyh@ue
strain anomalies at 3.55 m bgl mentioned previously), the reduction in load across the soft
peaty clay was estimated using the expreslpr /35 (whereq, is the cone resistance
corrected for end effects) proposed by Schneadeal. (2008) andthen subtracted from the

total reduction in load between 1.3 m and 6.5 m bgl. The resulting estimate of peak local

shearstresgi n t he medi um dense sand | ayBkPabet ween
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5.3.7 Base resistance

The base resistance was determined by linearly extrapolating the load distribution to 7.7 m
bgl, as the | ower most gaug e abow basedevdurdileatt e d &
Pontarddulais)Figure 5.17(a) shows the resulting base strdgplacement response during
loading, while the variation in base stiffness with displacement is illustratedune5.17(b).

Points of interest include:

A residual base stresg,.s0f 4 0.6 MPa was present prior to loading.

1 The initial stages of loading were characterised by a relatively stiff base- stress
displacement response, with base resistance & 9 MPa mobilised at a base
displacement of 10 mm.

1 Extrapolation of the base stredisplacement response to 38 mm resulted in a base
capacitygp0.100f & 16.2 MPa and a bearing capacity fadtige= 294.

1 The initial nonlinear basestressdisplacement response resulted in a gradual

degradation in base stiffness with increasing base displacement

Comparisons of the base resistance with the GfSUbjected to averaging techniques could
not be determined due to the fact that the querestrometer met refusal during penetration in

thevery dense sandy gravel at Tbgl.
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Figure 5.17 - Variation in (a) base resistance and (lstiffness with displacement Pile D1
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5.4 INSTRUMENTED PILE TE ST AT ERITH, ENGLAND

5.4.1 Introduction

This section presents the results of the instrumented DCIS pile test at Erith, Kent. The site
was located approximately 1 km south of the previous pile test site at Dagdabkaniived in
Section5.3 and therefore provided an ideal opportunity to confirm the behaviour of DCIS

piles in the layered soil deposits of the Thames Estuary.

Table5.3 provides a summary of the test pile details, while a schematic of the instrumentation

and associated ground 55mdréom theegiledcatibrelgshowwmin f r om C
Figure5.18. The pile was instrumented with vibrating wire gauges in groups of four at levels

of 8.3 m, 9.5 m and 10.8 m bgl in the granular soci@®assess the distribution of local shear

stress. An additional level of gauges was placed at 0.5 m bgl to capture the reduction in load

across the soft alluvial clay layer.

Table 5.3 - Test pile details- Pile E3

Test pile details

Pile reference Pile E3
LengthL (m) 11.0
Shaft diameteDg (mm) 320
Base diameteDy, (mm) 380
Date of installation 09/11/12
Date of static load test 26/11/12

Reinforcement details

Main reinforcement 4 xH30x 11.2 m
Shear reinforcement 190mm OD BB helical cage @200mm pitch
Cover (mm) 65

Concrete details

Mix C40/50

28-day characteristic cube compressive strerfgtr

(MPa) 50

Maximum aggregate size 20 mm

Piling rig details

Keller DCIS piling rig reference 3192

Hammer Junttan HHK5ASS
Drive tube length (m) 16

Drive tube dimensions (OD, ID, wall thickness 320, 28020

mm)

Drive platedimensions (OD, thicknessmm) 380, 11
Instrumentation details

Straingauge type Geosense VW&000 Vibrating Wire Sister Bar
Levels (m bgl) 0.5, 8.3,9.5,10.8
Normalised distance from pile tip to the midpoint

the gauge levelld/Dg 19.4,6.1,2.4
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Figure 5.18- Schematic of Pile E3, CPT gprofile and corresponding soil profile

5.4.2

Installation

The pile, designated Pile E3, was installed on NovemB&092 by driving a 32énm outer

diameter steel tube, fitted with a 380 mm diameter base plate, using a Junttan SB5K5A

hydraulic hammer. The pile installation data is showrkigure 5.19 where the following

behaviour was noted:

1 The installation tube plunged through the soft alluvial clay layer; sirbg&aviour

wasobserved in the soft cohesive deposits at Pontarddulais and Dagenham.

The number of blows per 250 mm steadily increased within the sandy gravel layer
below 7.9 mbgl,with 13 bl ows per 25 0-ofmainggdEODU T r i ng
The installation resistance closely resembled the corresponding profile of base
resistancey, o 1ppderived bythe UWA-05 method using the CRE. profile adjacent to

the pile location (CPTO03). This is compatible with observations during installation of

the test piles at the previous layered sites in Pontarddulais and Dagenham.
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Unlike the previous tests at Pontarddulais and Dagenham, the pileowa®ted using the
pumped system on the DCIS piling rifpllowed by tube extraction without difficulty
Vertical alignment of the reinforcement cage during installation in the freststyconcrete
proved difficult and it subsequently became stucthengranular socket below 82 bgl. The

cage was eventually pushed to a final depth of 11.0 m but strain readings taken afterwards
revealed that one gauge at 8.3 m, three gauges&atPdnd all four gauges at 10.8 m bgl

were damaged and provided no regdinAs a consequence of this, the base resistance could
not be measured and measurement of local shaft friction between the two gauge levels in the
upper part of the granular socket was severely hampered as only one gauge was operating
correctly at %5 m bgl. The soil in the vicinity of the pile head was excavated to a depth of
300 mm (as opposed to 500 mm under normal operations) in order to prevent the uppermost

gauge level at 0.5 m from being cast into the cap.

5.4.3 Curing
Despite the strain gauge damageimy cage installation, a datalogger was connected to the
gauges to assess the variation in strain and temperature during curing, the results of which are

shown inFigure5.20. It is evident that:

1 Large irregularities exist between gauge levels, with the uppermost level (0.5 m bgl) in
tension, compressive strains occurring at 8.3 m bgl and negligible strains evident at
9.5 m bgl.

Peak hydration temperatures were anly°C greater than during casting.
1 Cyclic variations in strain were apparent at 8.3 m and @b bgl which were

attributed to tidal effects from the nearby River Thames.

The erratic strain behaviour during curing prevented accurate assessment of lesdued
the pile prior to load testing. Furthermore, the curing behaviour was in stark contrast with that
observed at Dagenham, whereby the strains in theerlosection of the pile become

increasingly compressive with time due to consolidation settleaiehé alluvial layer.
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Figure 5.20- Variation in (a) strain and (b) temperature during curing - Pile E3

5.4.4 Load testing

The pile was subjected to a maintained compression load test on Noverfit20125 the
loading schedule for ich is summarised in Appendix Che pile was incrementally loaded
(without | oading cycl es) t o fvariatibnuim pale heade r
displacementwith (a) applied load and (b) times shown inFigure 5.21(a) and (b)
respectivelywhere the following behaviour was noted:

1 The pile exhibited a stiff response during the initial stages of loading, with negligible

levels of creep displacement evident.
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1 A sudden increase ipile headdisplacement occurred when the load was increased to
1759 kN which was suspected to be due to the formation of a crack in the concrete
near the pile head.

1 The maximum applied load of 19K resulted in a pile head displacementiof5

mm; the corresponding total pile capad@y ippwas 187KN.
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Figure 5.21 - Variation in pile head displacementwith (a) applied load and (b) time during loading ofPile
E3
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5.4.5 Strain analysis
The variation in average uncorrected strain at each gauge level with time during the load test
is shown inFigure5.22 where it is evident that:

1 The measured strain behaviour during the initial stages of loading was similar to that
observed in the previous tests, with the largest strains mobilised at thenoppe
gauge level and reducing with depth.

Creep strains were relatively minor during load holds.

1 The strains at the uppermost gauge level began to increase significantly as the load
test progressed, untdbnormalitiesin readings occurred for each gaugben the
applied load was increased to 1544 (gdeFigure5.23 for the individual strain gauge
response at the uppermost guage lev@l)ch behaviour is synonymousthvithe
presence of a crack within the concrete at the gauge level. The strains recovered
somewhat during the latter stages of loading which was attributed to the closure of the
crack at higher loads.

1 The strain gauges at 8.3 m and®n5 bgl continued tounction normally throughout
the test, although relatively minor increases in stimith increasing applied load

occurred at 95m bgl during the latter stages of the test.
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Figure 5.22 - Variation in strain with time during loading - Pile E3
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Figure 5.24(a) shows the corresponding variation in elastic strain at each gauge level with
applied stress at the pile head, where the erratic variation in strain at 0.5 m bgl is evident at
applied streses greater than 12 MPa. The variation in secant pile stiffipesh strainat 0.5

m bgl is illustrated irFigure 5.24(b); values ofE, r e d u c e & GPa doringthe &itial

of 3liGBadang4 60 Eélﬂeyond\lms Istraie kvelavére considered
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Figure 5.24 - Variation in elastic strain with (a) applied stress and (b) pile stiffness Pile E3
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5.4.6 Shaft resiseince

The variation in local shear stréds.in the soft alluvial and upper dense sandy gravel layers
with displacement during loading is shown Rmgure 5.25. It is important to note that the
derived values ofd ,c should be treated with caution due to the number of damaged strain
gauges at 8.3 m and 8.k bgl, and the subsequent inabilityrteeasure residual loads during

curing With this in mind, the following behaviour was evident:

1 A peak shear stress &f37 kPa was mobilised across the soft alluvial layer between
0.5 m and 8.3 m bgl.

f Fluctuations if{ o,cwere evident during loading the dense sand layer between 8.3 m
and 9.% m bgl, temporarily mobilising a peak value®85 kPa at a displacement of
3.6 mm, before subsequently increasing i5kPa at 5.5 mm.

T Profiles ofl oc beyond a shaft displacement of 6 mm could not berméted due to
the irregularities in strain at 0.5 m bgl.
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Figure 5.25- Variation in local shear stress with displacement Pile E3
5.4.7 Base resisance
Given the damage to the lowermost gauge level, thereasgance during loading could not

be determined and extrapolation of the local shaft resistance measured across the upper

section of the socket was considered unreliable.
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CHAPTER 6 INSTRUMENTED DCIS PILE TESTS IN SAND
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6.1 INTRODUCTIO N

This chapter presents the results of a series of tests on instrumented DCIS piles installed in
uniform sand sites at Shotton and RytwrDunsmore in the United Kingdom. Both sites
provided an ideal opportunity to assess the behaviour of DCIS pileadnisgparticular the
variation in local shear stress with normalised distance from the pile tip, i.e. friction fatigue.
The procedures employed during installation, curing and load testing were previously
described in Chapter 3, while in Chapter 4, theugd profiles and soil properties relevant to

pile behaviour at both sites was presented.

6.2 INSTRUMENTED PILE TE ST AT SHOTTON, WALES

6.2.1 Introduction

This section presents the results of the installation, curing and maintained compression load
testing of arinstrumented DCIS pile at Shotton, Wales in May 2011. An overview of the test
pile (including instrumentation levels and pile cap dimensjo@$)T101q. profile and
correspondingground profile at the pile location is shownFkigure 6.1, while the test pile

details are summarised Trable6.1.

The pile had a nominal shaft diametd#r 320 mm and a total length of 5.75 m, ands
instrumented with vibratingvire strain gauges in groups of four at levels of 0.3 m, 2.5 m, 4.0

m and 5.5 m below ground level (bgl). The uppermost gauge level was placed as close as
possible to the head difie pile to enable strain readings which were not influenced by shaft
resistance. The gauges at the base (5.5 m bgl) had reldngtd sister bars to enable
placement as close to the base as possible. As will be shown later, the installation of 6 no.
DCIS tension pilego a depth of 10 m bgb provide reaction for the loading frame during the
subsequent load test on the test pile led to significant densification of the surrounding sail,
resulting in the CPT profile being somewhat unrepresentative @& #ttual soil conditions

during installation of the test pile.
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Table 6.1 - Test pile details- Pile S1

Test pile details
Pile reference

LengthL (m)

Shaft diameteDs (mm)
Base diameteDy, (mm)
Date of installation
Date of static load test

Reinforcement details
Main reinforcement
Shear reinforcement
Cover (mm)

Concrete details
Mix

28-day characteristic cube
compressive strengfl, (MPa)

Maximum aggregate size

Piling rig details

Keller DCIS piling rig reference

Hammer
Drive tube length (m)

Drive tube dimensions (OD, ID, wall thicknetssnm)
Drive platedimensions (D, thicknegsmm)

Instrumentation details
Strain gauge type
Levels (m bgl)

Normalised distance from pile tip to mbint between

gauge level$/Dg

Pile SL
5.75

320

380
09/05/11
24/05/11

4 x H40 x 5.85 m
240 mm OD H10 helical cage at 200 mm pitch
40

C45/55

55
10mm

3192

Junttan HHK5ASS
12

320, 280 20

380, 11

Geosense G106040 Vibrating Wire Sister Bar
0.3,25,4.0,55

11.4,6.6,2.6

700mm square

pile cap
0 -
y Level 1
0.5m 0.3 m bgl
1 -
2 .
Level 2
/ (- 25mbgl
231 strain
£ gauges
‘55_4 ) \ mm  EVEl3
a 4.0 m bgl
5 -
Level 4
AL ™ 55mbgl
6 - 5.75m

7

7

0

Soil
60 profile

Cone resistance g, (MPa)

3

Figure 6.1 - Schematic of Pile S1, CPT gprofile and corresponding soil profile
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6.2.2 Installation

The pile was installed on Ma)}h@ml using a 32énm outer diameter, 20 mm thick, open
ended steel installation tube with a 380 mm diameter circular steel sacrificial driving plate at
the base, which was driven to a final depth of 5.75 m bgl using a Junttan HHK5ASS hydraulic
hammer.Figure 6.2 summarises the driving data in terms of (a) the total number of blows
during installation, (b) the number of blows per 250 mm of penetration and (c) the installation
resistancelerived from the piling rig instrumentation. It is evident that:

Over 250 blows were required to drive the tube to a final depth of 5.75 m bgl.
The majority of resistance during installation occurred in the dense sand at depths
greater tha@ 4 m bgl.

1 Theinstallation resistance was consistently greater than the profile of base resistance
Ovo.10b Predicted by the UWAS5 design method using thg profile at the pile
location (CPTO1).

The poor agreement between the installation resistance and base cesmtaiiie was
attributed to the distortion of the surrounding sand during installation of the six 10 m DCIS
tension piles for the subsequent load test. As showigimre6.2(c), an improved relationship

is evident with the installation resistance of AP1 which was the first anchor pile to be driven.

High-slump concrete with aharacteristi8 day cube strength, of 55 MPa was skipped

into the top of the tube afteriving, after which the tube was then extracted (with the driving
plate remaining at the base) and the instrumented reinforcement cage was slowly inserted into
the freshlycast concrete. The soil surrounding the pile head weavated to a depth oDB

mm below the surface to accommodate the 700 mm wide concrete pile cap; this resulted in
the uppermost strain gauge level being inadvertently cast inside the cap which led to
anomalies in strain behaviour during loading (see Se&idry. An additional set of strain
readings were taken after casting to confirm that the gauges were working correctly, after
which the gauges were connected to a datalogger in orderrtibomstrain and temperature

behaviour during curing.
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6.2.3 Curing
The pile was left to cure for a period of 15 days in order to allow the concrete to gain

sufficient strength prior to load testing. In a similar manner to the previous test piles installed

in layered soil at Dagenham and Erith in Chapter 5, the develomhesgidual loads during

curing was investigated by continuously monitoring strain and temperature within the test pile

using a datalogger. The variation in strain and temperature with time after casting is shown in

Figure6.3(a) and 6.3(b) respectively, where the following behaviour is noteworthy:

T

T

Compressive strains developed throughout the pile during initial set, with peak
hydration temperatures occurring 14 hous after casting. However, peak
compressive strains and temperatures were considerably greater at the uppermost
gauge level (0.3 m bgl) in comparison to the rest of the pile, presumably due to the
larger crosssectional area of the pile cap in which theggsiwere located.

A reversal in strain behaviour occurred during the curing phase, with tensile strains
developing at all levels as hydration temperatures receded.

Pile temperatures reached equilibriapproximatelyl50 hours after casting, with
relatively minor increases in tensile strain occurring at or below 2.5 m bgl for the
remainder of the curing period.

Cyclic variations in strain and temperature at 0.3 m bgl were attributed to
contraction and expansion of the pile cap due to the diurn#tioa in air

temperature.

Given that the strain behaviour during curing showed no sign of compressive strains

developing within the lower section of the pile over time and consolidatiated settlement

was considered unlikely due to the stratigraphyhe site (i.e. uniform sand), residual loads

were assumed to be nemxistent in the pile upon commencement of the pile load test.
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6.2.4 Load testing

A maintained compressioload test was conducted on the pile in accordance with the
Institution of Civil Engineers Specification for Piling and Embedded Rigigi\Walls (ICE,
2007)on May 24" 2011 Theloading stedule, summarised in Appendix €pecifiedtwo
compressive loadycles in increments of 250 kN to maximum loads of 1000 kN and 1500 kN
respectively Thepile wassubsequentlyeloaded to 1500 kN, falved by 100 kN increments

up to a maximum load of 2400 kNThe measured loadisplacement response at the pile head

is shown inFigure6.4, wherethe following wasevident

f The pile head displacement at the design verification load (DVL) of 1000 kNiwas
7.6 mm, which was within the maximum permitted settlement of 10 mm

{1 A stiff load-displacement was apparent during reloading, with a displacemént.8f
mm necessartp remobilise the DVL of 1000 kN, for example.

1 Creep displacements were increasingly evident during the latter stages of the test at
applied loads of 2000 kN or greater.

f The pile head displacement at the maximum pile load of 2400 kNaw&s mm,

resulting in a total pile capacity; o.1pp0f 2214 kN.

3000

2500 -
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Applied load (kN)

1000 -
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0 10 20 30 40 50 60
Pile head displacement (mm)

Figure 6.4 - Load-displacement response Pile S1
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6.2.5

Strain analysis

The variation in average strain at each gauge level with time during the load test is illustrated

in Figure6.5, where the following behaviour was apparent:

T

Significartly lower strains were mobilised at 0.3 m bgl compared to the rest of the
pile, primarily due to the larger cressction of the pile cap.

Creeprelated increases in strain were evident at all levels during load holds,
accounting ford 11 % of the measuretbtal strain at 2.5 m bgl at the maximum
applied load of 2400 kN.

Unloading resulted in the mobilisation of residual compressive strains throughout the
pile, the magnitude of which increased with each successive unloading cycle.

With the exception of thetrains at 0.3 m bgl, a consistent reduction in strain with

depth was evident between 2.5 m and 5.5 m bgl during all stages of the load test.

Given that the strains mobilised in the pile cap at 0.3 m bgl were significantly lower in

comparison to the resf the pile, the true pile stiffness could not be determined at this level.

The stressstrain relationship at 2.5 m bgl was therefore used instead, with the stress at this

level estimated by calculating the reduction in load due to shaft resistance bét@esand

2.5 m bgl using correlations with CRjf by Bustamante and Gianeselli (1982).
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Figure 6.5 - Variation in average strain with time during loading - Pile S1
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The creep strains which developed during each load hold were removed from the total strain
response using the procedure describeBention3.7.3 The resulting vaation in average
elasticstrain at each level with the estimated stress at 2.5 m bgl is shéwgune6.6(a). It is

evident that:

The stressstrain response was similar at all levels.
The magnitude of reduction in strain between 2.5 m and 5.5 m was relatively constant
when the stress was greatean 2 MPa.

1 The load cycles led to minor fluctuations in streggin response.

Figure 6.6(b) shows the corresponding variation in secant pile stiffegssith strain level

derived using the stresdrain response at 2.5 m bgl. The initial stages of loading were
characterised by a sharp reduction in pile stiffness with increasing strain, although alyelativ
constant ¢1GPd\iasavident durifig thé sead load cycle. In line with stiffness
behaviour during the previous instrumented tests described in Chapter 5, the latter stages of

loading led to increases in pile stiffness with increasing strain level.
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Figure 6.6 - Variation in elastic strain with (a) estimated stress at 2.5 m bgl and (b) pile stiffnessPile
S1
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6.2.6 Shaft resistance
Figure6.7 shows the average shaft frictithu,gin the sand layer below 2.5 m bgl withaft
displacement during loading. Points of interest include:

1 A soft ductile response was evident during logdiwith the average shear stress
reaching a peak value éf125kPa at a displacementaf 40 mm, corr espc
normalised displacemen#Ds of 12.5 %.

I The load cycleted to eductions if .4at a given loadiuring reloading.

100 -+

RN

Reduction in average shear
stress during reloading

a
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~
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!

Average shear stress
between 2.5 m and 5.5 m

0 10 20 30 40 50 60
Local shaft displacement wg (mm)

Figure 6.7 - Variation in average shear stress below 2.5 m bgl with displacement during loadindPile
S1

The mobilised local shear stresses in the sand layers below 2.5 m bgl are plotted against the

local shaft displacement Figure6.8, where it is apparent that:

1 A relatively stiff response in shaft resistance was evident during the initial stages of
loading, with a peak shear strdgsof & 105 kPa being mobilised between 4.0 m and
5.5 m bgl at a shaft displacementof0 mm (v/Ds = 3.2%).

f Load cycling led to reactions inl,oc during reloading, i.e. friction fatigue.

1 The local shear stress between 4.0 m and 5.5 m bgl began to reduce slightly in the

latter stages of loading, while valuesli,. between 2.5 m and 4.0 m bgl continued to
increase.
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Figure 6.8 - Variation in local shear stress with displacement during loading Pile S1

6.2.7 Base resistance

The base resistance was derived by linearly extrapolating the load distribution to 5.75 m bgl
(asthe lowenmostg auge | ev el mvrensthedasé of thedpiled Th2 resulting base
stressdisplacement response during loading is showRigure 6.9(a), while Figure 6.9(b)
illustrates the variation in base stiffness with displacement. Observations of base behaviour

include:

1 A stiff linear base stresdisplacement was evident during ihdial stages of loading,
resulting in a relatively constant base stiffnEsgq,of & 290 MPa which wagd 13 %
less than the estimated-situ smalistrain stiffnessEy derived using the correlation
with CPTq. by Mayne (2006).

Residual base stressesidgrunloading increased with each successive load cycle.
The degradation in base stiffness was also affected by load cycling, eventually
commencing when the base displacement exce@aum (i.e Wy/Dp = 2.4 %).

f The base resistance at failugg 1ppWasa 15.8 MPa, resulting in a bearing capacity
factorNg of & 213.

The above observations confirm that the pile behaved in a preduiyieadbearing manner

during |l oading, with the base resistance acco
head displacement of 38 mm (i.e. D,L. Normalisingg,0.1pp by the corresponding average

cone resistance at the bagg,qusing the Dutch averaging method resultedyigpy/dc avg &

1.08 which is significantly greater than thgy 1p/0c,avg= 0.6 recommended for driven piles

by the UWAQ5 methodLehane et al., 2005cAs mentioned previously in Sectié.], the

172



installation of the anchor piles prior toetkest pile most likely resulted in significant increases
in soil density, making the profile aj; in the vicinity of the base of the pile (carried out
several weeks before the test) unrepresentative of the true conditions during loading.
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Figure 6.9 - Variation in (a) base resistance and (b) stiffness with displacement during loadindPile S1
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6.3 INSTRUMENTED PILE TE STS AT RYTON-ON-DUNSMORE

6.3.1 Introduction

This section presents ¢hresults of installation, curing and maintained compression load

testing of three instrumented DCIS piles in medium dense sand at-&yl@ansmore, near

Coventry, United Kingdom. These tests were primarily performed to assess the shaft

behaviour of DCISpiles in sand, in particular the development of friction fatigue during

installation and its subsequent influence on the local shear stresses during loading. Details of

each test pile are summarisedTiable 6.2, while Figure6.10 shows a schematic of the piles

the average CP profile and the corresponding groupibfile at the test location. Each pile

was instrumented with a total of 16 vibratimgye embedment strain gauges, with four gauges

placed at four separate levels (Sesble 6.2 for further details). The levels were chosen to

optimise measurements of local shear stress over a wide raniis vélues.

Table 6.2 - Test pile details- Piles R1, R2 and R3

Test pile details
Pile reference

LengthL (m)

Shaft diametebg (mm)
Base diameted, (mm)
Date of installation
Date of static load test

Reinforcement details
Main reinforcement
Shear reinforcement

Cover (mm)

Concrete details

Mix

28-day characteristic

cube compressive strendth (MPa)
Maximum aggregate size

Piling rig details

Keller DCIS piling rig reference
Hammer

Drive tubelength (m)

Drive tube dimensions

(OD, ID, wall thicknesg; mm)
Drive platedimensions

(D, thicknesg; mm)

Instrumentation details
Strain gauge type
Levels (mbgl)
Normalised distance
from pile tiph/Dg

PileR1
6.00

320

380
10/10/13
30/10/13

4 xB25x6.35m
B8 x 240 mm OD

helical link at 200 mm

pitch
40

C35/45
45

10mm

3187

Junttan HHK5ASS

16
320, 280 20

380, 11

Pile R2
7.00

320

380
11/10/13
01/11/13

4xB25x7.35m
B8 x 200 mm OD
helical link at 200
mm pitch

60

Pile R3
5.50

320

380
11/10/13
04/11/13

4xB25x5.85m
B8 x 200 mm OD
helical link at 200
mm pitch

60

Geosense VW2100 vibrating wire embedment strain gauges
2.0,4.0,5.25,6.85 2.0,35,4.5,5.35

2.0,3.0,45,585

11.0,7.0,2.6

12.5,7.4,3.0

8.6,4.7,1.8
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Figure 6.10- Schematic of test piles R1, R2 and Raverage CPT gprofile and corresponding soil profile
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6.3.2 Installation

Pile R1 was installed on October™R013 followed by Piles R2 and R3 the followingyda
Eachpile was constructed using a 380n outer diameter installation tube with a 380 mm
diameter base plate which was driven using a Junttan HHK5ASS hydraulic hakioner.
driveability issues were encountered during installation of the test Piesingallation data

for the three pile in terms of (a) total blow count, (b) the number of blows per 250 mm of
penetration and (c) installation resistance with depth is illustratétgumre 6.11, where it

apparent that:

1 Despite differences in pile length, the total number of blows required to install Piles
R1 and R2 were relatively similad( 4 0 0 b | obsersa}iorwag attribiged tohe
greater installation resistance of Pile R1 in the made ground and clay layers between
the surface and 1.8 m bgl.

1 The number of blows per 250 mm penetration was relatively comparable for all piles
in the medium dense to dense sand layer below 1.8 m.

1 In a similar manner to the previous tests at the other sites, the installation resistance of
the three piles closely resembled the base resistange,derived from the average
CPTqc profile using the UWAD5 method.

The fact that the installation pitefs were similar to the UWAS5 gy 0.1ppprofile suggests that
the installation of the anchor piles prior to the test piles did not lead to significant changes in

soil state (unlike at Shotton).

6.3.3 Curing

The test piles were allowed to cure for a period etfMeen 19 and 23 days in order to allow

the concrete to gain sufficient strength prior to conducting the maintained compression load
tests. Continuous monitoring of strain and temperature behaviour within the test piles during
curing was deemed unnecessdogsed on the experience of similar sand conditions at
Shotton However, strain readings after casting and immediately prior to commencing each
load test allowed the net change in strain with the test piles to be determined. The resulting
distributions ofnet change in strain with depth after curing for the test piles is shown in
Figure 6.12, where relatively uniformensile strain proflee f 8 65 U wkre evi d
three piles. Such observations are in keeping with the strain profiles measured after curing of
Pile S1 at Shotton and suggest that residual loads were not present in the test piles prior to

loading.
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Figure 6.11 - Installation data for Ryton-on-Dunsmore test piles
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Figure 6.12- Net change instrain after curing - Ryton-on-Dunsmore

6.3.4 Load testing

The test piles were subjected to maintained compression load tests in a consecutive manner,
beginning with Pile R1 on October 32013, followed by Pile R2 on Novembe¥ and Pile

R3 on November & The loading schedules, summarised in Apper@ixwere typically

performed using load increments equivalent to 10 % of the predicted pile capacity. The
magnitude of each increment was subsequently reduced when the pile appeared to be
approaching failureThe dur ati on of the tests varied fron
for Pile R3.Figure 6.13 shows the measured lodisplacement response of the three test

piles, where the following behaviour was noted:

1 A nearidentical loaddisplacement response was evident for all piles during the initial
stages of loading.

1 Significant creep displacements developed when applied loads exceeded 1400 kN
during loading of Piles Rand R2, but were considerably less for Pile R3, despite the
fact that Pile R2 and R3 were constructed using the same concrete mix.

1 The total pile capacitie®:o.1pp for Piles R1 and R2 were 1622 kN and 1518
respectively.

1 Pile R3 continued to exhib# stiff response in comparison to the other piles at applied
loads greater than 1400 kN, with the test eventually being terminated when the

maximum safe working load of the loading frame was reached. Hyperbolic
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extrapolation of the loadisplacement curveo 38 mm (i.e. 0.D,) using the method
by Chin(1972)resuledin an estimate total pile capacity of 227IaN.

Given the similarity in ground conditions and installation data at the test location, the
significantly greater capacity of Pile R3 in companigdo Piles R1 and R2 was somewhat
unexpected and was subsequently investigated further during analysis of shaft and base

resistance in Sectiors3.6and6.3.7respectively.
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Pile head displacement (mm)

Figure 6.13 - Measured loaddisplacement response of Piles R1, R2 and R3

6.3.5 Strain analysis
The variation in total strain with time at each gauge level for the three test piles is shown in

Figure6.14. The following observations were noteworthy:

1 Significantcreep strains developed within the piles during each load hold, with the
magnitude of such strains tending to be greatest in the lower sections of each pile.

1 Anomalies in strain behaviour at the uppermost gauge levels (i.e. 2.0 m bgl) in Piles
R2 and R3 rsulted in strains becoming relatively constant on either a temporary (Pile
R3) or permanent (Pile 2R basis, despite significant increases in loadcalised
cracking of the concrete in the vicinity of the gauges was suspéatetbexcessive
drying shrirkage in the unsaturated santhis was confirmed in laboratocale
curing tests on instrumented concrete specgamerby O6 Ceal | ai)gh and
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The rate of increase in strain at 3.0 m and 4.5 m bgl during the latter stages of loading
of Pile R1 tendé to be lower in comparison to those at 2.0 m and 5.85 m bgl.

The unloading phase at the end of the tests resulted in residual compressive strains

being mobilised throughout each test pile.
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Figure 6.14 - Variation in strain wit h time for Piles (a) R1 (b) R2 and (cR3
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In a similar manner to the previous load tests, the mobilised total straknguire 6.14 were
corrected for the effects of creep within the concrete using the procedure described in Chapter
3. The resulting variation in elastic strain with applied stress at each gauge level for the three

test piles is shown iRigure6.15. Key observations include:

1 With the exception of the erratic strain behaviour at the uppermost gauge levels (i.e
2.0 m bgl) of Piles R2 and R3, a systematic reduction in elastic straiim¢and load)
with depth was evident for each pile. This observation suggests that negligible
variations in pile crossection had occurred after casting (unlike the test piles in
layered soils described previously in Chapter 5).

1 The stressstrain responsat 3.0 m and 4.5 m bgl of Pile R1 began to deviate from the
remaining levels (i.e. 2.0 m and 5.85 m bgl) during the latter stages of loading which
was attributed to pile bending in the middle sections of the pile, resulting in the
average strain at thesauge levels being somewhat biased.

1 The reduction in strain between 2.0 m and 4.0 m bgl during loading of Pile R2 reached
a quasiconstant value o& 55 ¢ (prior to the irregularities in strain occurring in the
uppermost gauge level (2.0 m bgl).

1 The mobilsed strains at 2.0 m bgl in Pile R3 became temporarily constant during the
initial stages of loading, before recovering somewhat when the applied stress exceeded
15 MPa.

The variation in stiffness of Piles R2 and R3 with strain level during loading wasuldito
ascertain given the abnormalities in strain behaviour at the uppermost gauge level (2.0 m bgl)
in both piles. However, a reasonable estimate of the strain response for Pile R2 was achieved
by assuming the constagiifferencein strain observed bheeen 2.0 m and 4.0 m bgl prevailed

for the remainder of the test; the resulting predicted strain profile at 2.0 m bgl is shown in
dashed lines irFigure 6.15(b). This method of correction could not be used to derive the
strain response of Pile R3 however, as the reduction in strain between 2.0 m and 3.5 m bgl
had not reached an ultimate value before anomalies in strain behaviour began to occur. A
peak reductioninsri n of & 40 e&U was subsequently ob
between the two gauge levels against pile head displacement and hyperbolically extrapolating

the relationship to an ultimate value.
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Prior to calculating the pile stiffne&s, the reduction in load between the surface and 2.0 m
bgl was accounted for using the method describe8aation3.7.5whereby the peak shear
stress was derived using relationships with the GPdrofile by Bustamante and Gianeselli
(1982) and subsequently incorporated into a theoretical load transfer curve using the method
by Niazi and Mayne (2010) in order to estimate the variation in shaft resistance with
displacement. The resulting stiffnesssponse of each pile, derived using the sts&ssn
relationship at the uppermost gauge level, with strain level is shofiguine6.16; relatively
constant valuesf E,o f 4&P 8 a40@Padavere evident for Piles R1 and R2 respectively
during the latter stages of loading, but Pile R3 exhibited strong increases in stinestb(

GP a) when the elastic strain exceedtifhgss 300
response of each pile Figure 6.16 enabled the strains in the remaining gauge levels to be

converted to loads.
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Figure 6.16 - Variation in pile modulus with strain level for Piles R1, R2 and R3

6.3.6 Shatft resistance

Figure6.17(a) shows the variation in average shear stiaggmobilised on the shaft of each

pile in the sand layer below 2.0 m bgl. A relatively soft shaft resistance response was evident
forthepl es, wi t h a 1Ibimspehured édommehilise a pefak asierage shear stress

o f &kP4d dtong the shaft of Pile2RIn contrast, the average shear stresses for RiEnR

R3 did not reach peak values by the time the test was terminated. Nomn#iie peak

average shear stresses by the corresponding average cone resistance along the shaft of eacl
pile resulted in values ofladg. 0 f & -00.01B {s@eFigure 6.17b) which, with the
exception of Pile R2, were greatbanthe typical range for closeehded steel displacement

piles reported by Gavin and Lehaf2©03)
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Figure 6.17 - Variation in (a) average and (b) normalised average shear stress with displacement for Pile
R1, R2 and R3- Ryton-on-Dunsmore

The local shear stres$ was derived based on the assumption of a linear reduction in load
between each gauge levelgure6.18 shows the mobilised local shear stresses during loading
of each pile; whildocal shaftdisplacements of 15 mm were typically required to mobilise
peak shear stresses at thajanty of sections of the test piles, the local shear stress between
3.5 m and 4.5 m bgl during loading of Pile R3 appeared to reach a peak valli#sokPa at
displacement o& 10 mm, before increasing again and failing to reach an ultimate value when
the test was terminated. Pgstak softening ofl,c was evident during loading of Pile R2,
although this behaviour is most likely due to the influence of pile bending on strain readings

during the latter stages of the test, as discussed previously.

The variation in peak local shear strdgswith depth for the three piles is shownRigure

6.19(a) where it is apparent that:

1 The profiles of peak local shear stress on the shafts of the three piles resembled the
corresponding average profile in Figure6.19(b), with lower values of}; mobilised
across the mediurdense layer between 4.0 m and 5.0 m bgl in comparison to the
denser layers.

1 Peak shear stresses measured between 2.0 m and 3.5 nmébgktweeen 18 % and 50
% less than values mobilised near the base of each pile, despite the density of the soil

in the upper layer being considerably greater(15 MPa).
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The Coulomb friction equatiod; = G f tan, (see Sectior.3.4for more details) was used to
backcalculate the local radial effective stresses at failutdrom the measured peak local
shear stresses using a constaiiime interface friction anglé, =''c, = 35’ based on the
results of direct shear tests on sand samples taken from 3.5 m bgl at the test site. Vigjues of
were subsequently normalised by the corresponding average cone redigtagbetween
gauge levels and plotted against ndiseal distance from the pile balsé®s in Figure6.20(a).
While some scatter exists, a trend wf/q. reducing with increasindV/Ds is evident,
suggesting that the test piles were affected by friction fatigigewre 6.20(a) also shows the
profile of normalised radial streadter installation( /g with h/Dspredicted by the UWA5
methodwhich is in close agreementith the measured data from the three test piles. This
observation further validates the theory that friction fatigue is a characteristic of DCIS piles,
but also suggests thamcreases in radial stress due imterface dilation during loading

represents a small proportiontbe overallradial stress at failuré{.

Local shear stress at failure U, (kPa) Cone resistance q. (MPa)
0 50 100 150 200 250 0 10 20 30

3 31
4 4
E
ey
= Average
3 g, profile
5 5

—e—Pile R1
61 —m—PileR2 6 1

—4— Pile R3

7 7 -

Figure 6.19- Profiles of (a) peak local shear stress for Pild®1, R2 and R3 and (b) average CPTg

The review of studies of friction fatigue during installation of preformed displacement piles in
Section2.3.2demonstratedhe strong relationship between the magnitude of degradation in
radial stress and the number of load cy®leturing installation; this was also investigated for
the three test piles iRigure6.20(b) where, despite scatter in the data, valuds,d. appear

to reduce with increasinyg.
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Figure 6.20- Variation in normalised radial effective stress with (a)normalised distance from base and (b)
number of load cycles for Piles R1, R2 and R3

The data presented Figure6.20(a) and (b) suggests that friction fatigue is a key mechanism

governing the shaft behaviour of DCIS piles in sand and is therefore investigated in greater

detail in Chapter 7 using the resulifisprevious load tests in the uniform sand at Shotton and

the layered deposits described in Chapter 5.

6.3.7 Base resistance

The base stresdisplacement response of the three test piles during loading is sh&wguia
6.21. It is evident that:

The piles responded in a stiff linear manner during the initial stages of loading, with
the basalisplacement curves for Pile R1 and R2 essentially identical

The base stiffnesEy ¢q0f Pile R3 during loading was considerably greater than the
other two piles.

Values ofE, eqfor Piles R1 and R2 during initial loadingered 45 % less than the-in

situ smalistrain stiffnessEy of @ 240 MPa measured during the seismic CPT; this
value of E; was essentially identical to the predicted values using the GPT
correlation by Mayne (2006).

Degradation in base stiffness degradation begargeadually ratdor all pilesduring
loading Conparable rates of reduction i .qwerealso evident.

Pile R3 mobilised a greater base resistance for a given displacement in comparison to

Piles R1 and R2 during the latter stages of loading.
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resistancedyo.10/0cavg aNd bearing capacity factdd, for the three test piles. Values of

Obo.10d0cavg fOor Pile R1 and R2 were in reasonable agreement @4§ipy/Qcag = 0.6

recommended for driven piles in sand by the U8 method. However, Pile R3 had a

nor mali sed base resi

stance of & 0.93

i mpl yi

of the pile base was considerably greater than that measured by the nearest CPT

approximately 3 m away (despite installation data being similar to the other piles). It was

therefore concluded that the greater total capacity of Pile R3 in comparison to Piesl R

R2 was a consequence of the significantly larger base resistance of the pile during loading.

Table 6.3 - Summary of base resistance resultsRyton-on-Dunsmore

Base resistance Normalised Bearing
at failure base resistance capacity
Uv0.100 (MPQ) at failure factor Ng,0.100
qb,O.lDt/qc,avq
Pile R1 6.26 0.54 55
Pile R2 6.02 0.52 45
Pile R3 10.84 0.93 103

lExtrapolated to 0, usinghyperbolic method by Chin (19y2
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CHAPTER 7 ANALYSIS AND DISCUSSION
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7.1 INTRODUCTION

This chapter provides a discussion of the overall behaviour of DCIS piles in sand based on the
results of the instrumented tests presented in Chapters 5 and 6, with reference to other
relevant data from the literaturEirstly, the pile installation results are analysed, including
comparisons with the base resistance profiles predicted by threg GR€raging methods.

This is then followed by an assessment of the curing temperatdestrains within the test

piles at Dagenham and Shotton, based on the review of residual loads-imsifastpiles
presented in Chapter 3. The behaviour of the instrumented DCIS test piles during maintained
compression loading is then discussed, incgdaspects of shaft behaviour such as friction
fatigue and correlations with cone resistance, and the variation in base resistance and stiffness
during loading.The performance of seven Ciased displacement pile design methods for
estimating total, shafand base capacity of DCIS piles in sandsubsequentlyexamined.

Finally, the loaedisplacement behaviour of DCIS piles is investigated using a database of

over 100 proof load tests in sand.

7.2 INSTALLATION

7.2.1 Installation resistance

As discussed in SectioA.4.2 close agreement between the base resistgn@nd the
corresponding CP. profile was observed by Leha(t992)and Chow(1997)during jacked
installationof the model ICP closednded steel pile in the uniform sand deposits at Labenne
and Dunkirk respectively. Layered deposits on the other hand tend to highlight significant
scale effects due to the differences in diameter between a displacement pilecand a
penetrometer, and a suitable averaging method must therefore be applied to the@RIE

to account for such effects prior to assessing potential relationships with the base resistance
Obo.106 XU and Lehan€2005)demonstrated the superiority the Dutchqg. averaging method

in accounting for scale effects durifagkedinstallation of a 350 mm wide precast pile during
jacked installation in a layered deposit in comparison to the arithmetic anegieomethods

(see Sectiorz.4.5for more details). However, Lehaeéal (2005c)showed that jacked piles

tend to mobilise highegy,o.10/0c.avg Values in comparison to driven piles due to the large
jacking strokes and higher residual stresses. As a result, displacement pile design methods
typically apply reduction factors to the average cone resistggeg to account for such

partial mobilisaibn effects on the base resistance. These factors, summaricaiole.1, are
subsequently used to examine the relationship between the average cone resistémee and

installation resistance of the instrumented DCIS piles.
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Table 7.1 - Summary of base resistance formulations for closednded displacement piles

Method Base resistancat failure (MPa) Averaging technique
, e 4 D, @@ _ _
ICP-05 (Jardine et al., 2005) Op,0.10b = €L- O.5I09W8}qca\,g Arithmetic
e ¢cHertH)
EF97 (Eslami and Fellenius, 1997)  Ob0.10b = Yecavg Geometric
UWA-05 (Lehane et al., 2005c) Ob,0.10b = 0.60c g Dutch

The base resistances of the instrumented DCIS piles in Chapters 5 and 6 were not measured
during installation due to the impracticalities associated with instrumenting the detachable
sacrificial driving plate with a load cell. The installation resistamgederived using the rig
instrumenation (described in Sectio8.3 and Appendix A, was therefore used as an
alternative measure of base resistance. The profiles of base resipiageestimated by the

ICP-05, EF97 and UWAO5 methods, using theg aveaging methods and reduction factors
specified inTable 7.1, are compared with two example installation resistance profiles of
Anchor Pile AP1 in uniform sand at Shmitin Figure7.1(a) and Pile P1 in the highlpyered
stratigraphy at Pontarddulaiskigure7.1(b). It is apparent that:

1 The EF97 method, derived using the geometric average, significantlypredicts
the installation resistance at both sites.

71 Profiles of gyo.1pp derived using the IGB5 and UWAO5 method show close
agreement with thgc, profile of AP1 in the uniform sand.

1 The installation resistance of Pile P1 during driving in the sand layer between 4.7 m
and 6.1 m bgl at Pontarddulais was significantly easimated by the ICR5 method
(using the arithmetic average cone resistance), highlighting the inability of the
arithmetic averaging method to account for scale effects in layered soils.

1 The base resistance profile predicted by the UWBAusing the Dutch @&vaging
technique yields the closest match to the measured profiles of installation resistance at
both sites. Similar results were also observed during installation of the instrumented
DCIS test piles at Dagenham, Erith and RytsrDunsmore, as discussedChapters
5 and 6.
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Figure 7.1 - Comparison of installation resistanceand theoretical base resistance profiles for (apnchor
Pile AP1 in uniform sand atShottonand (b) Pile P1in layered soil atPontarddulais

Despite the approximate nature of the Danish pile driving formula, the similarities in the
profiles of installation resistance and predicted base resistance are encolragheymore,
dynamic CAPWAP tests conducted on the steel tube rdurriving confirmed that the
majority of the installation resistanceas generated by the base of the tube rather than
through shaft resistanc@etails of the CAPWAP dynamic test results are presented in
Appendix B). Theuse of the pile driving formulaof pile lengths of up to 10 rtherefore
seems justified (greater embedded lengths will inevitability result in the shaft resistance

contributing a greater portion of the total resistance to driving).

The installation resistance is compared with the lbasistances derived using the P,

EF97 and UWAO5 methodsat 0.25 m intervals during driving at depths greater than 2.0 m
bgl in cohesionless layers for Pontarddulais (Pile P1), Dagenham (Piles D1, S117, S121,
S397), Erith (Anchor Piles AP3, AP8 andPA6), Shotton (Anchor pile AP1) and Ryton
Dunsmore (Piles R1, R2 and R3)kigure7.2(a), (b) and (c) respectively. While significant
scatter is clearly evident for all methods, the 4@&Pand UWAO5 methods show better
agreement with the installation resistarggg in comparison to the EB7 method(which
assumes)0.10b = Jc,avg- NO attempt is made to correlatg, with either method due to the
reliability issues associated with pile driving formulae in gen@saldiscussed by Fellenius

2014, but the installation resistance may provide an initial, albeit crude estimate of the base
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regstance at failurey,1pp Of @ DCIS pileduring a subsequent maintained compression load
test, as well as useful information regarding the variation in the ground profile across a site

during piling operations.
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7.3 CURING

7.3.1 Hydration temperatures

The review of published hydration temperature data withitrinasitu piles in Sectior2.6.2

of Chapter2 demonstrated that the time to peak temperature after casting is a function of pile
diameter.Figure 7.3 shows the variation in time to peak temperature after casting with pile
shaft diameter for the test piles at Dagenham, Erith and Shotton (the temperature data within
the 700 mm wideile cap at Shotton is also included), together with the published data from
Figure 3.15. The time to peak temperature for %@ &m diameter instrumented DCIS piles
varies from 8 hours to 19 hours, with the variability likely to be affected by ambiemnhd)
temperature, concrete mix and ground conditions such as water level and soil type. Despite
the variability in the measured data, a linear trend of time to peak temperature is apparent

(over the range 0.3 mBs < 3.2 m) which can be described as:

Tpeak: 23-1le 7.1

Equation2.2 provides a useful reference for the time to peak temperature in order to assess
the onset of residual load development based on the strain interpretation Method 2 by
Pennington (1995).

The ime for hydration temperatures to reduce from peak values to 50 % of the &xgess
with pile shaft diameter for the DCIS test piles and the puldisla¢a inTable2.7 of Chapter

2 is illustrated inFigure7.4; some scatter in the data is once again present for the test piles, in
particular for Pile E3 at Erith where the vibrafimvire strain gauges exhibited somewhat
erratic strain and temperature behaviour after casting. However, in a similar maRiggnéo

7.3, a linear relationship betwe€Tsoy, and pile shaft diameter is evident which can be

expressed as:

T, =8024D, 7.2

Equation7.2 may provide a useful reference for estimating the period in which hydration
temperatures will have an influence on the measured strains during a maintained load test

with a view to separating out other influences.
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7.3.2 Curing strains

In order to assess the potential development of residual loads during curing, continuous
measurements of temperature and strain after casting were obtaihedtie instrumented

test piles installed in layered soil at Dagenham (Pile D1) and Erith (Pile E3) in Chapter 5, and
uniform sand at Shotton (Pile S1) in Chapter 6. This section examines the three residual load
interpretation m#nods (reviewed in Sectio3.5) using the strain profiles measured during
curing and how each profile influences the subsequent load distribution at f&ilguee

7.5(a) presents the interpreted residual load profiles for Pile D1 Dagenham, while the

distribution of residual load at Shotton is showirigure7.5(b). It is apparent that:

1 The residual load profiles tend to vary considerably with interpretation method,
regardless of whether the pile is installed in cohesive or granular soil.

1 Significant tensile load&> 400 kN) were derived using Method 1 for Pile D1 and Pile
S1. Such tensile loads would inevitably lead to cracking of the concrete, but no
evidence of cracking was apparent from the measured strain data during subsequent
loading testing.

1 The distribution of residual load obtained using Method 3 for Pile D1 is-itattical
to the expected dragload profile of a pile experiencing negative skin friction due to
consolidatiorrelated settlement of the alluvial layseéFigure5.12in Section5.3.3.
Method 3 also gives minor tensile loads20Q kN) for Pile S1 at Shotton whiathould
appear reasonable due to shrinkage effects.

The interpreted profiles of residual load were added to the measured load distribution derived
from the subsequent mai ntained compression
load distribution vith the test piles at failure. The resulting distributions of load at failure for
Pile D1 and Pile S1 are shownHigure7.6(a) and (b) respectively where it evidémat:

1 The distributions derived using Methods 1 and 2 show increases in load with depth,
implying that negative skin friction is present along the shatft of the pile at failure; this
result is considered unrealistic as both piles experienced dattjements (and hence
fully mobilised positive shear stresses) in the latter stages of each load test.

1 The profile for Pile D2 using Method 2 suggests that higher loads are present in the
pile at failure than that applied at the pile head; this resals@sunrealistic.

1 Method 3 provides the most sensible load distribution for both piles, with the loads

monotonically decreasing with depth towards the base (as would be expected).
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Based on the distributions Figure7.5 andFigure7.6, it is concluded that Method 3 provides

the most plausible distribution of residual loads after installation and curing of the
instrumented DCIS piles in Chaptes and 6. Based on the results for Pile S1, residual loads
for DCIS piles in uniform sand are considered to be negligible and can therefore be ignored.
On the other hand, the quantity of residual load in a soft cohesive layer can be reasonably
estimated sing standard design equations for negative skin frickooh as those by
Meyerhof(1976)as demonstrated in Figure 5.12 of Chapter 5.

Felleniuset al (2009)postulated that the tensile strains measured inicastu piles during
cooling is a consequee of swelling of the concrete as it absorbs moisture during hydration.
While tensile strains were apparent in the instrumented DCIS piles at Pontarddulais,
Dagenham, Shotton and Ryton-Dunsmore prior to commencing the maintained
compression load testiye fact that the test piles at Ryton-Dunsmore were installed in
unsaturated sand does not support the theory that the tensile strains are a result of swelling. A
more plausible reason for the tensile strain response is restfdhe pile bythe soilas it
shrinks during cooling (such behaviour is widkhyown to occur in concrete slabs for
example). The level of restraint is unlikely to be sufficient to mobilise shear stresses along the
shaft of the pile(Fellenius, 2012h)but may lead to &ctures within the concrete if the
surrounding soil iselatively stiff (Sinnreich, 2012)This may also provide an explanation for

the discontinuous strain measurements during loading of Pile R2 and R3 atoRyto

Dunsmore (see Secti@3.5.
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7.4 LOAD TESTING

7.4.1 Introduction

In this section, the results of the maintained compression load tests on the instrumented DCIS
pile tests presented inh@pters 5 and 6 are discussed. The results are examined in terms of
shaft and base resistance, with references made throughout to the behaviour of preformed

closedended pile behaviour as reviewed in Chapter 2.

7.4.2 Shaft resistance

7.4.2.1 Average shear stress

Figure 7.7 shows the variation in normalised average shear digg8)c avggenerated within
the sand layerwith normalised pile head displacemeviDs for Pile S1 at Shotton and Piles
R1, R2 and R3 at Ryteon-Dunsmoe. As discussed in Secti@3.6of Chapter 6, the values
of Wadqc for Piles R1 and R3 at Rytesn-Dunsmore are greater than the typical range for
closedended steel displacement piles ogpd by Gavin and Lehang£003) which is
attributed to thegreaterinterfaceroughnessf the DCIS piles due to 4gmitu concreting A
slightly reduced normalised average shear stéagggc o f 0.@BLwas mobilised for Pile S1 at
Shotton which was partgxplained by the two unload/reload cycles which Pile S1

experienced during the load test which led to reductions in shear stras<icteon fatigue.
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Figure 7.7 - Variation in normalised average shear stress with displacement for Pile S1 at Shotton and
Piles R1, R2 and R3 at Rytoron-Dunsmore
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7.4.2.2 Alpha shatt resistance coefficients

As discussed in Sectioh.5.2 of Chapter 2, traditional CRbased methods relate the cone
resistancey to the local shear stret of a displacement pile in sand using the expression

= gJ/W. Figure 7.8 examines the relationship between cone resistagcand the shaft
coefficientsUs backfigured from the local shear stresses measured within the cohesionless
layers of the instrumented DCIS pile in Chapters 5 and 6. Ehalues specified by the
LCPG-82 methodBustamante and Gianeselli, 198@) DCIS piles (category 1B) and driven
piles (@tegory 2A) are also included kfigure 7.8 for comparative purposes. It is noteworthy

that:

f Considerable variability in the measurégvalues is evident, ranging frofn34 to&
260 for g. > 12 MPa for example, which is attributed not only to the strain
interpretation process outlined previously, but also to the inability of a single
coefficient to capture complex phenomena such asdndiatigue which influence

displacement pile behaviour in safieghane, 2008

The shaft coefficients for DCIS piles recommended by the L-8P@nethod tend to over
predict the measured values \df significantly, with closer agreement obtained with the
measured data using the driven coefficients (i.e. category 2Ay)fmalues ranging from 5

MPa to 12 MPa.
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Figure 7.8 - Variation in shaft resistance coefficient with cone resistance
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7.4.2.3 Local shear and radialeffective stresses at failure

The peak local shear stresses at failisfor the instrumented DCIS pile tests in Chapter 6, as
well as the sections of the instrumented piles within the sand and gravel layers in Chapter 5,
were normalised by the corresplimg local cone resistancg: between the gauge levels in
question and plotted against normalised distance from the pilehliasén Figure 7.9(a).

While some scatter is evident (which is understandable given the variable nature of concrete
and the aforementioned difficulties associated with the interpretation of the measurejl strains
a trend of(d/q. reducing with increasindy/Ds is apparent. Equation 2.6 was used to back
figure radial effective stresses at failuig from the measured local shear stresses using
constartvolume friction angles ', which were either measured ifrett shear tests (i.e. at
Ryton-on-Dunsmore) or assumed based on thalte®f studies by Boltol986)and Paukt

al. (1994)for sand and gravel respectively. A summary of the shaft resistance parddieters

gcandt ', is provided inTable7.2.

Figure 7.9(b) shows the variation in normalised radial effectitress( /q. with h/Ds. In a
similar manner td-igure7.9(a), some scatter is present in the results (primarily for Pile S1 at
Shotton), but evidence of friction fgtie is apparent by the reduction(if/q. with increasing

h/Ds. Also shown inFigure7.9(b) is the empirical profilef normalised radial effective stress
after installation and equalisati@ny/d. obtainedusing the UWAO05 methodfor comparative
purposes. As discussed in the review of the shaft resistance of-eloded displaceent

piles in sand in SectioR.3, the primary mechanism governing friction fatigue in sand is the
cyclic shearing of the soil particles at the sl interface during driven or jacked
installation. Gven that DCIS piles are installed by driving a closedled steel tube, this
mechanism is considered applicable and the dakiguare 7.9(b) provides strong evidence
that the radial stress au on the shaft of a DCIS pileduces with increasing distance from
the pile baseFigure7.10 shows the variation in nomlisedlocal sheastress at failurél/o.

with the number of cyclell experienced during both installation and subsequent maintained
compression load testing (if load cycles were performed); while variability in the data is once
again observed for reasons outlined previougig. appears to reduce witN in a similar
mamer to that observed for model steel centrifpdes by White and Lehar(@004)
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Table 7.2 - Summary of shaft resistance parameters from instrumented pile tests

Site Pile ref Mid -point Peak local Cone resistance Constant
between gauge  shear stress between gauges  volume
levels (m) Oy e friction

(kPa) (MPa) anglet ',
@)
Pontarddulais Pile P1 7.65 41.5 2.77 33
Dagenham Pile D1 2.25 66.8 16.11 33
7.30 459.6 14.87 3
Erith Pile E3 8.93 105.9 10.04 33
Shotton Pile S1 3.25 119.9 7.80 33t
4.75 104.4 14.47 33
Rytonon-Dunsmore Pile R1 2.50 162.2 14.02 35
3.75 127.0 15.41 35
5.18 196.2 11.78 35
Pile R2 3.00 99.9 16.05 35
4.63 107.2 9.83 35
6.05 202.9 14.80 35
Pile R3 2.75 150.5 16.50 35
4.00 120.0 12.39 35
4.93 174.9 10.05 35

Bolton (1986)Paulet al.(1994)
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Figure 7.9 - Variation in (a) normalised local shear stress and (b) normalisedadial effective stress at
failure with normalised distance from pile base

202



R 0.035

o & Pontarddulais P1
‘:mr 0.03 - A OShotton S1

5 aDagenham D1
= i

< 0.025 - OErith E3

: ®Ryton R1

i’} 0.02 - mRyton R2

7 A Ryton R3

g »

< 0.015 1 .0 o

g o

2 001 - a© Mo

2 °

% 0.005 -~ . =

g A

S

z

0 T T T T T
0 50 100 150 200 250 300

Number of cycles during installation and/or loading N
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A linear regression analysis, shown kigure 7.11(a), has already been performed on the
normalised radial stress data for the three test piles at Ryt@unsmore ¢ee Figure 6.20a
in Section6.3.6 using theOrdinary Least Squares (OLS) methoeésulting in the following
bestfit relationship for the reduction in normaliseatlial stress at failuré/qc with h/Ds;

é h 6—0.4211
s'; =0.0313 7.3
r céﬁg
Figure 7.11(b) shows the linear regression analysis performed for all data points of the
instrumented DCIS piles in Chapters 5 and 6 in cohesionless layers. The overall expression
for the variation in rdial effective stresé ,{ with normalised distance from the pile b&gbs

is given by:

o 0467
aho

S’ —0.0342](;;;%5@ 7.4
Equations7.3 and 7.4 are surprisingly similar to the relationship between the radial effective
stress after installation and equalisatidfi and normalised distance from the bd®Bs
specified by the UWAO5 mehod (Lehane et al., 2005¢cHowever, Equatior/.4 has a
coefficient of determinatiof®® o f 5886 which is considerably less than values of 80 % or
greater observefbr similar regression analyses on steel displacement piles by Lehane (1992)
and Chow (1997)Given the issues associated with the data points of Pile S1 at Shotton (due

the misrepresentative CRJ profile as discussed previou)ya final regression analis was
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conducted on the overall dataset with Pile S1 excluded. The analysis, sheguarai.11(c),

resulted in an improveB2 value ofa  8o4vith the following expression far,i:

- 0.542

R

s' —00387qéh
rf =M caE~
;;% :

s =

1.5

I-OO0

As discussed in Sectich3 of Chapter 2, increases in radial stress observed by Lehane (1992)
and Chow (1997) during loading of a 102 mm diameter steel model pile in sand were
primarily attributed to dilation of the Bd particles at the pHsoil interface during shearing,

with the radial effective stress at failuig given by:
Slrf zslrc+D5Ird 7.6

Given the close agreement between the measured normalised radial effective stress at failure
0+/g. and the normalised radial stress after installation and equalisatiop predicted by

the UWA-05 method(as illustrated inFigure 7.10b), it is reasonable to conclude that a

similar manner to the results for CFA piles in sand by Gavin €2@09)discussed in Section

2.3.6 the dilationrelated increasén radial stress during loadingi g represents a small
proportion of the overall radial effective stress at failtigefor the instrumented DCIS test

piles. One exception to this trend was the shaft resistance measured within the sandy gravel
socket during maintained compression load testing of Pile D1 at Dagenham where a local
shear streshl ,cin excess of 400 kPa wabserved during the latter stages of loading. The
rough interface created during pile construction most likely led to greater magnitudes of radial
displacement of the sandy gravel particles during dilation, resulting in large increases in radial
stress adailure approached. The data kigure7.9, 7.10 and 7.1Drovide strong evidence

that friction fatigue is a characteristic of DCIS piles and that the radial stiedsesd during

driven installation of the steel tube are not erased upon concreting of the pile. It is therefore
concluded that the shaft resistance of a DCIS in sacdngparableo that of a preformed

displacement pile.
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7.4.3 Base resistance and stiffness

The instrumented pile tests in Chapters 5 and 6 enabled an accurate assessment of the base
resistance of DCIS piles during maintained compression load testing in sand. The measured
base resistances at failuggoipp Of the instrumented DCIS pilesere namalised by their
corresponding average cone resistaqcgg at the base, derived using the Dutch averaging
method described in Sectidh4.5 and plotted againga) average cone resistanggg (b)

base diameteD, and (c) relative densitp, at the pile base ifrigure 7.12(a), (b) and (c)
respectively. The results of the instrumented 430 mm diameter DCIS pile at Le Havre
reported by Everst al.(2003) and the interpreted normalised base resistances of thafile
Kallo (De Beer et al., 197 how, 1997;Xu et al., 2008)re also includedas well as the
database for bored castsitu piles compiled by Gavin et al. (2013) for comparative

purposesilt is apparent that:

1 With the exception of the data for Pile &1 Shotton and Pile R3 at Rytom-
Dunsmore (which are discussed below), no systematic variatigo it/ dc,avg With
average cone resistancgay base diameteDy, or relative densityD, > 40 % is
evident. This observation is in agreement with theestigation of the base resistance
of closedended displacement piles in sand byetal.(2008)

1 The measuredyo.101/0cavg Values show excellent agreement with the normalised base
resistancego.1pt/dc.avg = 0.6 recommended for closetided drivenpiles by the
UWA-05 method(Xu et al., 2008) However, the data points for Pile S1 at Shotton
and Pile R3 at Ryteon-Dunsmore yielded)yo.1p4/0c,avg Fatios in excess of 0.95; such
values are typically observed in jacked pilesyorls discussed in Seoti 6.2.7, the
high ratio at Shottongo.1py/0c.avg @ 1.08) was attributed to increases in soil density
following nearby anchor pile installation, resog in the value of gcayy being
underestimated. Pile R3 at Ryton-Dunsmore exhibited an unexpectedly high base
resistance, despite the installation resistance showing good agreement with the
measured CPT. profile. It was therefore concluded that a dense layes present
beneath the pile which was not encountered by the CPT condu8tadaway.

f The values ofyp0.100/0c.avg @re significantly greater thagy o 1p/0c.avg @ 0.2 typically
reported for traditionaboredcastin-situ pile types in san{lLee and Salgado, 1999;
Lehane, 2008Gavin et al., 20183 However, such an observation is hardly surprising
given that DCIS piles led to significant displacement andspessing of the soil

beneath the base during installation and loading.
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The equivalent linear secant base stiffnEss, of each test pile during loading was back
figured from the measured base resistasisplacement curves using Equation 2.10 and
subsequently normalised by the corresponding Dutch average cone resigtagpdeigure

7.13 shows the resulting variation By, ed0c.avgWith normalised base displacemewDy, for

the instrumented DCIS test piles in Chapters 5 and 6. Based on the comments made in
relation toFigure7.12, the values ofy aqfor Pile D1 at Dagenham, Pile S1 at Shotton and
Pile R3 at Rytoron-Dunsmore were derived from the measured base resistance at failure
Ob,0.10b USING the expressiofc,avg= Ob0.10/0.6 recommended by the UW@6 method.lt is
apparentin Figure 7.13 that the degradation in basiffnessoccurs graduallyor all piles

with increasing normalised displacemewD, during loadingand is therefore in constrast

with the normalised base disptementw,,/D, of 1.5 % advaated by Gavin and Lehane
(2007) for stiffness degradation aflosedended steel displacement pil&@his outcomeis
unsurprising howeveras theclosede nded di spl acement piles in
study were instéed by jacking andhenceexhibited a stifferbase resistanegisplacement
response during loadir(@ue to greater residual loads after eachkifggstroke)in comparison

to driven piles.
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Figure 7.13- Variation in normalised base stiffness with normalised base displacement

Figure 7.14(a) shows the variation in bearing capacity fadtge.1pn backfigured from the
measurd base resistance at failuggy 1ppusing Equation 2.9, with relative densidy derived
using the correlation witly. by Jamiolkowskiet al (2003) The value oD, for Dagenham
was derived using the cone resistaggeat refusal as the average resistance could not be
obtained over a distance of D5above and below the tip. The bearing capacity factor is seen

to increase significantly with relative density, with values in excess of 5D,fer50 %. As
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shown inFigure7.14(b), the bearing capacity factors for the instrumented DCIS piles are also
in keeping with the range o, values reported for closezhded displacement piles Bhow
(1997).
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Figure 7.14 - Comparison of thevariation in bearing capacity factor with relative densityfor (a) DCIS
piles and (b) overall database of closednded piles by Chow (1997)
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7.5 ASSESSMENT OF CPTBASED DESIGN METHODS FOR
ESTIMATING DCIS PILE CAPACITY IN SAND

7.5.1 Introduction

The analysis of the results of the instrumented DCIS pile tests in the previous sections of this
chapter demonstrated that DCIS pileshave in a neadentical manner to preformed
displacement piles in sand during maintained compression loading. It is therefore of interest
to assess the applicability of current GBPased design methods for estimating the tctadft

and base capacitie DCIS piles in sand. To this end, a database of load tests on DCIS piles
(including the instrumented tests in Chapters 5 and 6) has been developed and the
corresponding CPT. profiles used to estimate the total, shaft and base capacities using the
various CPTbasedmethods described in Secti@rb of Chapter 2.

7.5.2 DCIS pile database

In order to assess the applicability of current &R§ed displacement pile desigrethods in
estimating the capacity of DCIS piles in sand, a database of maintained compression load
tests with adjacent CPQ. profiles was assembled. Given the dearth of reported studies of
tests on DCIS piles in the literature, the average quality ofetsts in the database may be
lowerin comparison to other databasesed to develop thecentCPT-based design methods

such as the IGB5 and WA-05 methods (see Secti@b.3for further details).The overall
databaseontains a total 026 pileswhich are subdivided into 17 naxpanded base DCIS

piles andd expandeeb a s e O F r. Detdils 0btheDCIE ansl Franki databases are given

in Table7.3 and Table 7.4 respectively.The bases of all piles were founded in cohesionless
soil, i.e. sand or gwel, and the piles were subjected to maintained compreesidriests.

With the exception of the instrumented tests presented in Chapters 5 and 6, the database
contains only 2 instrumented DCIS pile tests which were reported by &vat$2003) at a
layered site in Le Havre, FrancEhree simplified CPT methods, B, LCPCG82 and Van
Impe-86, were assessed, together with the feeentmethods- Fugro05, ICR05, NGFO5

and UWA05. The LCPE32 method was assessed using the shaft coefficients foDiGith

piles (ategory 1B) and driven closeshded pilesdategory 2A). The CPT at Dagenham met
refusal at a depth corresponding to the base of the test pile (Pile D1), preventing appropriate
averaging of they profile below the base anslasthereforeexcluded during assessment of

method performance in estimating the base and total capacity of the DCIS piles
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Table 7.3 - DCIS pile database with CPT profiles

Site; Pile Ref Shaft Base Length Pile Slenderness  Cone Weighted  Normalised Weighted Relative Instrumented Reference
Diameter  Diameter L Capacity ratio resistance normalised cone relative density
Dy Dy (m) Qt0.10b,m L/Dy at pile cone resistance density at base
(mm) (mm) (kN) base resistance at base along Drp
e tip along shaft Je1n,p shaft (%)
(Mpa) qclN,s Dr,s
(%)
PontarddulaisP1 320 380 8.50 949 25.00 4.13 122.42 37.40 53.44 28.74 \% Section5.2
Shotton S1 320 380 5.75 2214 15.13 21.01 165.67 261.91 65.62 81.50 \Y, Section6.2
DagenhamD1 320 380 7.70 2493 20.26 51.99 254.72 74.96 \Y, Section5.3
Erith; E1 320 380 10.80 2827 28.42 18.31 92.49 274.23 67.89 78.53 3 Appendix D
Erith; E3 320 380 11.10 1879 28.97 24.58 104.07 188.23 63.15 84.02 \% Section5.4
Ryton; R1 320 380 6.00 1622 15.79 15.38 102.13 135.83 42.23 72.62 \% Section6.3
Ryton; R2 320 380 7.00 1578 18.42 20.24 107.99 150.03 51.90 75.94 \% Section6.3
Ryton; R3 320 380 5.50 2276 14.47 13.93 97.91 132.38 45.66 71.45 \Y, Section6.3
Kallo; K5 406 406 9.33 1666 22.98 25.90 141.38 287.33 47.02 80.73 3 De Beeret al.
(21979)
Kallo; K62° 406 406 11.39 4306 28.05 32.60 270.89 319.92 72.48 90.74 3 De Beeret al.
(21979)
Kallo; K7 406 609 9.37 2795 15.39 26.50 149.82 289.92 51.10 81.29 3 De Beeret al.
(21979)
Le Havre A4 430 430 10.50 1673 24.42 10.90 191.23 127.17 74.66 62.33 \Y, Everset al.(2003)
Le Havre; C1 410 430 10.50 1882 24.42 10.90 191.23 127.17 67.20 59.24 V Everset al.(2003)
Ringsend; TP20 425 425 12.50 3275 29.41 12.50 122.82 50.13 57.28 3 Suckling(2003)
FrankiGrundbau; 420 420 26.00 5199 61.90 15.80 396.35 49.96 61.51 3 FrankiGrundbau
FG1 (2013)
Gwizdala; G1 457 650 20.50 4557 31.54 18.69 155.90 52.47 68.62 3 Gwizdala &
Krasinski(2013)
Gdansk Port; GP1 508 620 13.50 4053 21.77 19.00 160.27 59.24 67.87 3 Gwizdala & Dyka
(2002)
Gdansk; GK1 508 560 21.50 6704 38.39 31.50 153.87 75.41 66.62 3 Gwizdala&

Krasinski(2013)

3permanent steel casifgncrease in diameter to 558 mm from 8.3 m to 9.6 m%gktrapolated to 0D, using method by Chifl972)
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Table 7.4 - Franki pile database with CPT profiles

Site; Pile Ref Shaft Base Length Pile Slenderness Cone Weighted Normalised  Weighted Relative  Instrumented Reference
Diameter Diameter L Capacity ratio resistance  normalised cone relative density
Ds Dy (m) Qt0.10bm L/Dy at pile base cone resistance density at base
(mm) (mm) (kN) Oc.ip (MPa) resistance at base along shaft D:p
along shaft Ocanp D:s (%)
qclN,s (%)

Kallo; K1 520 908 9.69 6103 38.39 27.90 156.44 294.22 55.75 82.27 3 De Beeret
al. (1979)

Kallo; K22 323 539 9.71 2697 10.67 28.10 193.88 321.80 59.71 82.44 3 De Beeret
al. (1979)

Kallo; K3 406 615 9.82 3205 18.01 29.20 155.27 317.66 51.12 83.34 3 De Beeret
al. (1979)

Kallo; K42 406 815 9.80 5975 15.97 28.90 126.68 309.78 47.36 83.08 3 De Beeret
al. (1979)

Berlin; P1 420 870 10.00 1828 11.49 3.75 48.76 44.10 36.33 3 Brieke
(1993)

Berlin; P5 500 860 10.00 5659 11.63 3.65 33.93 46.30 29.47 3 Brieke
(1993)

Hamburg; H1 420 850 8.50 5807 10.00 12.60 150.69 51.33 66.23 3 Brieke &
Garbers
(2011)

Ghent; P85 520 800 13.00 5108 16.25 9.13 96.04 71.63 54.48 3 Goosens &
Van Impe
(1991)

Ghent; P585 520 800 13.00 4037 16.25 9.13 96.04 71.63 54.48 3 Goosens &
Van Impe
(1991)

3permanent steel casirtExtrapolated to 0.1Dusing method by Chin (1972)
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7.5.3 Capacity calculation procedures

The following procedures and assumptions were followed when developing the database:

T

The average CP{ profiles for the sitesn Table7.3 andTable7.4 weredigitized at
intervals of 0.1 m or less and spreadsheets were developed to teatbelahaft and

base capacity for each method. No correction was applied at Kallo to account for the
use of a mechanical cone penetrometer.

The depth to the waté¢able was not reported farof the 15 sites, and was therefore
assumed to be at the grouswdkrface. This assumption, in keeping with that made by
others using these sites in databases, leads to ali@wad prediction of capacity for
each method due to the reduction in effective stress along the shaft of the pile.

In general,iy was assumed tbe equivalent ta ‘¢, (33’ in sand 35’ at Rytoron
Dunsmoreand 38 in sandy gravel as mentioned previo)sifhreepiles at Kallo had
permanentlycased steel shafts, and a valudiof 29 was assume@ardine et al.,
2005)for the portions of the pilshafts in sand in the absence of grading data.

The majority of the sites iffable 7.3 and Table 7.4 had a multilayered stratigraphy
comprising soft clay, sand and sandy gravel. Therefore, in order to account for the clay
layers in theecentCPT methods, the peak local shaft frictidein the clay layers was
estimated using the expressith = /35, whereq, is the cone resistance (kPa)
corrected for end effects, based on the procedure by Scheeide(2008) With the
exception of the pile tests Kiallo, nosites had clay layers wdh contributed more

than 50 % of the shaft capacity.

The load tests foll3 piles ceeTable 7.3 and Table 7.4) were terminated prior to
reaching a displacemertorresponding t00.1Dy,, and the results were therefore
extrapolated accordingly using thgperbolic method bZhin (1972).

Six sites had mtiple pile tests and these tests were considered individually, rather
than averaged, due to the relatively limited number of pile tests in the overall database.
However, it is acknowledged that this may introduce some bias into the prediction
performancedr each method.

In order to account for soil layering, the average normalised cone resigtansand
relative densityD, salong the shaft of each pile were weighted in accordance with the

distribution of shaft resistance calculated using the U88Anehod.
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7.5.4 Total capacity

Table7.5 summarizes the resulting ratios of calculated to measured total cafatdy, for

each pile in the databasas well as the predictive performance of each method in terms of the
arithmetic average and coefficient of variation COVQfQn. The predictive performance
was assessed for the overaltatmse, as well as a subset 8ICIS piles which excluded the
expandeebase Franki piles (different method of installation) arfdrther subset of 15 DCIS
piles in whichthe test results atallo (significant clay layer affecting shaft capacitgjhotton
(unrepresentative T profile) and Rytonon-Dunsmore R3 (excessively large base
resistance) were not considered. Graphical representations of the mean awd Q{I¥, of

each method are illustratedkigure7.15 andFigure7.16 respectively.

The following observations of predictive performance of the CPT methods were made:

1. The mean value dD/Qn, varied widely with CPT method. The RC-82-1B method
gave the most conservative estimate, VifQm = 0.71, while the Fugred5 method
estimate of DCIS total capacity was the least conservaliy®g = 1.22.

2. The NGIO5 method provided the best estimate of capacity, with a mean value of
QJ/Qm=1.04and a COV =34%. The ICR05 and UWAO5 methods had me&/Qn
values 0f0.81 and 0.87 respectively, which are slightly conservative, although the
COVs (= 31 %) were slightly greater in comparisowith the similar study of
predictive performance for preformed displacement piles using advanced CPT
methods by Schneidet al.(2008).

3. The Van Impe86 method had a COV ofl % which indicates poor predictive
performance.

4. Interestingly, mproved estimas of DCIS capacity were obtained for the LG8
method when thetandarddriven pile shaft coefficients (category 2A) were selected
(QJ/Qm = 0.86 instead of the DCIS coefficients (category 1B) for calculating shaft
resistance@J/Qm = 0.71).

5. Excluding he results of th&hotton S1, Ryton RXallo and the Franki pile database
led to improved estimates of me&@yQ,, and COV for the ER7 and Van Imp&6
methods. However, the mean value@fQ, for the LCPCG82-1B method (i.e. DCIS
coefficients) reduced &m 0.71 to 0.66 The ICR05 andUWA-05 methodgprovided

improved predictions while the N&I5 became unconservativ@y(Qm = 1.18.
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Table 7.5 - Statistical performance of CPTbased design methods in estimating DCIS pile total capacity

Qc/Qm

Site; Pile ref EF Fugro ICP LCPC LCPC NGI UWA  Van Impe

-97 -05 -05 -82 -82- -05 -05 -86

-1B 2A

Pontarddulais; P1 1.15 091 054 0.48 0.71 0.50 0.55 0.60
Shotton; S1 0.70 0.97 0.76 0.58 0.68 0.65 0.70 0.64
Erith; E1 0.69 0.74 0.61 0.45 0.51 0.74 0.56 0.68
Erith; E3 0.94 1.25 1.08 0.82 0.91 1.05 0.97 1.22
Ryton; R1 1.17 1.31 0.99 0.60 0.80 1.00 1.02 0.99
Ryton; R2 1.22 149 1.18 0.73 0.96 1.25 1.12 1.25
Ryton; R3 0.82 0.89 0.64 0.38 0.51 0.65 0.71 0.62
Kallo; K1 0.56 153 0.84 1.07 1.10 1.17 1.05 0.50
Kallo; K22 0.67 1.36 0.99 0.91 0.96 0.96 0.77 0.84
Kallo; K3 0.73 1.53 1.07 1.06 1.11 1.18 1.18 0.58
Kallo; K4* 0.48 1.31 0.79 0.92 0.95 1.02 1.20 0.41
Kallo; K5 1.00 143 111 0.88 0.97 1.04 1.02 0.89
Kallo; K6*° 1.01 0.88 0.66 0.48 0.58 0.76 0.65 0.85
Kallo; K7 0.76 1.61 1.10 1.06 1.12 1.16 0.60 0.66
Le Havre; A4 1.20 1.60 1.17 0.83 1.21 151 1.05 151
Le Havre; C1 1.04 1.37 1.01 0.72 1.04 1.30 0.85 1.32
Ringsend; TP20 0.44 0.73 054 0.41 0.59 0.71 1.23 0.55
FrankiGrundbau; FG1 0.74 0.69 0.61 0.43 0.61 1.20 1.13 0.50
Gwizdala; G1 0.99 143 1.13 1.02 1.33 1.96 1.07 0.78
Gdansk Port; GP1 0.76 1.28 0.79 0.68 0.87 1.24 1.16 1.07
GdanskGK1 0.78 1.02 0.93 0.72 0.99 1.66 0.97 1.07
Berlin; P1 1.22 223 0.72 0.99 1.19 1.20 0.87 0.95
Berlin; P5 0.36 0.58 0.19 0.23 0.29 0.35 0.22 0.24
Hamburg; H1 0.37 1.06 0.46 0.52 0.56 0.74 0.51 0.42
Ghent; P85 1.04 1.06 0.51 0.64 0.79 0.86 0.68 1.15
Ghent; P585 1.32 1.34 0.64 0.81 1.00 1.09 0.86 1.46
All sites
No. of piles,n 26 26 26 26 26 26 26 26
AverageQ/Qn, 0.85 122 081 0.71 0.86 1.04 0.87 0.84
cov 0.33 0.30 0.32 0.34 0.30 0.34 0.30 0.41
Excluding Franki piles
No. of piles n 17 17 17 17 17 17 17 17
AverageQy/Qn 0.91 1.15 0.87 0.66 0.85 1.08 0.90 0.89
cov 0.24 0.27 0.27 0.32 0.29 0.36 0.26 0.34
Excluding Shotton S, Ryton R3,Franki piles and Kallo
No. of piles,n 15 15 15 15 15 15 15 15
AverageQJ/Qnm 0.93 1.15 0.88 0.66 0.88 1.18 0.90 0.96
cov 0.26 0.29 0.27 0.32 0.29 0.30 0.26 0.34

While the results inTable 7.5 provide the practitioner with guidance in selecting an
appropriate CP-based design method for estimating DCIS total pile capacity in sand, they do
not imply that the shaft and base capasitiave been estimated correctly as compensating
errors are possible. The performance of the seven CPT methods in predicting the shaft and
base capacity of DCIS piles separately is therefore examined in the following sections using
those DCIS piles iTable7.3 andTable7.4 that were instrumented.
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Figure 7.15- Mean total capacity ratio for CPT methods
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Figure 7.16 - Coefficient of variation in mean total capacity ratio for CPT methods
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7.5.5 Shaft capacity

The database for assessing the performance of theb@$eld methods in estimating the shaft
resistance of DCIS piles was hampered by the dearth of instrumented tests in which the shaft
resistance was measured with an acceptable degree of accuracy. rHflepdealatabase was
therefore reduced to a total of 13 piles (including the six instrumented piles from Chapters 5
and 6) which in turn was subdivided into 9 DCIS piles and 4 Franki piles. The inclusion of the
DCIS pile tests at Kallo by De Beet al.(1979) in the database is somewhat questionable
given the relatively large clay layer along the shaft of the test .plHeEsvever, the base
resistance was considered to be interpreted to a high degree of accuracy by Chow (1997),
assuming a minimal transfef load in the soft clay layer (see De Beg¢ral. 1979 for more

details regarding the site conditions).

The statistical performance of the seven CPT methods is summari$adl@’.6, with the
mean and COV of mean shaft capacity r&i/Qsm illustrated inFigure 7.17 and Figure

7.18respectively. The following is noteworthy:

1 The LCPG82-2A, ICP-05 and Van Imp&6 methods provide the best estimates of
shaft capacity, with mean shaft capacityias Qsc/Qsm of 0.96, 0.98 and 1.04
respectively. However, the coefficients of variation (COV) for these methods range
from 26 % to41 %, indicating considerable variability.

1 The Fugre05 method is highly unconservative, with a méggQs »=1.62and COV
= 49 %. Overpredictions were also evident for the NG and UWAO5 methods,
albeit somewhat les€¥/Qsma 1.271 1.48 in comparison tahe Fugra05 method.

The use of the DCIS shaft coefficients (i.e. category 1B) for the L8P @ethod
resuts in considerable undgrediction of shaft capacity, witQs/Qs m= 0.60

1 Excluding the Franki piles (due to differences in construction technique) results in an
improvement in the meaQs/Qsm from 1.27to 1.05for the NGFO5 method, while
the Fugo-05 method remains unconservative with a m@ayQs m of 1.32 The COV
of the LCPG82-2A is superior & 23 %) in comparison to the other methods.

1 The exclusion of Pile S1 at Shotton (due to a potentially unrepresentativegCPT
profile) and Kallo piles(due to the soft clay layersjesulted ina significant
improvement in prediction performance for the UWB method, resulting in a mean
Qs/Qsmof 0.94 with a COV = 36 %.
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