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PREFACE

In the past, as a graduate geotechnical engine&s mainly responsible for pile testing.
During the collaboration with my colleague PhD Azejr Stabek from
Professor Kazimierz Gwizdata’s research group,Jehaoticed that conventional pile
head-down static loading tests provide very limitédrmation. Therefore, | have started
investigating the state-of-the-art in the instrutaéion of piles. | have found fibre optic
systems as a very promising tool to facilitate rbyeotive. In the first trials, conducted
with my colleague PhD Arkadiusz Grzywa, we useckeFBragg Grating (FBG) sensors
and they were partly successful. One trial, conghjainsuccessful at that time, employed
distributed fibre optic sensing (DFOS) technoldgdgwever, it was the DFOS technology
which brought to my attention.

Among many e-mails | have sent to the universiiad companies around Europe,
Dr. Kenny Kataoka Sgrensen replied and organizedeating with Per Grud. This
research project started from the meeting on ar@ajuat the Burger King restaurant in
Aabenraa.

| am grateful to the persons mentioned above.
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ABSTRACT

When piles are installed through soft, subsidindgssa drag force is developed in the
piles. The consolidation induced by e.g. lowerihthe groundwater table or placing the
fill around the piles causes settlements and thhetative movement between the pile and
the soil. As a consequence, negative skin frictlewelops in the upper part of the pile,
which is resisted by positive shaft resistancehim lbwer part of the pile and the toe
resistance. This phenomenon should be considertde idesign of pile foundations.

Previous studies on the development of negativan $kction have mainly been
performed on driven piles installed in marine cl8yiven piles installed in gyttja, a
typical of Denmark, have received little attenti@Qmunsequently, there is still insufficient
documentation for the effect of bitumen coatingaducing the shear force between the
pile and the soil in such ground conditions. Adxfially, all the test piles in the reported
studies were instrumented with spot sensors giinf@gmation only at discrete points.
Therefore, the full distribution of strain alongethiles was not possible to obtain.

The present thesis investigates the soil-pile atgon in soft, subsiding soils using a
distributed fibre optic sensing system, which pded a high spatial resolution. The
development of and the controlling factors behiedative skin friction along uncoated
and bitumen coated piles were of special focusséwbjectives were obtained through
a program of full-scale field tests, supplementgdaiboratory soil-pile interface shear
tests.

This PhD study has shown that the development aaghitude of negative skin friction

was a function of effective stress and settlem&he soil-pile interface type had an
impact on the magnitude of the shear stress in tutitlscale and laboratory tests. The
bitumen coating significantly reduced negative dkiction and its efficiency is related

to the shearing rate. Finally, driven piles casiecessfully instrumented with distributed
fibre optic sensors providing continuous distribatof strain along piles.
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RESUME

Nar peele nedseettes i blgde, indsynkende jordlagnvireekkraft udvikle sig i paelen.
Konsolidering, fremkaldt ved f.eks. seenkningen raingvandsspejlet eller anvendelsen
af sedimentfyld omkring peelene, medfgrer seetninghegned en relativ beveegelse
mellem peelen og jorden. Som en konsekvens deranvihegativ overflademodstand
udvikle sig i den gverste del af paelen, hvilket mdakr den positive overfaldemodstand
fra den nederste del af paelen samt spidsmodstaDeéane mekanisme bgr medregnes i
designet af pselefundamenter.

Tidligere studier omkring udviklingen af negativerfaldemodstand er hovedsageligt
foretaget med rammede peele nedsat i marint lerhBreveeret mindre fokus pa rammede
paele nedsat i gytje; en karakteristisk litholoBianmark. Som falge deraf, er der stadig
begreenset dokumentation for effekten af bitumenipalag ift. at reducere
forskydningsstyrken mellem paelen og jorden unddasée jordforhold. Derudover er
alle paelene i det rapporterede studie udstyret seadorer, som giver information fra
enkelte punkter langs peelen. Det giver derfor ildet samlede billede af hele
belastningen langs peelen.

Neerveerende studie undersgger sammenspillet meleden og peelen i blade,
indsynkende jordlag ved anvendelse af et systdihexbptiske sensorer, hvorved en hgj
spatial oplgselighed opnas. Udviklingen af, og detiollerede bagvedliggende faktorer
for, en negativ overflademodstand langs peele hied og uden bitumenbelaegning anses
som studiets hovedfokus. Denne malseaetning blev etpg&nnem gennemgaende
feltarbejde, suppleret med laboratorieforsgg, lyreznsefladen mellem jorden og peelen
testes mht. forskydningsstyrke.

Dette ph.d.-studie har demonstreret, at udviklinggn omfanget af den negative
overflademodstand er en funktion af det effektitess og indsynkningen. Typen af
interaktion mellem peelen og jorden viste sig at ehamdflydelse pa graden af
forskydningsstyrke; bade i felten og ved laboratfmris@g. Bitumenbelaegningen viste sig
ligeledes at reducere den negative overfaldemoddbatydeligt, og effektiviteten er
relateret til forskydningsraten. Endeligt kan randeg@aele udstyres med et system af
fiberoptiske sensorer og med succes opna kontiguierdeling af belastningen langs
paelen.
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CHAPTER 1

INTRODUCTION

The design of piled foundations in soft, subsidsongs is a complex soil-pile interaction
problem. As presented in Figure 1, soil settlemeilitdevelop negative skin friction
along the upper length of a pile and positive stesdistance along the lower length. At a
depth called “neutral plane”, a force equilibriuxists between the sum of the sustained
load on the pile plus the force accumulated dusetgative skin friction (drag force) and
the sum of the positive shaft resistance and thalised toe resistance. The neutral plane
is also the settlement equilibrium between the aild the soil, i.e. there is no relative
movement. A transition zone develops above andwb#ie neutral plane, at which the
unit shaft resistance changes from a negativeposéive direction of shaft resistance.
The length of the transition zone depends on tlagive movement between the pile and
the soil (Fellenius 2020).

M_M AXIAL FORCE SETTLEMENT

Negative skin

friction Soil settlement

DEPTH
DEPTH

”””””””””” - [ 4 0] § [

Positive shaft

resistance Pile settlement

¢
¢
¢
¢
|
|

ATA v

Toe resistance

Figure 1. Soil-pile interaction in soft soils (aramept without the sustained load)




The magnitude of negative skin friction can be gs@dl using either a total or an effective
stress method. The total stress method appliesipirieal coefficientg, to the undrained
shear strength of the soil, (Tomlinson 1957), and the negative skin frictican doe
calculated according to the following equation:

Oh=oa C (1)

The effective stress method applies an empiriaafifimient, B, to the effective overburden
stress (Burland 1973), and the negative skin énictan be calculated using the equation:

qnzﬁ'U’sz'tang'O"v (2)

whereK is the earth pressure coefficient, ang the effective angle of friction between
the remoulded clay due to installation and the. dilee author assumed that the failure
takes place in the remoulded soil, so the interéangge of frictiond, can be taken as the
remoulded effective angle of friction of the sasl, Additionally, the earth pressure
coefficient, K, after driving the pile, can be gieyathan the earth pressure coefficient at
rest, Ko; therefore assuming K equal to Will provide lower values of unit shaft
resistance.

Both coefficients depend on the soil and the pifeet For soft soils, Tomlinson (1957)
proposed the value of coefficient close to 1.0, and Burland (1973) prsgubthe value
of B coefficient equal to 0.25 (as the upper limit).

According to Terzaghi et al. (1996) the locatiortloé neutral plane can be assumed at
the depth of the bearing stratum. For loaded emdibg piles, Tomlinson (2008)
proposed the location of the neutral plane at #ptdof 0.9 H from the ground surface,
where H is the thickness of fill or compressiblé.so

The development and understanding of the contgphivechanism behind negative skin
friction on piles has interested many in the pasftannessen and Bjerrum (1965) reported
the results from a full-scale field test setup stigating negative skin friction on 55 m
long, 470 mm diameter steel piles driven througlofamarine clay to rock. The placing
of a 10 m thick fill caused about 1.2 m consolidiatof the clay. The piles, instrumented
with telltales, were monitored for 2 years and ereed shortening due to drag force.
The authors concluded that negative skin frictelikiely to be governed by the effective
stress distribution, and that the ultimate betdafanent for soft marine clay is about 0.2.

Unfortunately, telltales can provide strain datby@fter driving. Therefore, the influence
of pile installation was not defined. Fellenius 719 2006) established a full-scale test
setup consisted of two 55 m long, 300 mm diametecast concrete, hexagonal cross
section piles driven through 40 m of sensitive malay into a 15 m thick layer of silty
sand. The piles were instrumented with load-céllénius and Haagen 1969), which
provided the effects of the pile installation (Eeius and Broms 1969). The soil-pile
interaction was studied during the reconsolidatibthe soil after driving, after adding a
load to the pile head and after placing a 2 m fiilgHVonitoring of the site has last for




more than 14 years. The beta coefficient obtainedis study for soft marine clay ranged
from 0.14 to 0.18.

Endo et al. (1969) investigated negative skin ifsitton four 43 m long (two inclined)
and one 31 m long, strain gauge instrumented, dlasd open-ended steel piles installed
in silty sand and silt. In order to minimize thegp effect, the spacing between the test
piles was about 10 m. Negative skin friction depeld due to pumping of water from the
sand below 43 m depth. The test site was monittmediore than 2 years. During the
observations, the location of the neutral plane edowpwards with time and fell within

a range from 0.73 to 0.78 of the pile embedmenhéncompressible soil. The authors
reported that the values of the alfa and beta woerft were 0.5 and 0.2-0.35,
respectively. The study concluded that the devetayrof negative skin friction was not
related to the decreasing rate of relative moverhetween the soil and the pile.

Walker and Darvall (1973) presented results frothdcale field tests performed on two
760 mm steel piles installed through silty sandodépd on stiff silty clay followed by
sandy silt on top of dense sand and gravel. Ontbeopiles was bitumen coated. Soil
settlement was induced by placing a 3 m highTitle test piles were instrumented with
strain gauges. The placement of the fill causethiéial increase in pore water pressure
by about 25 kPa and the remain stable during tha&torang period of about 230 days. It
was concluded that the development of negative 8lgtion is a function of ground
settlement.

Bozozuk (1972) documented negative skin frictionao89 m long, 300 mm diameter,
telltale instrumented steel pile installed througiarine clay. The development of
negative skin friction caused by the placement 6fma high fill was monitored during

5 years. The author concluded, that the unit stesfistance is comparable with the
remoulded strength when large relative movemerniden a pile and a soil), and excess
pore water pressure occur. In contrast, the uriftglesistance approaches the drained
strength, if the relative movement is small andessgore water pressure has dissipated.
The author carried out a static loading test orstimee pile 10 years later (Bozozuk 1981)
and demonstrated the change from the negativepwsdive direction of shear in the
upper part of the pile. The author concluded, éhaite subjected to negative skin friction
can carry a transient load up to twice the mageitoicthe long-term drag force.

Indraratna et al (1992) compared the results ofatmeg skin friction from long-term
measurements and short-term pullout tests (quickitained loading test) on precast
concrete driven piles installed in soft clay. Ofi¢he test piles was bitumen coated. The
piles were instrumented with load cells and te#alThe long-term behaviour of the test
piles was investigated for a period of 9 monthsatddging a 2 m high fill. The authors
have found that both alfa and beta coefficientsaioled from short- and long-term
measurements are in general agreement. The asthwiided that negative skin friction
Is a function of relative displacement betweengite and the soil.

The magnitude of negative skin friction can be medlby e.g. electroosmosis or coating
the pile with bitumen. Bozozuk and Labrecque (19é9prted the use of electroosmosis




on an 82 m long steel pile filled with concretetatied in marine clay to temporarily
neutralize the shaft resistance. Unfortunately, élu¢hors could not determine the
effectiveness of the method, because the pore we#esure gauges were damaged prior
to the experiment. However, negative skin frictioas started to build up immediately
after the application of electroosmosis. In corfrdee bitumen coating is considered the
most suitable method for reducing negative skirtibh. Several laboratory tests
(Fellenius 1970, Baligh 1978, Khare and Gandhi 2088d full-scale field tests
(Bjerrum et al. 1969, Walker and Darvall 1973, Céerte 1981, Indraratna et al. 1992)
have been carried out to investigate the effediitnimen on the development of shear
stress. In the reported full-scale tests, the b@uwoating reduced negative skin friction
from 30 to more than 90 % (comparing to the urdgifstesistance on the similar uncoated
pile). The lower values were obtained during shemt pullout tests conducted at
different time (and ground temperature) of a yé#ut¢hinson and Jensen 1968). The
findings from full-scale tests were in agreementhwiaboratory tests, that the
effectiveness of bitumen coating mainly dependssbearing rate, temperature and
thickness of the bitumen coating layer.

The distributed fibre optic sensing (DFOS) techggltias previously been applied to
monitor geotechnical structures such as: tunnelsh@vhad et al. 2010), slopesotNer

et al. 2008), pipelines (Inaudi and Glisic, 2010 éored piles (Klar et al. 2006,
Pelecanos et al. 2018, Kechavarzi et al. 2019)sd@studies employed Brillouin-based
DFOS interrogators. So far, however, little attenthas been paid to the use of Rayleigh-
based DFOS systems in piles (Monsberger et al.,ZBd&an et al. 2018). No research
has been found that investigated the developmenhegfative skin friction using
distributed fibre optic sensing technology.

1.1. OBJECTIVES

The overall objective of this PhD project was tteexi the current knowledge of the soil-
pile interaction in soft, subsiding soil. The olijees were formulated as follows:

- to investigate how various ground conditions ané paaterials influence the
soil-pile interaction in soft, subsiding soils.

- toinvestigate and document the effect of bitumeestiog on the development of
shear forces along piles.

- to investigate the application of distributed film@gic sensors for determining the
strain and stress distribution in piles.

- to make general guidelines and recommendationsderin the design of piled
foundations.




1.2. OUTLINE OF THE THESIS

This dissertation is formed as a paper-based thisiscludes a number of scientific
manuscripts or papers in different stages of cotigpi@s outlined in List of Publications.
There are three manuscripts prepared for a jowsulamission and four manuscripts
prepared for conference proceedings. Journal papéas been published in the
Geotechnical Engineering Journal of the SEAGS aG&BEA on March 2020. Journal
paper 2 has been submitted to the ISSMGE Intemmatiournal of Geoengineering Case
Histories on December 2019 and it is currently (@ha2020) under re-review. Journal
paper 3 is planned for a journal submission. Camfee paper 1 and 2 have been
published in the conference proceedings. Conferpaper 3 and 4 have been written
with the purpose of submitting them to thé®fanadian Geotechnical Conference held
in Calgary, Canada on September 13 — 16, 2020albseact of Conference paper 3 and
4 has been accepted by the conference committEelmuary 15, 2020.

The main body of this thesis is divided into 8 dleap

Chapter 1 presents the theoretical background efptioject, lists the objectives and
provides the outline of the thesis.

Chapter 2 focuses on the application of the digtei fibre optic sensing system used in
this study, describes its components and instatiathethods of distributed fibre optic

cables in piles. Furthermore, it presents methddeearded data interpretation and
comparison between conventional strain sensordhandistributed fibre optic sensors.

Journal paper 1 and Conference paper 1 are inteaduc

Chapter 3 presents the step-by-step analysis oethdts obtained from an instrumented
static loading test. It highlights the effects lo¢ testing programme on the strain records
and further data interpretation. Finally, it propsshe pile load-transfer functions for the
shaft and toe resistance of the tested pile. Jopageer 2 is introduced.

Chapter 4 investigates the shear stress betweesa@bsamples collected from one of
the test sites and various pile materials. Thecefiéthe interface type and the shearing
rate is studied. The influence of bitumen cotingloedevelopment of the shear stress is
elaborated. Conference paper 4 is introduced.

Chapter 5 presents the results obtained from thesdale test setups established on
construction sites during this PhD project. Théunce of pile installation method and

construction activities, causing lateral and valtisoil movement, on the strain

measurements along the piles are discussed. Conéepaper 2 and 3 are introduced.

Chapter 6 analyses the results of the third fudlesdest setup established during the
project. The test site, within a certain area, w@lely used for research purposes. The
development of unit shaft resistance along uncoatetlbitumen-coated driven piles is

presented and discussed. The full-scale resultsuggorted with the obtained laboratory

data. Journal paper 3 is introduced.




Chapter 7 provides general conclusions drawn frieenlaboratory and full-scale tests
carried out in the present study.

Chapter 8 gives recommendations for further rebeaark based on the outcome of this
PhD project.




CHAPTER 2

APPLICATION OF DISTRIBUTED FIBRE OPTIC
SENSORS IN PILES

2.1. Introduction

The first research questions were: the choicerefevant distributed fibre optic sensing
system for the objective PhD project, its applmatin piles and agreement with
conventional strain monitoring system. The desimipbf the chosen DFOS system, its
application in piles and some lessons learnt aesgmted in Journal Paper 1. The
agreement between the chosen DFOS system and tlventmnal strain monitoring
system is presented in Conference Paper 1.

A DFOS system is composed of two main element#ara bptic spectrum analyser and
a fibre optic cable. Among the available DFOS asaly, two main types were considered
in this PhD project: Brillouin- and Rayleigh-basegstems. The Brillouin-based
analysers are widely used to monitor civil and gebhical engineering structures
(Kechavarzi et al. 2016, Ravet et al. 2017). Howetee Rayleigh-based analysers have
received little attention (Monsberger et al. 20T6)e main practical difference between
those two analysers are: the sensing range argp#t&l resolution. The sensing range
of Brillouin analysers is typically from 50 to 1&@n and the spatial resolution is typically
about 0.5 m. In contrast, the Rayleigh analysergeimeral have a sensing range of 20-
80 m (can be up to 2 km divided into 80 m secti@rg) the spatial resolution of a few
millimetres. The precision and repeatability oflbeystems are comparable according to
the data sheets. As sensors i.e. fibre optic cabées fibres or specially designed cables
can be used. An example of a bare fibre is predent€igure 2 and an example of a fibre
optic strain cable is shown in Figure 3.

It should be noted that the PhD student preparethalDFOS sensors from several
components by himself for the purpose of this Phdjgut.

5 mm
e

<«

Cladding; 125 um . Coating; 25D um i

An S

Figure 2. An example of a barefibre.
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Figure 3. An example of a strain cable.

The installation of DFOS in various structures basn described in detail by Kechavarzi
et al. (2016). Even though it is well describeduacessful installation of fragile DFOS
sensors in a structure, as presented in Figured2Fagure 3, is a challenging task.
Additionally, the DFOS systems are based on lighttsring, which is sensitive to any
micro- and macrobends. These distortions, togetliter contaminated connectors and
unnecessary splices, cause an optical power lodsatiact the performance of the
monitoring system

In general, the test piles in the objective projeetre instrumented with two strain
monitoring systems. The DFOS system was considesdde main system for strain and
temperature data. Vibrating wire strain gauges (MMéye used as a backup system.
However, in some cases it was difficult to inskalth systems. Therefore, the agreement
between the two systems needed to be investigated.

2.2. Assessment of the applied methodologies

The Rayleigh-based analyser has been chosen bagked literature review, preliminary
experiments conducted at Aarhus University, NorameguUniversity of Science and
Technology and Centrum Peele A/S and research aistambridge University and NBG
Fiber Optics using both DFOS systems during thst fiear of the PhD study. The main
parameter in the decision-making process was fijle $patial resolution. It allowed to
obtain extremely dense distribution of strain ardperature data points. During the first
full-scale use of the chosen DFOS system (durimgstiatic loading test), the analyser
could not identify most of the connected DFOS senddentifying the connected sensor
was crucial for long-term monitoring. This issuesvemlved afterwards by re-keying the
sensor and enabled long-term measurements.

The BRUsens V9 strain cable and the BRUsens termyer85°C cable have been used
in the objective PhD project. The selection of EH€OS cables was done similarly to the
choice of the analyser. The treatment of the choables to make a sensor (i.e. stripping
and splicing the connectors) was relatively simplee performance of the strain cable
was satisfying. In contrast, the performance oftdmperature cable installed in driven
steel and precast concrete piles was poor. Therefowas not possible to use the
temperature data from these cables to thermallgcbthe strain data.




A preliminary, DFOS instrumented, steel and precastrete driven test pile was tested
at Per Aarsleff's workshop yard in Hasselager. Tisgrumentation survived harsh
driving conditions and confirmed the proposed iltastian method. The instrumentation
of the main test piles (both driven and bored) =ted of at least a pair of opposite
mounted gauges. In most cases, the DFOS systersuppserted with the traditional VW
gauges. Such instrumentation layout was appropsatee all the test piles during short-
and long-term monitoring experienced bending. Adddlly, the temperature data
obtained from the VW gauges were used for the thkoorrection of the strain DFOS
data.

The agreement between the two monitoring systensstested in the field during the
static loading test. It would be beneficial to dhebe agreement in more controlled
laboratory conditions.

2.3. Summary of the results

The chosen Rayleigh-based DFOS system successfpilyvided long-term
measurements of strain and temperature distributidh a few millimetres spatial
resolution. It was revealed that the chosen tentperdFOS cable installed in driven
piles experienced mechanical strain and could aatded for the temperature correction
of the strain data.

The DFOS sensors can be successfully installediadoand driven piles. At least one
pair of opposite mounted strain DFOS sensors isleteéo provide useful information
about the soil-pile interaction. The installatidrstrain DFOS cables on the side surfaces
of precast concrete driven piles is prone to cdeareacks due to driving.

The strain measurements obtained from the DFOShen®¥W gauges during the static
loading test were in agreement.

2.4. Critical review

For this PhD project the most state-of-the-art DF@falyser has been chosen. The
selection of it should be based not only on literatreview, research visits and some
preliminary experiments, but based on preliminauii-$cale tests, similar to those
considered during the objective project.

During the preliminary full-scale tests at Hasseta@ more scattered strain distribution
along precast concrete than steel pile was notedever, at that time, the origin of it was
not recognized. The issue with the temperature DE&I#e was also not recognized.
These results should be in-depth analysed, and poenautions implemented to the main
test piles.
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The documented existence of cracks on the sidegrexfast concrete driven piles,
questions the results obtained from the instrunteptecast concrete piles with strain
sensors (especially spot sensors) placed closetside surfaces of the pile.

In this PhD project, standard values of strain tardperature conversion coefficients
were used. Both strain and temperature DFOS catblesld be calibrated, and the
obtained actual coefficients should be used duhegneasurements.

The findings from the preparation and full-scalgtatiation of the DFOS sensors in piles
were used during the PhD student’s co-operatioh avinhanufacturer in the field of fibre
optic telecommunication and resulted in manufaotudf the entire DFOS sensors. Such
DFOS sensors were successfully used by a furthdrsinal PhD student at Aarhus
University.

2.5. PhD student’s contribution

The PhD student’s contribution to Conference Pagacludes preparation of the DFOS
sensors, instrumentation of the test pile, collectilata from the VW and the DFOS
sensors, analysing the data and writing the pagepé¢rtional contribution).

The PhD student contributed to Journal Paper henrésearch and writing phase in a
major way. All the presented data in the paper vobtained and analysed from the test
sites prepared by the PhD student.
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A Static Pile Load Test on a Bored Pile Instrumdnteith
Distributed Fibre Optic Sensors

Jakub Kania
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SUMMARY: This paper presents a case study of acspae load test on an instrumented 630 mm
diameter cased CFA pile installed in sand at a Isitated in Viborg, Denmark. The test was
conducted to obtain the load-movement relationghip distribution of strain and stresses along the
pile and to compare the readings from conventistrain gauges and distributed fibre optic sensors
for measuring internal pile strains. For this pu@othe pile was instrumented with vibrating wire
sister bar strain gages in addition to fibre optrain and temperature cables along the full lenfjth
the pile. The pile was loaded incrementally atpghe head in two loading cycles. It was found that
the distributed fibre optic sensors gave strainsueament in good agreement with those obtained
from conventional strain gauges and that they cawmige detailed information of stress and strain
distribution along the full length of a pile.

KEYWORDS: static pile load test, bored pile, fighdtrumentation, distributed fibre optic sensing

1 INTRODUCTION

One of the most reliable test to assess a boredcppacity is a static pile load test. Unfortunatel
during the test only the movement of a pile hedojesited to a given load is measured. More
comprehensive results can be obtained with dedicpile instrumentation. Traditionally, bored
concrete piles have been instrumented with simelkakes to achieve a measurement of pile
deformation relative to the pile head (Dunnicl®93) or in recent decades more commonly with
spot measurement using vibrating wire (or eledirieanbedded or sister bar strain gauges
(Dunnicliff, 1993, Fellenius, 2002, Siegel and Mii@iay, 2009). The typical gauge length of single
point strain gauges range from around 50 mm to @60 Recent developments in the field of
distributed fibre optic sensors have shown theipoisg of implementing low cost distributed fibre
optic sensors in civil engineering for obtainingtniresolution strain measurements in structures.
While the majority of reported studies are basetheasurements from distributed fiber optic sensors
taken using interrogators based on Brillouin sciae(Kechavarzi et al., 2016, Mohamad et al.,
2017), only a small number of studies have sodau$ed on the application of interrogators based
on Rayleigh back scattering (Monsberger et al. 620Using Rayleigh back scattering it is possible
to obtain practically continuous high resolutiortadaf strain and temperature inside a pile with a
spatial resolution of only a few millimetres, whilbe spatial resolution is around 0.5 m using
Brillouin scattering. The use of distributed fiboptic sensing in connection to pile testing as



compared to spot measurements makes is possilalehteve a previously unseen high degree of
detail and increased reliability in the strain measment and hence a much greater insight into the
development and distribution of shaft resistance.

The purpose of this paper is to compare the streeasurements obtained from obtained from
Vibrating Wire Strain Gauges (VWSG) and Distributédbre Optic Sensors (DFOS) based on
Rayleigh back scattering, and to document the 688-@S for strain measurements in a bored pile.

The paper firstly gives details of the test sbaditions and the instrumentation of the pile. The
presentation and discussion of results will focuastlwe correlation between spot and distributed
sensors and the distribution of strains in the gitess section and over the full length of the.pile

2 MATERIALS AND METHODS
2.1 Site conditions

The static pile load test was carried out at a ttaoson site in Viborg, Denmark. The test pile has
the same dimensions as the production piles whare wesigned to support a 6-storey building with
parking basement at the lower level.

The boring and CPT profile nearest to the testipidlicate a soil profile consisting of 3.8 m sandy
clay fill underlain by a 1.2 m thick layer of butisoft organic sandy clayey top soil on top of swrt
late glacial meltwater sand, cf. Figure 1 The matew sand continues well below the pile toe and
increases in coarseness with depth. Based on thsumegl cone resistance,flijpm CPT testing, the
sand can be classified as medium to very densegithedwater table is located at level 19 m ASL
(above mean sea level) around 2.7 m above thef tihe test pile.

. VWSG levels
Measured Cone Resistance qc [MPa] DFOS 40,00m=29.15m ASL
0 4 8 12 16 20 24 28 32 36 steel tube L=1m ,00m=29,15m
+28,8m ; 7: 77777777
[l +0,35m=28,80m ASL
I a——————
2 Sandy clay fill \ +1,35m=27,80m ASL
=19 [kN/m?] \
|
4 +25,0m : }
Top soi
ﬁ; H23.8m 17 (kN/m?] |
| +6,15m=23,00m ASL
6 —_— - ~——=--- - - -

Sand
y/y'=18/10 [kN/m*] 49,75m=19,40m ASL

_ . N _— - - - - - — _
10 v+18,8m J‘
|
12 w ‘I +12,30m=16,85m ASL
+16,3m . S oo

12,85m=16,30m ASL

Figure 1. Soil profile and the test pile.
2.2 Testpile
An instrumented, 630 mm diameter, 12,5 m long,d&¥eA pile was drilled from a working platform

at 28,80 m ASL. The pile head and toe level wa$2® ASL and 16,30 m ASL as shown in Figure
1. C35/45 class of concrete was used for the tstThe 470 mm outer diameter reinforcing cage
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consisted of twelve 20 mm diameter main reinfordags and 12 mm diameter spiral reinforcement
with 150 mm spacing. The bottom 1 m long sectiothefreinforcing cage was narrowed down to
320 mm diameter using an additional six 20 mm diaméd..8 m long main reinforcing bars at the

bottom end. The reinforcing cage had additiondlesting rings every 970 mm consisting of 6x60

mm flat bar.

DFOS - 501 DFOS-TO1

VWSG —line 1

DFOS - S02
DFOS - S04

@A470mm .} ,

DFOS-TO02 DFOS - 803 '

Figure 2. Cross-section of the reinforcement céngeving instrumentation.

Figure 2 shows a photo and illustration of thessrsection of the test pile. As shown in Figure 2
the test pile was instrumented with four linestodig and two lines of temperature distributeddibr
optic sensors (DFOS). A BRUsens V9 strain cablBR&Jsens temperature cable and a standard
loose tube gel-filled fibre optical cable (tempearatsensor) was used in this case study. The fibre
optical sensing cables were fixed to the main cgo@ment bars from the pile head to the pile toe.
All of strain distributed optical fibre sensing ¢edwere pre-strained to about @8cf. Figure 3).
Temperature sensing cables were attached on diaalgtopposite sides alongside the strain cables
as presented in Figure 2. To measure strain angeteture changes, an optical reflectometer based
on Rayleigh back scattering was used. The intettmganit provides data with resolution of about
+1,0ue for strain and about +0,1°C for temperature mesments. A spatial resolution was set to 2,6
mm. Detailed description of Rayleigh-based distellu fibre-optical sensing techniques was
presented by Palmieri and Schenato (Palmieri ahér&to, 2013).

800
ol N\/\/\/J\"—\,\,\/_/\"\N\AN\/\N‘/\M

400

Microstrain pue]

200

4 reaction pile:
:\,] —DFOS - S01 |

Test pile

0 2 4 6 8 10 12 14 4 reaction pile
Length [m]

Figure 3. Pre-straining of the fibre optical cabBFOS-  Figure 4. lllustration of the static pile load testtup
SO01. (Aamann-Svale and Mgller, 2017).
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In addition to distributed fibre optic sensorse test pile was instrumented with more traditional
16 mm diameter sister bar vibrating wire strainggai(VWSG) with a resolution of @6and 50 mm
gauge length (shown connected using orange cabkagure 2). As illustrated in Figure 1 and in the
cross-section in Figure 2, two sets of VWSG westalhed on diametrically opposite sides at four
depths in the pile: 1.35, 6.15, 9.75 and 12.3 meaetsvely.

2.3 Static pile load test

A static pile load test was performed on the tdst}p?} days after installation. Figure 4 illustatae
test setup which makes use of eight reaction pites,on either side of the test pile and a stiffss
beam. Loads were applied by a computer controilegles hydraulic jack and measured with a load
cell. The pile head movement was measured by thspéacement transducers attached to a reference
frame.

The test was performed as a maintained load (Md&f) in which the load is increased in stages to
a maximum load with the time/movement curve recdrdeeach stage of loading and unloading
(Tomlinson and Woodward, 2008). As presented inifeid@, two load cycles were performed. In the
first load cycle, the load was applied from inittakN to 1000 kN in 4 increments of each 250 kN
and subsequently unloaded in 2 steps of 500 kikhdrsecond cycle, the load was applied in 9 steps
of 250 kN or 500 kN until reaching 4000 kN, andrtlibe pile was unloaded in 2 steps of 2000 kN.
The load was maintained for 10 min at each loag btfore reaching the maximum load in each
cycle and maintained for 5 min after each unloadieg. After reaching the maximum load in cycle
1 and 2, the load was maintained for 15 min anchBOrespectively.

3 RESULTS

3.1 Static pile load test result

Applied Load [kN] Time [min]
0 1000 2000 3000 4000 0 60 120 180 240 300

1000 r

2000 r

Applied Load [kN]

Pile Head Movement [mm]
w
o
o
o

4000 r

Figure 5. Load-movement curve of the pile head (Amam  Figure 6. Schedule of the test (Aamann-Svale antie¥g
Svale and Mgller, 2017). 2017).

Figure 5 shows the load-movement curve at the hgled level. The maximum applied load was
4000kN and the pile head movement at this load Masym, corresponding to around 2.5% of the
pile diameter. The load-movement curve does noicate impeding failure/mobilisation of full
capacity in the test. The load-movement responseas to be very stiff in the first load cycle for
loads up to 1000 kN with limited plastic strain geated.

3.2 Measured strain distribution

Figure 7 and Figure 8 present the development msomed strain distribution along the test pile for
four selected load steps from 500 kN to 4000 kNaimietd from the two sets of sensors that were
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placed on diametrically opposite sides; (VWSG-Ilnand DFOS-S01) and (VWSG-line 2 and
DFOS-S03) respectively.

Stress free conditions have for simplicity beesuased at the start of the load test. To smoothen
the strain profile, a moving average of 40 condeeutading was used to present data obtained from
DFOS (giving a virtual gauge length of roughly 1)cThe temperature data obtained from VWSG
did not indicate any significant change in tempa&turing the test (0,1°C) thus the obtainedrstra
profiles were not thermally compensated.

During the first loading cycle all the DFOS sersswhere connected to the interrogation unit
through a multi-channel switch. During the secoadding cycle only one sensor was directly
connected to the interrogator. The more fibre @btonnectors are used, the poorer (more scattered)
signal can be obtained. To minimize the scatténéobtained strain measurement in the second load
cycle, a new baseline was taken at the end ofitsteldad cycle, and the accumulated strain profile
after first load cycle (averaged over 400 readings subsequently added to all subsequent readings.

Comparison of strain measurements using DFOS an8G'W

From Figure 7 and Figure 8 a very high correspocéeles observed between strain measurements
from the vibrating wire strain gauges (VWSG) andtributed fibre optic sensors (DFOS) at the
locations of the VWSG. The correspondence of stna@asurements is further illustrated in Figure
10 for measurement taken during all load steps.

However, it is also clearly illustrated that distrited fibre optic sensors provide a much more
detailed strain profile, which is not possible tbtan from interpolation between the spot
measurements using VWSG. For example, it is sesnthie soft soil layer located above the sand
layer between a depth of 4.1 m and 5.3 m appeadbge wistinguished from DFOS measurements
(constant strain). Furthermore, from Figure 7 tinaiis profile is shown to yield sharply in the lowe
part of the test pile (VWSG-line 1 and DFOS-S01yl #me exact depth at which it occurs can be
clearly seen from the strain profile obtained frbiOS, while the spot measurements only indicate
an approximate level.
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-- DFOS-S01 - 2000kN
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Figure 7. Measured strain distribution of the fgi# for  Figure 8. Measured strain distribution of the e for
selected load steps obtained from VWSG-line 1 and selected load steps obtained from VWSG-line 2 and
DFOS-SO01. DFOS-S03.

Cross-sectional variation in strain
As shown in Figure 7 and Figure 8, the measuraihgprofiles may differ significantly depending

on the location of a strain sensors set. At theimarn load of 4000 kN VWSG-line 1 and DFOS-S01
sensors recorded around 4#0at the pile head, while VWSG-line 2 sensor shoamaind 30Que.
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The percentage difference between those two readng4%. The more surprising difference was
recorded in the lower part of the test pile. VW3@&&I1 and DFOS-S01 sensors indicate an almost
vertical strain profile at the bottom of the teti pvith very little change with increasing appliead.

In contrast, the strain profile obtained from VW8@ 2 on the opposite side of the pile is showing
significant changes in inclination with increasiongds.

The non-uniformity of strain measurement in diéfer cross-sectional locations and at different
levels under the same applied load at the pile ie&atther illustrated in Figure 9. Although, the
strains are non-uniform in the cross section amegtsavith depth, it is found that if the averagaist
of opposing strain measurement are compared, therstrain measurements are in very good
agreement; e.g. average of VWSG-line 1 and VWS&-Airvs. average of DFOS-S02 and DFOS-
S04.

VWSG-line 1 and DFOS-S01 -500 r
120
0 -400 [
; = y = 0,9987x - 6,0777
= AP NN o R? = 0,9996
g =) 40 . N n -300 |
» £ ’ RO SN bl ;
on 8 ’ ) =
2 8 .120 -80~_ -48~.]0" 40,80~ 126 £-200
o g Y S a g
s WL L %]
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-80 -e-Level 2-6,15m = DFOS-S01 and VWSG-line 1
-«Level 3-9,75m > DFOS-S03 and VWSG-line 2
1120 -e-Level4-123m O e e
Microstrain fug] 0 -100 -200 -300 -400 -500

VWSG-line 2 and DFOS-S03 Strain - DFOS |jig]

Figure 9. Cross-sectional distribution of strainsf@ur  Figure 10. Agreement of strain measurement between
different levels under the pile head load of 1080 k VWSG and DFOS sensors located at the same
depths

3.3 Back calculated concrete modulus and conversiatrains to axial load

The concrete modulus was back calculated assuratglte load at the first layer of VWSG (1,35m
below the pile top) and DFOS was equal to the adpload at the pile head. Furthermore, it is
assumed that the concrete modulus is uniform aloagile length. It has not been possible to back
calculate the concrete modulus using the tangettioddrom the lower levels of the pile from the
test results, as full shaft resistance may not h@exn mobilised.
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Figure 11. Back-calculated secant modulus of cdacre
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In Figure 11the back calculated secant modulesoérete from VWSG-line 1, VWSG-line 2 and
DFOS-S01 strain measurements are plotted agaimsbsirain. It is found that the back calculated
secant modulus of concrete from VWSG-line 1 and BFED1 strain measurements are in good
agreement, specially at strains above 1&0rhe secant modulus of concrete is seen to refoce
around 35-45 GPa at 2@ to around 29 to 30 GPa at 158 Above 15Que the modulus is seen only
to reduce slightly with increasing strain. The eximn of the secant modulus with strain may with
good precision be described by a power functiorshasvn in Figure 11, as given by the following
eqguations:

DFOSS01: y=62,017x %142 (1)
VWSG-line 1: y=43,781x0:085 (2)

In contrast, the back calculated secant moduluscadcrete from VWSG-line 2 strain
measurements give a more or less constant valgeoaint modulus of 41-44 GPa independent of
strain magnitude.

The measured strains were converted to axiallsaty the equation:

F=c-(EcAc+EsAg) 3

where: F — axial load,— strain reading, & concrete modulus,/A- cross-sectional area of concrete,
Es — steel modulus, A- cross-sectional area of steel reinforcement.

3.4 Mobhilised shaft resistance

Figure 12 and Figure 13 shows the average mobilisédshaft resistance along the test pile in each
sublayer derived from the VWSG and DFOS strain datker the maximum applied load of 4000 kN
at the pile head.
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Figure 12. Average mobilised unit shaft resistaite Figure 13. Average mobilised unit shaft
%elz'gcéeg;fb'ayers obtained from VWSG-line 1 an¢egjstance in selected sublayers obtained from
o VWSG-line 2.

From the VWSG data it is only possible to get werage mobilised shaft resistance between the
measurement points (three layers), while the DF@ta dllows for division into more sensible
sublayers based on the characteristics of thengbraifile. For the DFOS data a division into four
sublayers was chosen.
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Based on VWSG-line 1 and DFOS-S01 (Figure 12ait lbe seen that strain mobilisation in the
lower part is very limited and does not evolve witbreasing load. The upper part of the test pile o
the other hand show a significant mobilisation loéft resistance with continues to increase with
increasing load. In contrast, based on VWSG-ling@ure 13) the situation is very different
especially at the lower end of the pile, where iicent shaft resistance is clearly mobilised with
increasing load.

4 DISCUSSION AND CONCLUSIONS

In this paper, the results are shown assuming &tezgs-free conditions at the start of the tesis T

is very likely not the case, as residual forces raage after pile installation resulting from soil
disturbance during pile installation and concraieng, as discussed by (Mascarucci et al., 2013,
Fellenius, 2015). Since the stress conditions atstlart of test is very uncertain and due to the
measured existence of significant stress non-umitgrin the cross-section of the pile, no attempts
have been made in this paper to further intergrettést results and to derive the actual mobilised
shaft resistance and end bearing of the test pile.

This study document the use of distributed fibpdicosensors based on Rayleigh scattering for
detailed internal strain measurement in a concheieed pile installed in sand. The strain
measurements confirm a high agreement betweentwigravire sister bar gauges strain and
distributed fibre optic sensors.

Unlike telltales, the distributed fibre optic serscan be the primary measurement system because
they are installed before pile installation. As ogpgd to spot sensors, using the distributed fipte o
sensors an engineer does not have to specifyriaedepths of sensors, because they can measure
along its entire length. Owing to this fact, intellgdion between sensing points is not needed. The
distributed fibre optic sensors based on Raylegitering gives a very detailed strain profile and
were able to distinguish internal pile strain vaoa in different soil layers due to the high sphti
resolution of the unit.

The results of this study furthermore highligh¢ importance of having several sensing points
located in the cross section of the pile as stnaiag be non-uniformely distributed.
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ABSTRACT: A high spatial resolution distributed fibre optiensing system for measuring strain and temperatageused to instrument
fourteen single piles subjected to general subsklerhirteen piles were driven (six steel and squexcast concrete) and one was a cased
continuous flight auger pile, CFA. The CFA pile veabjected to a static loading test. The distribitee optic analyser measured the spectral
shift in the fibre Rayleigh scatter to obtain straimd temperature data. The seasonal temperaturgehan the surficial soil layers showed to
influence the strain records. Several lessons Veznat from the application of distributed fibretigpsensors in piles, such as installation

methods, influence of temperature, and performafdibre optic cables.
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1. INTRODUCTION

Instrumentation of piles are used to provide dethiinformation
about soil-pile interaction, necessary for optimigithe design of a
piled foundation, e.g., determine distribution baf resistance and
measure the pile toe load-movement response. Caamally, piles
have been instrumented by means of telltales aathgages placed
along the pile to determine the force distributezaused by a load
applied to the pile head or an axial force induogdubsiding soils.
In recent years, there has been an increasingestitéar the using
distributed fibre optic sensing (DFOS) systemsnfimnitoring strain
in geotechnical structures. The DFOS technology leysplight
scattering along an optical fibre (Culshaw and Ke£2@08). Owing
to the vast measurement range of the DFOS (tekifoaietres), they
were primarily used for pipeline monitoring projdtinaudi and
Glisic 2010, Ravet et al. 2017). The developmenfilime optic
analysers, mainly in terms of spatial resolutiod aacuracy, allowed
to use the technology also in geotechnical appdioat e.g., tunnels
(Mohamad et al. 2010), slopes (Néther et al. 2008, piles (Klar et
al. 2006, Pelecanos et al. 2018, Kechavarzi &x(dl9). Most of the
early studies employed Brillouin-based DFOS systemisereas
Rayleigh-based DFOS systems in piles has receittiel dittention
(Monsberger et al. 2016, Bersan et al. 2018).

This paper focuses on lessons learnt from emplogiRgyleigh-
based DFOS system to monitor strain in piles, deisg the
components of the DFOS system and methods of lingtal
distributed fibre optic (FO) cables in piles, asllvas presenting
method of analysis of the records, and observeidmeance.

2. DISTRIBUTED FIBRE OPTIC ANALYSER AND
CABLES

A DFOS system is composed of two main elementsbra foptic

spectrum analyser and an FO cable. The subjeqt sfuaheasuring
strain and temperature changes in piles, a Lun&8GBisystem was
used. The system comprises an interrogation udit, @ stand-off
cable, and a remote module (Seigure ). The IU uses swept-
wavelength interferometry to measure the specthéft $n the

Rayleigh backscatter (Luna 2017). The maximum sgnigingth of

the unit employed in the subject test was 20 m thedspatial and
sampling resolutions were 5.2 and 2.6 mm, respagtiThe spatial
resolution is a length over which the U calculagesingle strain or
temperature data point. The sampling resolutiorthis distance
between two data points. FO cable sensors,
telecommunication bare fibres or commercially e coated
strain and temperature sensing cables can be Tisedsubject study

employed a FO cable connected to the IU throughaimte module
and stand-off cable.

Interrogation unit

\ Stand-off cable (50 m)

N

Remote module

Figure 1 ODIiSI-B measurement system (Luna 2017)

Figure 2(ashows a bare fibre glued to the reinforcement her a
Figure 2(b)shows FO strain and temperature cables attachtteto
reinforcement cage. The FO strain cable must tearibfe applied
strain without any slippage between the coatindmisT bare fibres
would appear to be most suitable. However, barkesave brittle and
unsuitable in a harsh environment, such as a Ppherefore, strain
sensing cables with a coating to serve as a proteletyer have been
developed. It is important that the coating and glue (epoxy) for
affixing the sensor to a construction unit is foéshrinkage and creep
to avoid imposing extraneous strain in the calleontrast to the FO
strain cable, the FO temperature cable should algppage between
the protective layers to eliminate all strain ieficing the
temperature records. In this study, a BRUsens Véhstable and a
BRUsens temperature 85°C cable were used.

The 1U used in this study requires a distributedda®dle to have
an LC/APC connector to connect the sensor to thethibgh a
remote unit and stand-off cable). The fibre-endnteation should
ensure a greater than -65dB return loss (no batdctiein). This can
be achieved by splicing a coreless fibre or a coroiaky available
no-reflection terminator to the fibre end. An afi@tive method is to
terminate the fibre with a few (5 to 6) small didgerg(about 2 mm)
loops. In this study, the termination was made kgkimg small

standaifhmeter loops.

In using an IU type Luna ODISI-B, each FO cable nmhaste a
sensor key (Luna 2017). The sensor key is a filetaining the
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characteristic spectral shift for a given FO cadntel is used for its
identification. The unit is using an algorithm adotie first 200 mm
of the connected sensor to identify it (Luna 20THerefore, it is
important to relieve this part of the FO sensonfrany strain and
temperature gradients. This can be done by plaxipgtective tube
or shaping the fibre into a loop along this paftalFO sensor is
damaged, and repaired, or not identified by the Al its
characteristics must be re-keyed, i.e., sensor nsinaén, temperature
coefficients, and start and end locations of thesisg section along
the fibre.

To validate the re-keying procedure, an identifi€ sensor was
re-keyed. The standard deviation between strain sotement
obtained from identified and re-keyed sensor wagetZ he sensor
key can be provided by the manufacturer of theamitan be created
by the user.

Figure 2 An example of (a) a bare fibre gluedh® teinforcement
bar along the longitudinal rib and (b) FO strain@land
temperature (red) cables attached to the reinfozoéeage. The

"250 um" label refers to the thickness of the fibre cable

The IU records spectral shift in the fibre. Thisftstirequency or
wavelength) is proportional to change of tempemtor strain in
proportion to the properties of the fibre as calibd in the laboratory
for response to frequency shift for a known tempeeaor strain
change (Kreger et al. 2006, Monsberger et al. 2086) standard
telecommunication fibres the value of the coeffitse may vary
around 10 % (Luna 2017). In this study, the tenipeeaand strain
coefficients of 0.634 °C/GHz and -6.6¢/GHz were used,
respectively.

According to the manufacturer, the accuracy ofthased in this
study was 2% (Luna 2017). The measurements were compared
NIST traceable extensometer measurements measokiag the
range of 0 to 10,00@s. An accuracy of 0.25 % is similar to the
accuracy of commercially available vibrating wix&/X) strain gages.

According to the VW data sheet (from Geosenseaticaracy of VW
gauges is 0.1-0,5% FS (where the FS is 600

3.

A distributed FO cable usually combines two seajoane for
sensing and one for routing. The sensing sectiowmighes strain or
temperature data. The routing section links thesisgnsection with
the IU (Kechavarzi et al. 2016). A robust FO cadileuld be used as
routing section, since it is placed outside the itooed structure. The
two sections are connected by a fusion splice oaHibre optic
adapter. The former entails lower optical loss tthenlatter, but safe
fusion splicing could be difficult to achieve omesiEither connection
is likely the weakest spot of the distributed F®leaTherefore, it
should be well protected. One method of protecisoto keep them
outside the monitored element, e.g., in a protechiox or sleeve.
Another is to embed them in the monitored elem&hé advantage
of placing them outside is the accessibility toaiegn this study, the
connections were kept outside for the CFA pile aedevembedded
for the steel or precast concrete driven pileshBoethods worked
well.

Figure 3shows a typical cross-section layout of an instrtee
(a) steel pile and (b) a reinforcement cage of @dbpile. It is good
practice to install at least one pair of oppositeinted strain sensors,
because it is very likely that the pile will be gdied to bending.
Installing two pairs will ensure a back-up redungain case of
damage to the FO cable, or provide a valuable iedegnt
verification (confirmation) of unexpected resulBecause the FO
system provides continuous measurements, the ¢ocafi sensors
with depth is not an issue.

INSTALLATION OF FIBRE OPTIC CABLESINPILES

(@ FO strain @10mm

ring > _ 1, FOstrain

to

Figure 3 Typical cross-section layout of FO calaitached to
(a) a steel pile and (b) a bored pile
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A FO installation can either be fully bonded ortailed between
fixed points. In the fully bonded condition, the F€able is
continuously attached to the structure. In thedipeint method, the
FO cables provide intermittent strain informatioa,, only between
the fixed points (Kechavarzi et al. 2016). In pildse fully bonded
method is preferable and the FO cables are entighled or
embedded in the structurigure 4ashows an installation of a FO
cable on the surface of a steel pile. An additicstekl rebar was
welded to the pile (one side only) as a guide aoteption for the FO
cable. Close to the pile toe, the bar was bent ardarprotect the
cable end during the driving of the pile. Beforaeltting the FO cable
to the pile, the steel surface was polished, clédmem dust, and
degreased. The FO cable was glued to the pilecgudad covered
using an epoxy component.

to the reinforcement along the whole length ofgbesing section. It
can be done by placing the cable ties at closeirgpae.g., at every
1.0 m. It is necessary to record strains immedizaéer placing in

the pile (in the reinforcing cage) and before pogithe concrete, as
well as after pouring because the heating and mgativolved in the

hydration process will impose differential strainthe concrete and
reinforcement. Such strain has no relation to tieraction between
the pile and the soil and must be considered indét@ analysis
(Fellenius et al. 2009).

Before the FO strain cables are affixed to the sirecit is good
practice to pre-tension the cable to an amounefditan the expected
compressive strain (Kechavarzi et al. 2016). AnngXa of pre-
tensioning of a FO strain cable is showifrigure 5.A pre-tensioning
between two known points along the element candlap the length

Figure 4bshows FO cables installed in a precast concrete pilscale of the FO cable. Once a FO cable is attaithadstructure, the

The FO cables were inserted into grooves (clearsd flust and
primed before placing the cables) and fixed withegoxy glue.
Figure 4cshows epoxy-coated FO cables installed on a reiafoent
cage. The cables were installed affixed the mdinffaecement bars,

as shown irFigure 4d A rubber pad was placed around each FO

strain cable-tie to avoid localised point stressrfrcable ties. The FO
temperature cables were installed without rubbdspéhe cables can
also be attached using specialised cable clampsh@&arzi et al.
2016). To avoid the flow of wet concrete affectmdrO cable, it is
recommended to place the FO cables (strain andetexiype) close

locations of interest (e.g., pile head, specifipttis, and pile toe)
should be established, for example, by pressimgating/cooling the
FO cable at the location of interest and recordirg signal at the
same time.

It is important to avoid sharp bends along the BBl&s to avoid
loss of signal. An area where a bend easily odsundere the cable
exits from a structurerigure 6presents FO and VW cables exiting
from a pile head. The FO cables were additiondieved using
plastic tubes.

Figure 4 FO cable installation in piles: (a) glued steel pile, (b) glued in a groove cut alomyecast concrete pile,
(c) attached to a reinforcement cage, (d) attathedrebar
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Figure 5 Pre-tension strain of a FO strain cable

Figure 6 A pile head and the sleeved FO cabléseatxit points

4. DATA ANALYSIS

The measurements are always referenced to an stitie of strain
(or temperature) in the cable. Therefore, it isamgnt to establish a
reliable reference reading (initial reading) to theasurements. The
initial reading is actually several readings, eacle taken when a
change is made in the construction process frotialimilacement to
start of a test or monitoring a development ovaetiMoreover, each
such should be recorded over a brief period of tineliminate any
effect of a mistake or disturbance during the rdicy.

4.1 Influence of Temperature

The distributed FO sensors are sensitive to saath temperature
changes (Kreger et al. 2006). Thus, to obtain thechanically

induced strains the measured strains must be thigrosmpensated

in case of any temperature changes. Because threessifof all the

materials making up the FO cable is much smallen the stiffness
of the host structure (e.g., steel and/or concrétean be assumed
that the FO cable undergoes the same thermal egpaas the host
structure (Kechavarzi et al. 2016). However, theperature change
will still shift the spectrum of light scatteredtime fibre (Luna 2014).
Therefore, the thermal expansion of the host sirectand the

temperature effect on the scattered light in therefimust be

considered in order to obtain thermally-compensaedins. As

mentioned before, strain and temperature convergefficients are

used to convert the spectral shift into straineonperature data.

For example, a coefficient of 1 GHz =- 0.634 °G567pe will
show a temperature effect on the FO sensor of at®ut/°C. The
mechanical strain can be calculated using Eq. hgl2014):

€% = Av -k, — (0,95 AV% - ke + Av% - ky - ay) (1)
where €%, = mechanical strain at depth z
AVE = spectral shift in a strain FO cable at depth z
Av: = spectral shift in a temperature FO cable attdept
ke, = strain conversion factor (strain/frequency)
kp = temperature conversion factor (°C/frequency)
a, = thermal expansion coefficient of a
monitored element
4.2  Strain Data Interpretation

The axial strain should be determined from Eg. iRgithe average
of the records of a pair of strain FO cables plaaedpposing
diameters and at equal distance from the centitregpbile.

g =~ (e} + %) 2
where g = averaged axial mechanical strain at depth z
& ande; = mechanical strain of two opposite FO

strain cables at depth z

The axial force can be calculated by multiplying throcessed
mechanical strains with the pile stiffness (EA/I51). The stiffness
of the concrete pile can be calculated using tangeesecant stiffness
(Fellenius 2013; 2019).

The mechanical strain data of two opposite FO catd@ be used
to calculate: curvature, gradient (change of cumegt lateral
displacement, bending moment, and shear force @iccpto Egs. 3
through 7.

K: =

®3)

HCRE)
yle:fOZKdz+A (4)
uz=fozﬂdz+B (5)

M? = Elx? (6)

Q* =+ Elx* (7)
where k? = curvature at depth z
d = distance between two FO sensors
g? =  gradient at depth z
u? = lateral displacement at depth z
MZ = bending moment at depth z
E = the Young’s modulus of the element
I = moment of inertia
Q% =  shear force at depth z
AandB = integration coefficients as determined

by the boundary conditions.

4.3  Smoothening and Filtering of Data

For the subject project, the IU was set to recmeltimes (one record
per second) and the average was determined. To tkemdhe
distributed fibre optic data, a moving average e calculated.
For the steel pile, the moving length was 0.26 wh fam the precast
piles it was 1.0 m. For a concrete pile, it is rssegy to check that the
moving average has not become affected by a suddange of
stiffness (cross section) or a fissure.
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Figure 7shows an example of raw and average FO straindscor 5.2

Outlier data points were removed before averaging.
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Figure 7 An example of raw and smoothened strata dbtained
from an individual strain FO cable

5. PERFORMANCE OF FIBRE OPTIC CABLESINPILES

5.1 Didtribution of Strain along A Driven Sted Pile after

Driving

The magnitude of strain introduced by the pile tartdion must be
known and considered in the analysis of the stdords.Figure 8

shows the distributions of thermally correctedistiafour individual

FO strain cables and the average (black line) nbthon November
13, 2017 immediately after driving a 11.5 m lon@2#Wm diameter,
closed-toe steel pile. Negative values denote cessn. One
individual FO cable (S0013) reported a compresgieak at 9.0 m
depth, whereas its companion (S0011) did not sheimdar peak.
The records of this pair were removed from the agerof the two
pairs over the length between 8.8 through 9.4 nthdep
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0 L L | L L
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1 reclaimed
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CERRE T GRS T = | ovtia
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g - —
10 ’\
11 4 s0011 S0013

Figure 8 Distribution of strains along individwusatain FO cables
mounted on a driven steel pile

Performance of FO Strain Cablesin Concrete Piles
5.2.1 Influence of non-uniform concrete pile stiffness

Figure 9shows the strain distributions from an individumbs FO
cable obtained for twelve load increments applied btatic loading
test on the CFA pile. The small circles show thaist determined at
the four VW gage levels for the last load increm@maximum load)
applied to the pile. The strains measured by tte dystems agree
well.

The dashed horizontal lines show the depths dftiffening rings
of the reinforcement cage. The rings were size 6r0and located
every 0.97 m along the cage. It can be seen frergridph that a local
strain reduction was observed in the FO cable atldbations of
stiffening rings. This finding is in agreement withservations of
Bersan et al. 2018, who investigated detection ghliilocalized
small strains using a Rayleigh-based interrogatiarit, uLuna
OBR4600. Kania and Sorensen (2018) reported thesétsp and
compared the two systems.
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Figure 9 Strain distributions obtained from FQ [@hd increment)
and VW sensors (the last load increment). The dhdilack lines
indicate the location of stiffening rings (ever@D.m)

5.2.2 Influence of cracksin precast concretedriven piles

Cracks and fissures may occur in driven precastreta@iles and
even a fissure can distort the FO strain measuremeigure 10

presents raw strain profiles between 9 and 10.2pthdobtained
from one of the FO strain cables mounted on the sidrfaces
(c.f., Figure 4b). of one of the precast concréspThe strains were
measured at the listed selected days after plabiedill. Positive

strain values denote compression. As can be seen tihe data,
numerous peaks of compression and tension appeakmeg the test
pile. The peaks made the smoothening of the stiaia difficult. For

discussion of the ability to detect cracks in ceterpiles using a
Rayleigh based IU, see Monsberger et al. (2016)

5.3 Short-and Long-Term Influence of Temperatureon Strain
Fibre Optic Cables

The temperature considerations are important dstiogt-term (e.g.,
during the process of pile installation) and lorgit measurements
for shallow depths where the ground temperaturegbsseasonally
(Alberdi-Pagola 2018)Figure 11shows the soil temperature on
selected days at the test site. The temperatuaengae recorded from
the VW gages installed on one of the driven stdespThe graph
shows that the ground temperature span was alfglia81 m depth
and no more than 0.4 °C at 5.9 m. The temperatusbatt 10 m
depth is equal to the mean annual air temperatuhe site. The VW
gages mounted on the other test piles indicatedasitemperature
profiles.

5
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Figure 10 Evolution of cracks along precast cotecpde (raw
strain from one of the strain FO cable mountedhengile)
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Figure 11 Soil temperature at selected days aetiesite

Figure 12presents the distribution of the average changérain

of two FO cable pairs between September 6, 2018 January 30,
2019, due to development of negative skin frictias,measured by
FO strain cables mounted one of one of the stéed.prhe records
are shown with and without temperature correctositive strain
values denote compression of the pile. As expeaesignificant
temperature correction was needed in the uppeopdre pile, where
the temperature changed by about 6 °C over inti@ugh the final
readings (see Figure 11). Below 9 m depth, themstliatribution with
and without the temperature correction are the sdmeause the
seasonal temperature change did not go deepetttabdepth at the
site (the temperature-corrected curve shows tlansthange due to
the development of negative skin friction along fiile after placing
the fill at the site, resulting in increase of dsiain as the drag force
built up and, then, the decrease as the positiai s¥sistance reduced
the axial force in the pile below a force equilibri at about 10 m
depth).

STRAIN (pe)
0 50 100 150 200
0 +— L L e
11 Tt
2 1 s
3
4 ]
~ 51
E 6
=7
i 8-
0 g .
1 - - without temperature
10 1 correction
11 -
12 1 —with temperature
13 A correction
14

Figure 12 An example of the influence of tempemtn the
change of strain measured as average of two piai® @ables
between Sep. 6, 2018 and Jan. 30, 2019

Figure 13shows an example of the influence of daily tempeeat
variations on the individual strain FO sensor medntn the same
steel pile. Negative strain values denote elongatiothe pile. The
initial reading was taken on September 6, 20186a80h and the
figure shows the change of strain at 9:00h andQtb:@ is very
unlikely that mechanically induced strains wouldd@anfluenced the
strain measurements in the test pile during tH&h8ur period.
Therefore, the change above 1.0 m depth is rekateédmperature
changes in the test pile (the spectral shift hasghd in the fibre due
to both the thermal expansion of steel and thecéfre index of the
fibre).
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Figure 13 An example of the influence of daily gnd temperature
changes on the individual FO strain cable on Sgp068 from an
initial reading taken the same day at 06:30h
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5.4 Performance of Gel-Filled Temperature Fibre Optic TEMPERATURE CHANGE (°C)
Cables 3 2 1 0 1 2

Loose tube gel-filled FO temperature cables westalled on the
driven piles at the test site. Previous studiestraported the use of
loose tube gel-filled FO cables as temperaturecssn&lar et al.
2006, Soga et al. 2015, Pelecanos et al. 2018) eMenythe findings
of the current study show that the loose-tube ijjellfcables installed
on driven piles might be influenced by mechanitaiss.Figure 14
shows the temperature change between the referesading
recorded on Sep. 6, 2018 and the data recorded diately after
placing the 2.0 m thick fill on Sep. 14, 2018. Thesented data were
obtained from the VW and temperature FO sensorsitedwn the
steel test pile. As expected, both opposite mouvite'decorded only
small temperature variations at the pile head .G depth) and no
temperature change with depth during these 8 dayweden the
reference and the first reading after placing theThe temperature
change obtained from both opposite mounted VW \iveagreement.
In contrast, the temperature change profiles obthifrom the
individual FO temperature cables showed mirroresh&pe curves.
Note that an increase and decrease in relativeanpe indicates ) . L
elongation and compression of a FO cable, resmdgtivihe Figure 14 Temper_ature qhange obtalne(_j from t“""m' FO
individual FO strain cables mounted close to tineperature DFOS- temperatyre cables |mmed|§tgly after placmg théSep. 14, 2018)
T0010 and temperature DFOS-T0012 showed similahapes in reference to the initial reading of Sep. 6, 2018
compression and elongation respectively with sin8lshape curves.
This finding suggests that the gel-filled temperattO cables, used STRAIN (ue)

in this study, were affected by bending of the enivest piles after -600 -400 -200 O 200 400 600
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5.5 Influence of lateral forces sand

In order to investigate the influence of lateratfs on a steel driven
pile deflected due to one-sided surcharge loadirgdata from two
individual FO strain cables were compared. To deit@e the
integration coefficients (cf. Egs. 4 and 5), ifiteadings were taken
after driving a pile and it was also assumed thatile works as a
cantilever beam fixed at the pile toeigure 15shows the strain
profiles obtained 126 days after driving the pitenfi the two
individual FO strain cables (S1 and S2). Positivaiis values denote
elongation (tension). The strain profiles were stheped using a
moving average over 100 strain data spaced evérméh. Based on |
the presented strain data the curvature, gradiant lateral 11 1
displacement of pile were calculated using the Bgsb. 12
Figure 16shows the (a) lateral displacement, (b) the gradéem
(c) the curvature of the steel test pile 126 ddies driving. It can be Figure 15 Strain profiles measured in the stestlggde 126 days
seen from the data that the pile bent due to laseibmovement at after driving (the initial reading was recorded ietliately after
the boundary between the bottom sand layer anddfiesoil layer driving the pile)
(about 7.5 m depth). The pile head was displaceaboyt 50 mm.
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Figure 16 (a) Lateral Figure 16 (b) gradient of the steel Figure 16 (c) curvature of the
displacement of the steel test pile test pile recorded steel test pile recorded
recorded 126 days after driv 126 days after drivir 126 days after drivir
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Figure 17shows the bending moment and shear forces of she te

pile due to lateral soil movement from strain changcorded
126 days after driving (the initial reading wasaeted immediately
after driving the pile). The bending moment andashferce were
calculated using the Eqgs. 6 and 7, respectivelyre@emmended by
Mohamad et al. (2011), the strain records were $heoved and
averaged before differentiation. The moving averags over 200
data points and 2.6 mm length. The shear forcagoin the test pile
at about 7.5 m depth (the boundary between sandathdoil layer)

was calculated to about 100 kN. Mohamad et al. 12®ighlighted

difficulties with estimating shear forces basedfwn FO strain cable
records due to the spatial resolution of the BOTDRyaer used in
their study (approximately 1 m spatial resolutiopaced every
50 mm). However, as mentioned before, the analysed in this
study had 5.2 mm spatial resolution and 2.6 mm Sampesolution.
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Figure 17 (a) Bending moment diagram
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Figure 17 (b) shear force diagram

6. CONCLUSION

Prior studies have reported agreement between Valhsjages and
distributed FO strain cables in piles (Mohamad.2@17, Pelecanos
et al. 2018). This study confirms the agreementvéen the two
instrumentation systems.

FO systems have the advantage over the conventideahittent
measurements (VW strain gages or retrievable eatreters) due to
their providing continuous strain and temperatueeords. The
Brillouin-based analysers have the spatial resaiudfc0.5-1.0 m and
sampling resolution of few centimetres. Such spegiplution makes
it difficult to detect local strain changes, edug to concrete cracks
(Zzhang and Wu 2008). The Rayleigh-based analysargIQDiSI B)
used in this study has the spatial resolution @ndn and the
sampling resolution of 2.6 mm. Therefore, it wasgible to detect
cracks in concrete (Figure 10) or local changegila stiffness
(Figure 9).

A temperature change will always affect the FO eabbardless
the pile material it is attached to. This is maidlye to temperature
dependence of refractive index of the fibre corer@i€y et al. 1997,
Luna 2014). In contrast, if the steel vibratingenjinside a VW strain
gage) and the steel or concrete pile has the daenmal expansion
coefficient, temperature correction is not needed.

Driven and bored piles can be successfully instnted with
distributed FO cables. The FO cables can be gliredtly on the
surface or embedded in the piles. Placing the Fesan the surface
of a precast concrete pile will expose the cabledocrete cracks
induced during driving.

Distributed FO cables are sensitive to both: temijpee and strain
changes, therefore, it is necessary to correct réwords for
temperature changes.

Loose tube gel-filled temperature FO cables usethim study
were not suitable for driven piles since they wshown to be
sensitive to mechanical strain. Owing to the spatisolution of the
interrogation unit used in this study, it was pblkesto detect highly
localized strain changes due to fissures or chahpgie cross section
(stiffness).

The data can be smoothened by averaging over tinfength.
However, with smoothening over length, caution niugsapplied, as
it might disguise local changes.

When two opposite strain FO cables are mountedpilea the
information about axial and lateral deformation bamobtained. The
DFOS can supplement the benefits of inclinometestalled in a pile.
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CHAPTER 3

SOIL-PILE INTERACTION ANALYSED
FROM A STATIC LOADING TEST

3.1. Introduction

The proposed research question was the soil-piteraction analysed from an

instrumented static loading test on a bored pikerEthough the soil profile did not

consist of soft, subsiding soils, the developmeintesidual force, presented in the
manuscript, is similar to the development of dragé during long-term measurements.
Disturbance due to installation of a bored pilel Wédvelop negative skin friction along

the upper part of the pile and positive shaft tasise along the lower part of the pile
(Fellenius 2015).

This chapter includes Journal Paper 2.
3.2. Assessment of the applied methodologies

The static loading test procedure (including thgmnmade of the final load) was proposed
by the contractor. It included two loading cycleshwuneven load increments and time
intervals. These events affected the analysiseopile stiffness. The proposed maximum
load was too little to fully mobilize the shaft igsnce.

The stiffness of the pile was not assumed as aaoingalue, but was back-calculated as
a function of induced strain. The back-calculatédd gtiffness in Journal Paper 2 was
presented as a linear function and not as an exgpiahdunction as presented in
Conference Paper 1. Based on the mathematicaloredafFellenius 1989, 2001), the
method used in Journal Paper 2 was more appropriate

The load distribution based on measured strainesigd that the unit shaft resistance in
the upper part of the pile is much greater tharuthieshaft resistance in the middle and
lower part of the pile. The obtained distributiof the unit shaft resistance was
unexpected. Therefore, the existence of residuaéfavas considered in the analysis.

3.3. Summary of the results

The main finding was that the best simulated fuomcfior the shaft and toe resistance
appeared to be Gwizdata function (ratio functiorthva different function coefficient for
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the shaft and toe resistance. This means thabtheesponse was strain-hardening. The
strain-hardening response of the pile toe is vemmon. However, it is not typical for
the pile shaft resistance. It also means that tf@irshardening soil-pile interaction an
ultimate resistance is hard to achieve despitbefriduced movement.

3.4. Critical review

The maximum applied load was too small to fully niab the pile shaft resistance and
achieve a failure movement criterion.

The analysis assumed the existence of residuat fancl did not provide any on site
measurements that could support this assumptiotengion test performed after the
compression test could support the existence ofdasieual forces. Placing some of the
strain sensors in so-called no stress-strain eeidq§&seokon 2017) could help estimate
the magnitude of concrete shrinkage before condgidhie static loading test, and thus,
quantify residual forces.

3.5. PhD student’s contribution
The PhD student’s contribution to Journal Papencludes instrumentation of the test

pile, collecting data from the VW sensors, analgsime data (proportional contribution)
and writing the paper (proportional contribution).
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Analysis of a static loading test on an instrumente d cased CFA
pile in silt and sand
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ABSTRACT : A static loading test was performed on an insteated 630-mm diameter, 12.5 m long, cased CFAile.
soil at the site consisted of a 4.0 m thick layidoose sandy and silty fill layer underlain by & In thick layer of dense silty
sand and sand followed by dense sand to depth libtopile toe level. The instrumentation comprigbdation-wire strain-
gages at 1.0, 5.8, 9.4, and 12.0 m depth. Thespiffeess (EA) was determined by the secant argetammethods and used
in back-calculating the distributions of axial lo&dthe pile. A t-z/g-z simulation of the test Vited to the load-movement
distributions of the pile head, gage levels, ane pbe. The load-movement response for the shsifitemce was strain-
hardening. The records indicated presence of reditiurce. Correction for the residual force gavenare reasonable shaft
resistance distribution and indicated an about &Dresidual toe force.

KEYWORDS: Soil-pile interaction, load-transfer functionstdeoefficient, residual force, vibrating wire strgage

SITE LOCATION: Geographic Databagesquires Google Earth)

INTRODUCTION

This paper presents results from a static loadisgydn an instrumented cased CFA pile embeddett ang sand. The pile
type is somewhat new to the Danish practice whiolstim uses driven precast concrete piles. Onli littcal experience is
available on bored piles, notably, continuous tlighger piles. However, the bored pile is widelgdigternationally (e.g.,
Touma and Reese 1972, Gwizdata 1984) and Platztlcanessen (2010) describe the cased continughs dluger pile.

In regard to piled foundations, the Danish praciiceegulated and mandated by National Annex toBhecode (DS/EN
1997-1 DK NA:2015), which limits the shaft resistarof bored piles to 30 % of that for a similavérn pile and the unit
toe resistance of bored piles to 1,000 kPa, urdefsrger bearing resistance can be demonstratdd. pFimciple was
introduced in the Danish code for foundations i@ %ith some adjustments in 1984 and 1998 (Knuéseh 2019). The
restriction limits the use of bored piles in Denkaar

The paper presents a case study of the resporsesed CFA piles in silt and sand. The results suppodifying the rules
in regard to bored piles constructed as cased GlEA in the National Annex to the Eurocode.

MATERIALS AND METHODS

Soil profile

The construction site was located in Viborg, DerkmBrior to the pile test, the site was excavabeloketween 2 to 3 m depth
over a 50 by 120 m area. The test pile was instalte8m distance from the nearest excavation sibfe5(H):1(V). Figure 1

shows the results of a CPT sounding pushed 8 mthertest pile. Figure 2 shows the CPT soil clas#ibn chart according
to the Eslami-Fellenius method (Eslami 1996). Tlassification is also indicated in the soil profdethe right of Figure 1.
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Figure 1. Results of a CPT sounding pushed 8 m fhantest pile.
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Figure 2. CPTU soil classification chart accorditmthe Eslami-Fellenius method (Eslami 1996).

The soil profile below the excavation level corsist three layers, as follows:

e Sandy and silty fill to about 4.0 m

e Silty sand and sand to 5.6 m

e Sand to the end of the CPTU sounding at 13 m dejitha zone of silty sand at sandy silt.

The sand between 5.6 and 9 m depth is loose, bat@B m thick dense zone at 6 m depth and anstineoy loose zone of
silty sand at about 7.7 m depth. Below 9 m depita siand is dense to very dense, but for an ab8um@hick zone of loose

sandy silt at 11 m depth.
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Figure 3a shows the soil profile and water condésttibution (the distances to the test pile lowatare indicated in the figure
caption). The water content was determined onivelgtintact samples considered to have neithenaghnor lost water due
to the sampling process. The average water cotuént m depth was about 14 % . The water contietlieosand layer was
about 3 % at 5.7 m depth increasing to about 1% ¥2.& m depth with an intermediate 25 % silty tage8.7 m depth. The
groundwater table was at about 9.7 m depth (medsuree 30, 2016). The unit densities, accordiriigg@eotechnical report
(GEO 2016), were on average 1,900, 1,700, and kg0 of the fill, silty sand and sand, and sand layegspectively.
Figure 3b shows the undrained shear strength aatdiom field vane test and calculated from CPTifgraising Nc equal
to 15, as conventionally recommended. The sheangti of the fill layer obtained from the field \eatest is similar to the
distribution of the vertical effective stress. Téleear strength obtained from the CPT (using1¥) is about three times
greater than the one obtained from the field vase t
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Figure 3. (a) Soil profile and distribution of wateontent. Data are from three soil borings: B3£jormed in
October, 1989; 13 m from the test pile), B18 (pemfed in December, 2014; 27 m from the test piley, @17 (performed
in June, 2016;8 m from the test pile); (b) undrairsbear strength determined from the field vane(fesak, ¢, and
remolded, g) and CPT and the distribution of vertical effeetstress.

Test pile

The test pile was a nominal 630 mm diameter, c&$edl pile drilled to a depth of 12.5 m on July 1812. After augering
to the final depth, the concrete was pumped thrahghhollow stem of the auger while withdrawing tgger with the
casing. When the casing end was withdrawn to abontdepth, the supply of concrete was unintentigrsibpped and the
concreting process interrupted. Within less th&o&rs after the interuption of the initial concngtiprocess, the pile was re-
augered to the required depth (i.e. 12.5 m). Tineing process was then restarted and succestifihed. The pile head
was encased with a 630-mm diameter, 1,000 mm lge fphe pile stick-up (height above the groundasig) was 300 mm.
Accidentally, the 1,000-mm pipe was placed 30-mfrcefter with the reinforcing cage.

Vibrating wire (VW) sister-bar strain gages (SG)revénstalled at four depths (one opposite mountsd gt each level):
12.0 m (SG-1), 9.4 m (SG-2), 5.8 m (SG-3), and1 (BG 4). The gages were mounted on a 470 mm déamehforcement
cage placed centrically in the pile. Thus, the mahthickness of the concrete cover was 80 mm. CHye consisted of
twelve 20 mm diameter main reinforcing bars andni@a spiral reinforcement on 150 mm spacing. Adddibn the
reinforcing cage had 6x60 mm flat bar stabilizimgys spaced every 970 mm. The 1 m long lowermadioseof the cage
was tapered to 320 mm diameter and consisted @&0simm diameter, 1.8 m long reinforcing bars (0.8varlap).

The test setup is presented in Figure 4. Beforestoocting the test pile, two groups of four pildsreaction piles were
installed to 12.5 m depth. The free distance betvike test pile and the closest reaction pile was12(4.6 pile diameters).
Each reaction pile was connected via a Dywidagtda system of reaction beams. A steel refereramedrwas anchored
about 2.5 m from the test pile and the nearestiteapiles, covered by a tarp to protect it froomshine. Details about the
test setup are reported in Kania and Sgrensen Y 20b8elltales were installed.

ISSMGE International Journal of Geoengineering CaseHistories ©, Vol. x, Issue x, p3
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Figure 4. The test setup.
Test procedure

A static pile loading test was carried on July 2017, on the 14th day after the concreting of &3¢ pile. The pile load was
applied by a single hydraulic jack centered to dteel-pipe encased pile head and operated by amatit load-holding
pump. The load applied to the pile was measureld avibad cell connected to a data logger. Theh@kd movement was
monitored with three inductive displacement trarsuls also connected to the data logger.
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Figure 5. Load-time schedule (Data from Aamann-&eald Mgller 2017).

All gages and sensors were recorded at 1-secoavats. The test schedule is presented in Figuiéé.loading schedule
comprised two loading stages. During the first stdbge load was increased to 1,000 kN in four 280rcrements. Adding
each increment took about 5 minutes and, afterwthed|oad levels were maintained for about 10 neisuThe 1,000-kN
maximum load was maintained for 15 minutes, whesaughe pile was unloaded in two 500-kN steps wlith half-load
value maintained for 5 minutes. After a 15-minutgtwhe pile was re-loaded to 1,000 kN in one sTéen, 500-kN load
increments were applied to a total load of 3,000 B&lyond 3,000-kN load, the load increments we@k8. The final load
was 4,000 kN. After 30-minutes load-holding, thie pias unloaded in two 2,000 kN load steps. Eadbading step took 5
minutes and the half-load was maintained for 5 rteisu

ISSMGE International Journal of Geoengineering CaseHistories ©, Vol. x, Issue x, p4



TEST RESULTS
Pile-head load-movement

Figure 6a shows the pile-head load-movement re@rdslemonstrates that the load-holding devicetimmed well. At the
4,000-kN maximum load, the movement for the 5 re@awf adding load and the following 10-minute kedding resulted
in a 2.1 mm pile-head movement. The movement dweettten following 20-minute extended load-holdireswnly 0.4 mm.
The maximum pile-head movement amounted to 16 mguré& 6a shows that after reaching each intendadi llevel, only
small additional movement was recorded. The avemameement rate calculated for the last 5 minuteangitload-holding
ranged from 0.00 to 0.05 mm/min. The fast staltiliwaof movement is typical for piles in cohesi@¥esoils.

Strain measurements

Figure 6b shows the strains measured at each gdige fwur gage-level pairs. The uppermost gage{&6-4A and SG-4B
at 1.0 m depth) showed that bending occurred ajdige level, presumably due to the mentioned offareplacement of the
short steel pipe at the ground surface. Bendinglasspronounced for the other three gage levdis.akial force in the
piles was determined from the average of the styage pair at each gage level and the bendingdatiaffct the evaluated
axial loads.

(@) 4500 T (b) 4,500
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2 2500 - < 2500 -
< ] S ] - SG-1A
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Figure 6. (a) Load-movement records of the testtddam Aamann-Svale and Mgller 2017); (b) straimsasured at last
reading for each gage level.

ANALYSIS
Pile stiffness

Figure 7 shows the measured load-strain recordsdge between two opposite strain gages) for Gagelt SG-1 through
SG-4. Generally, for gage levels at depths whegeptle section between the gage level and thehgitel is affected by a
perfectly plastic-response shaft-resistance, thd-kirain lines first rise steeply and become peralhen the resistance
along the length above the strain gage locatiorbkas fully mobilized (Fellenius 2020). The slofi¢he straight portion of
the lines then represents an approximate valueeopile stiffness. However, although the lines fribvm subject test results
are straight, none of the lines indicates a chadngewould suggest full mobilization of shaft réaiee and the lines are not
parallel. This is an indication that the soil a tmposed movement has not develop a perfectlyiplEsponse, but instead
the soil response continues to be strain-hardemilageover, the linear regression of the line for £Ghe gage level that
was essentially unaffected by shaft resistances doeextend to the origin, but shows an approxiygag0-kN force in the
pile. This could be due to the combined effecthef bending induced by the off-center relation efjdrck in relation to the

ISSMGE International Journal of Geoengineering CaseHistories ©, Vol. x, Issue x, p5
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reinforcing cage at the pile head not making thgegaair average occur at the pile center, thenst difference between
the pile portion encased by the steel pipe anghtiméon without steel pipe with the change occigr@0 mm above SG-4,
the unloading-reloading, and/or a small contributid shaft resistance along the 1,000-mm lengimfground surface to
SG-4. The conditions combine to make the direcasemodulus less precise.
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Figure 7. Load-strain from strain-gage levels S&5G-4 (last reading at each load-level).
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The E-modulus of a concrete pile is often not astamt over the range of the applied loads, butaesitor increasing load
(stress). Moreover, for cast-in-situ piles, the gitoss sectional area can differ from the non@ned along the pile. However,
the pile axial stiffness, EA/L (the length, L, isually set to 1 m), at a gage level usually sholireear relation to the imposed
strain. The stiffness can be determined directynfithe test records (Fellenius 1989). The proceguogides a relation
between the line showing tangent stiffnesg,, Bnd the line showing secant stiffnesgi\ Eas functions of the slope, a, and
ordinate intercept, b, where&= ca + b and EA = 0.%a + b. The tangent-modulus method does not depertcurately
knowing the zero reference of the strain recordsitlloes depend on having consistently well-distadd records unaffected
by occasionally prolonged load-holding and unlogdamd reloading events. In contrast, the direcasemodulus method
is strongly affected by an error in the zero refies=of the strain records as well as any prolotggedtholding and unloading
and reloading events (Fellenius 2012; 2020).

Figure 8a shows the tangent modulus stiffnessftinéhe subject test. The solid line with fillednsigols shows the records
for the reloading of the pile. The dashed line @hwpen symbols shows the records for the virgading. For the records
from SG-4, where essentially no shaft resistaneeirse a relation for the tangent stiffnesg),Hine could be determined.
However, for the gage levels down in the soil,inedr tendency was established. Yet, the movenawden the pile relative
to the soil was well larger than 5 mm, a movementtach it is usually considered that the shafistesice is fully mobilized
(Fellenius 2020). For example, Nguyen and Felle(@04.3) reported a case with full mobilization bh# resistance along
1,800-mm diameter, bored piles occurring at movemeh3 to 5 mm.

Possibly, the tangent modulus line for SG-3 cowdehdeveloped a straight-line tendency had thetegtnued beyond the
16 mm maximum movement. However, that line woulglehleen located much above the line for SG-4. Teélayed
establishment of the tangent modulus lines andhtimreequal location of the lines is an indicatioattthe soil at the site is
strain hardening (Fellenius and Nguyen 2019).

If the instrumentation includes a gage level thad hot been appreciably affected by shaft resistahang the distance
between the gage and the load source (the ca&at), the strains measured at that gage level dtio determining the
secant stiffness directly;s& = Q/e, where Q is the applied load. Figure 8b showssteant stiffness versus strain records
from SG-4, the gage level 1.0 m below the pile hd@dw solid line with filled symbols shows the regt®for the reloading
of the pile. The dashed line of with open symbdbigves the records for the virgin loading. The gretaight-line without
symbols shows the secant line converted from thgetiat modulus method.
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Figure 8. (a) Load-strain from strain-gage levels-3 to SG-4; (b) secant stiffness versus straimf@G-4.

A direct secant line may be affected by severaksgitdble effects, such as presence of a shaftaeses incorrect reference
to "zero-strain” (i.e., residual strain at the gkayel), incorrect load values (e.g., using the pyoressure to obtain the applied
load instead of an accurate load cell), differiagdth of load holding, and any unloading-reloadivegnt. Normally, the
secant lines determined by the direct secant angktd methods agree (with due allowance to thetascatter of the tangent
method caused data by the differentiation). Howethés is not the case here. As shown, when siimglaincertainty in the
zero reference by adding a 30-kN load to each mmeddoad value, the secant method line moves tegbwoximity to the
tangent modulus line. The probable cause of tHerdifice is the unloading-reloading event, althonglience due to the
proximity of SG-4 to the pile head (2 pile diams)eand the off-center load application cannot bedrout. In the subsequent
analysis it was decided to apply a secant line wathslope and location in-between the two plottededi
EA (GN) = 11.5 - 0.00¢, as indicated by the dashed red line in the figure

Measured and simulated load distributions

Figure 9 shows the load distributions for all loagglied in the reloading phase as converted flemieasured strains using
the secant stiffness. The two intermediate hak-kiads employed in the test are shown as dashesl The 3,000-kN load
that generated a 9.8 mm pile head movement waentassTarget Load for the analysis. The red limsvstthe Target Load
distribution.

A fit to the measured distribution of forces wastfiobtained by back-calculating the axial force$sage-Levels SG-1
through SG-4 for the 3,000-kN Target Load. Theritistion of unit shaft resistance correspondinghe Target Force
distribution was then correlated to the distribotid effective stress, which gave the distributiéthe correlation coefficient,
conventionally termed "beta (3)-coefficient". Thg &oefficients that gave the fit for the shaft remige in-between the gage
levels are listed in the table to the right of gnaph. The list also includes the correspondingae unit shaft resistances,
rs. (kPa), for in-between the gage levels. It shdiddealized that theRcoefficients simply represent the ratios betwdwn t
back-calculated unit shaft resistance and the &@ffeoverburden stress as mobilized at the Targetdvhent.

The simulation assumed a level ground surface arthmtest pile. However, the area around thepilsstvas not fully level
and the excavation slope was only about 3 m away the test pile. Therefore, the effective overbardtress will have
been somewhat larger than assumed in the simulaiioepeat analysis including the increase of tifiecdve stress along
the test pile due to load imposed by the area ditbie project calculated for a wide embankmergistp1-1.5(H):1(V)
upward from a point 3.0 m away from the test pileowed that this would reduce thg-Boefficients in the lower layers
from 0.43t0 0.41, i.e., by 5 % in the lower pdrttee pile and a difference of about 100 kN (1 felatal resistance. However,
showing results to more than one decimal precigiould essentially be just for "cosmetic" reasone Bbout 2 m elevation
difference is too small to have any significanietfon the test pile response to the applied [dhd. calculations applied
Boussinesq distribution and were performed usieguhiPile5 software (Goudreault and Fellenius 2014)
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Figure 9. Measured and fitted load distributions.
Residual force and beta-coefficients

The measured unit shaft resistance for the 3,000-#&fget Load, corresponded to a 3-coefficient 5fad the ground surface
reducing to about 0.4 at the pile toe level. Uristiahlly, the unit shaft resistance back-calcidatethe loose sandy and silty
fill above 4 m depth was larger than that develdpetie dense sand below. This is an indicatiohtthepile was subjected
to residual force, i.e., presence of axial foraekéml in the pile before starting the test (Masceir2®13, Fellenius 2015;

2020).

The residual force distribution is built up of néga direction shaft shear in the upper portiothef pile changing to positive
direction along some transition length. The astedianovement must be small and, presumably abeummbvement
necessary to build up the Target resistance. lallsence of actual measurements of the distribofiaxial force in the pile
before the start of the static loading test, tistritution has to be estimated from the distribndionduced during the test, as
follows. We have assumed that down to SG@.{ m depth), the back-calculated unit shaft rasist was made-up of an
equal part negative skin friction and positive shiagistance and that between SG-3 and SG-2, thatiwe skin friction
would start reducing and at SG-2 the shaft shaar td residual force be acting in positive directiMoreover, because of
the uniformity of the soil below 6 m depth, the debefficient (ratio of the "true" unit shaft resisce to the effective
overburden stress) could be assumed about congtandepth below SG-3 to the pile toe level. Thassumptions resulted
in the "true" distribution of axial force for theafiget Load shown in Figure 10. The distributioruatgd for residual force is
the green curve marked "Target Distribution w/oiBesl Force". Subtracting the back-calculated tigtion resulted in the
red curve marked "Residual Force. After the coroector residual force, the evaluated unit shadistance showed to be
more realistic, i.e., gradually increasing with thepvith a R-coefficient constant and equal to 0.6.

If the unit negative skin friction along the uppength would have been smaller than assumed, the""beta-coeffieicnt in
the lower portion of the pile would still be redngiwith depth, still indicating presence of residioace. If assumed larger,
this would have resulted in a larger "true" pogtinit shaft resistance above the pile toe andyaidaprobably overestimated,
residual toe force.

After adjsustment for residual force, the toe ttesise would be about 970 kN (mobilized for the Baldgpad and the 5-mm
Target Movement), as opposed to 370 kN, i.e., éiseual toe force would be about 600 kN and thee"ttoe stress about
3,100 kPa as opposed to 1,200 kPa. Consideringetii@ual toe force, the toe resistance mobilizedHe maximum load
and the 13 mm toe-movement was about 1,100 kN jpssepl to 530 kN, i.e., the “true” toe stress wamiaB,500 kPa.
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Figure 10. Back-calculated load distributions andtdbution for the Target Load with and withousidual force.
t-z and g-z functions

The test records show the measured load at thégdld and include the strain-determined forceeagtye levels in respect
to the movement measured at the pile head. Thestegtin the analysis of the test records was lmulkze and fit load-
movement curves to the measured pile-head curvéhanstrain-determined curve using t-z functionstiie shaft response
and a g-z function for the pile toe response (Rale 2020). Any t-z/g-z function can be made teliséct a specific load-
movement point on a curve. Those points are, ofseguhe specific Targets for the fit to the meaduoads. The process
comprises choosing a suitable function, which Bdets the target. Then, by adjusting the functioefficient the curve
should fit the data points before and beyond thrg8tavalue. The curve-fitting analysis was perfadnusing the UniPile5
software and proceeded by first fitting simulatedand g-z functions to the load-movement curvalerSG-1 level varying
the input to the portion between SG-1 and thetpieuntil a fit was achieved. Next, the proceduess wepeated for 1.0 m
long pile elements between SG-2 and SG-1, fittirgdalculations to the load at SG-2 and measutechpad movement.
The input for the first fit was kept intact. Afteands, the analysis for SG-3 to SG-2, SG-4 to S@n8,finally, for the pile
head.

Of the several t-z/g-z functions available, rangiram strain-softening response through strain-biairtg response, the
process showed that only the strain-hardening fomctlled "Gwizdala" function" (or "Ratio” functigo or "Power" function)
could be used to fit the test records (Gwizdata6)98he function is defined by the following equati

5 \0
Qn = Qtrg (@) 1)
where: Qn = applied load
Qg = Target Load (or unit shaft resistance)
on = movement mobilized &,
Oug = movement mobilized &g
6 = function coefficient

Only two slightly different t-z function coefficiés, 8, were needed. Figure 11a shows the measured loadments curves
together with the fitted curves. The latter araapolated to twice the actual movements. Figureshidws the t-z and g-z
curves and the function coefficients that gavefitise
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CONCLUSIONS

The analysis of the strain gage records showedttkatnloading-reloading of the pile at the 1,080ikad made the stiffness
(EA) evaluated per the direct secant method lessige. By correlation to the results of the tangeethod, the pile stiffness
was determined to EA (GN) = 11.5 - 0.0@3and this relation was applied to the strain resdodcalculate the axial loads
in the pile at the gage levels.

The load distribution evaluated for the 3,000-kNged Load, for which the pile head movement wasrm8 and pile toe
movement was 7.8 mm, showed that about 370 kN eghttte pile toe and the unit shaft resistance aaebt at shallow
depth and reduced significantly with depth. Theabmtefficients for the resistance mobilized by Tiaeget Load were about
3.5 near the ground surface and 0.4 at the pile toe

The back-calculations of the measured strains asduinat the pile was not affected by residual fortmvever, the evaluated
distributions of shaft resistance indicated thaideal force was indeed present in the test pilthatstart of the test. The
most likely distribution of residual force was deténed and showed a more consistent mobilizatiorthef pile shaft
resistance as well as a 600-kN residual toe foideen adjusted for residual force, the toe resigtamobilized for the
maximum load and the 13-mm toe-movement was ah600kN as opposed to 530 kN, i.e., the “true”"stress was about
3,500 kPa.
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The fit to the measured load-movement curves shaivatd simulating the response with t-z and g-z fions per the
Gwizdala method gave good fits for functions caeéfints,0, of 0.70 for the pile toe response, and 0.35 aB6 €r the
length below SG-2 (9.4 m depth) and the length ael#8@-2, respectively. These coefficients indicaied the soil is strain-
hardening and that no ultimate resistance will dgveeven at movements somewhat larger than the m6amaximum
imposed in the test.

The results show that the test pile shaft resigtasmevell within the range of that observed irnven piles and that already
the toe resistance mobilized at the 13-mm maximaenrhovement was several times larger than the 4&kB@Olimit
inidicated in the Danish Annex to the Eurocode. Wggeve that similar tests on further projects wibw that the current
Annex is overly restrictive in regard to CFA piles.
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CHAPTER 4

LABORATORY INTERFACE SHEARING TESTS

4.1. Introduction

The purpose of the laboratory interface shearing tests was to investigate the soil-pile
interaction under more controlled test conditions than the full-scale tests. Furthermore,
the focus was on comparison of the results obtained from the laboratory and full-scale
tests in order to support the findings from both tests. Finally, the effect of shearing rate
on the development of the shear stress between the soil and the bitumen coated concrete
block was investigated.

This chapter includes Conference Paper 4.

4.2. Assessment of the applied methodologies

The modified direct shear test apparatus was chosen for the laboratory interface shearing
tests. The bottom half of the box was replaced with a steel, concrete or bitumen coated
concrete block to simulate the soil-pile interfaces from the full-scal e test setups. Different
shearing rates were applied to obtain drained and undrained shearing conditions similar
to short- (e.g. pileinstallation) and long-term (e.g. soil consolidation) soil-pileinteraction.

Undisturbed soil samples from the full-scale test sites were used in the tests in order to
directly compare the results. The tested soil was a soft clayey silt (regarded as gyttja). For
an individual interface test (i.e. soil/soil, soil/steel or soil/gyttja/concrete) an individual
soil samplewas used i.e. it was not changed for agiven normal stress, but it was changed
for a given interface type. Different shearing rates, assumed as drained and undrained,
were applied during an individual shearing phase.

4.3. Summary of the results

Theratio of theinterface angle of friction to gyttjaangle of friction for concrete and steel
was 1.0 and 0.8 respectively. These values were comparable with the values found in the
literature (Potyondy 1961) and also with the ratio obtained in the full-scale measurements

The shear stress on the bitumen coated concrete block was highly dependent on the
shearing rate. The shear stress decreased with the decreasing shearing rate. Comparing to
the undrained shear strength of the tested gyttja the reduction was about 95 % at the
slowest strain rate of 2.8-10° 1/s. Similar finding was observed in the full-scale tests (see
Chapter 6).
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4.4. Critical review

The horizontal displacement obtained in a direct shear box is limited. Therefore, the
residual stresses of the tested soft gyttja were not defined. It would be interesting to
conduct asimilar series of tests using aring shear apparatus, where the range of horizontal
displacement is much larger. Another disadvantage was the inability to measure pore
water pressure changes.

The tests were performed on undisturbed soil samples which is different from the
full-scale test conditions (remoulded soil after pile driving).

In this study multiple shearing rates were applied during a single shearing phase. This
could affect the magnitude of the shear stress for the individual shearing rate due to the
distinct vertical displacement at slow and fast shearing rates.

4.5. PhD student’s contribution

The PhD student contributed to Conference Paper 4 in the research (planning, conducting
and analysing the results obtained from the tests) and the writing phase in the major way.
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Abstract:

The relative movement between a pile and a sosesghear stress along the pile. The
shear stress depends on various factors includitegface type and shearing rate. This
paper investigates the development of the sheassstretween a soft soil and a steel,
uncoated and bitumen coated concrete block foemdifft shearing rates, ranging from
0.01 mm/h to 100 mm/h. The tests were performetgusimodified direct shear-test box,
where the lower half of the box was replaced witlappropriate pile material block. The
ratio between the interface angle of friction alnel internal friction angle of the soil was
1.0 and 0.8 for the concrete and the steel bloga@tively. The shear stress between the
soft soil and the bitumen coated concrete blockedeed with a decrease of shearing
rate. The bitumen coating significantly reducedshear stress at low shearing rates.

1 INTRODUCTION

Shear stress between a pile and a soil is an ieagocomponent in the design of piled
foundations. Previous studies have shown thathbarsstress depends on various factors
including interface type and shearing rate. Potydii®61) highlights the importance of
determining the values of shear stress betweeerdift types of soils (sand, silt, and clay)
and pile materials (steel, wood, and concrete)umioly various surface roughness
(smooth and rough). Furthermore, he proposes tegatio between interface angle of
friction to soil angle of friction, since the ushaft resistance of the pile cannot be greater
than the sharing strength of the soil. Lehane andide (1992) showed that an organic
clayey silt sheared at different rates using a singar apparatus experienced a moderate
positive rate effect (6 % / log cycle) up to a \etyp of about 6000 mm/h.

In a subsiding soil, the development of shear ®adeng a pile builds up negative skin
friction. This needs to be considered for the dtmad strength of the pile (Tan and
Fellenius 2016). Bitumen coating may significantiduce the negative skin friction.
However, the degree of reduction depends on thieegjmate of shearing and temperature
(Baligh 1978).



This paper investigates the shear stress of ackofey silt (regarded as gyttja) when
sheared between a steel plate, uncoated and bitocoaed concrete blocks at rates,
ranging from 0.01 mm/h to 100 mm/h. The tests vperdormed using a modified direct
shear-test box, where the lower half of the box vegdaced with an appropriate pile
material block.

2 MATERIALSAND METHODS

2.1 Soft soil properties

The soil samples used in the tests were trimmed frodisturbed tube samples obtained
from a test field in Randers, Denmark at deptha/beh 4.1 and 6.3 m. The soil properties
(average) are summarized in Table 1. The soil sesnpkre slightly overconsolidated

(OCR about 1.2).

Table 1. The soft soil properties (grain size distribution and organic content data from
Savery 2019)

Water content, ¢ 1G5
Liquid limit, % 10¢€
Plastic limit, ¥ 46
Grain size distribution, %

clay particles 14

silt particles 78

sand particle 8
Undrained shear strength, | 21
Sensitivity 4
Organiccontent, ¢ 8
Compressiorratic, CR, 027
Recompression ratio, R 0.04

2.2 Interfaceshear tests

The interface shear tests were performed using d@ifim@ direct shear testing device
(Figure 1), where the lower half of the box wadaepd with an appropriate pile material
block. The concrete blocks were made from run-ehttill concrete with smooth surface.
One of the concrete blocks was coated with a 1 ok 30/100 penetration bitumen
coating. Both, the uncoated and the bitumen cdatedk were about 4 years old and used
in previous studies. Before the tests on the bitvowated concrete block, the coating
was heated and brushed to obtain a smooth andleren (£0.1 mm) thick layer. The
tests were then carried out when the coating hatkddo room-temperature, which was
23 to 24 °C.

The first series of tests were conducted to ingasti the shear stress between gyttja and
different pile materials. A standard direct shest bn a gyttja sample was also conducted
for comparison. The tests were performed at 20ad0,60 kPa normal stress. The same
soil sample was used for each normal stress. Hawaveew soil sample was used for
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Figure 1. Interface shear test device.

each interface type. The shearing rates were dkfisethe value of the time to 100 %
consolidation (based on the consolidation phasedjiphed by a factor of 12.7 and
divided by the horizontal displacement requirecetich constant volume (Head and Epps
2011). The distance before constant volume conditwas assumed as the maximum
horizontal displacement planned in the test i.e%l®f the soil sample diameter
(6.35 mm).

Table 2. Testing programme to investigate the effect of shearing rate on gyttja.

Normal stres  Shearing rai Horizontal displaceme

kPe mm/r mm

20 0.05 1.3-2.3; 3.3-4.3; 5.3-6.3
0.25 0.0-0.8; 2.3-2.8; 4.3-4.8
5 0.6-1.3; 2.6-3.3; 4.65.3

40 0.05 1.1-2.1;3.1-4.1;5.1-6.1
0.25 0.0-0.6; 2.1-2.6; 4.1-4.6
5 0.€-1.1; 2.¢-3.1; 4.¢-5.1

60 0.01 1.0-1.5; 3.0-3.5; 5.0-5.5
0.05 1.5-2.0; 3.5-4.0; 5.5-6.0
0.1 0.C-1.0; 2.(-3.0; 4.(-5.C

The second series of tests were performed to ilastthe effect of the shearing rate on
gyttia and gyttja/bitumen coated concrete blocke Tirect shear tests on the gyttja
sample was performed under three normal stresgigrap five different shearing rates
ranging from 0.01 to 5 mm/h as presented in Tabld# interface shear test on
gyttja/bitumen coated concrete block was also peréal under three normal stresses.
Under each normal stress, the test specimen wasesha two cycles: applying slow
(drained conditions) or fast (undrained conditiost®aring rates as presented in Table 3.



Unfortunately, due to some unexpected events 8teteprogramme was disturbed and
some of the shearing cycles did not reach the plnmaximum horizontal displacement
(6.35 mm).

Table 3. Testing programme to investigate the effect of shearing rate on gyttja/bitumen
coated concrete block.

Normal stres Cycle Shearingrai  Horizontal displaceme

kPe mm/t mm
40 Slow 0.01 1.8-2.3; 3.8-4.3; 5.8-6.3
0.1 0.C-1.8; 2.3-3.8; 4.3-5.8
Fast 1 1.0-1.5; 3.0-3.5;
10 1.5-2.0; 3.5-4.0;
10C 0.C-1.0; 2.0-3.0;4.0-5.0
60 Slow 0.01 1.8-2.3; 3.8-4.3; 5.8-6.3
0.1 0.C-1.8; 2.:-3.8; 4.:-5.€
Fast 1 1.8-2.3; 3.8-4.3;
10 0.0-0.8; 2.3-2.8; 4.3-4.8
10C 0.8-1.8; 2.8-3.8; 4.8-5.8
80 Slow 0.01 1.8-2.3; 3.8-4.3;
0.1 0.C-1.8;2.2-3.8; 4.-5.8
Fast 1 0.0-0.2; 1.7-2.2; 3.7-4.2
10 0.2-0.7; 2.2-2.7; 4.2-4.7
10C 0.7-1.7, 2.7-3.7; 4.7-5.7

3 RESULTSAND DISCUSSION
3.1 Effect of interfacetype

The results of the tests against different pileemals are presented in Figure 2. The shear
stress on gyttja sample was increasing with thecisted compression of the sample.
Within the range of the horizontal displacementheof the tests performed on gyttja
samples mobilized a peak shear stress (the shems stind the contractive vertical
displacement was still increasing). The maximum itrs#al shear stress at the maximum
displacement of 6.35 mm on gyttja sample at 20,af@, 60 kPa was 25.2, 37.3, and
61.8 kPa, respectively. In contrast, all tests oyitjapile material except one
(gyttja/concrete at 20 kPa normal stress, Figurg Rebilized a peak shear stress
followed by a plastic, strain softening or hardgnresponse. The peak shear stress for
the gyttja/steel sample at 20, 40, and 60 kPa W&k B1.6, and 43.7 kPa, respectively.
The peak shear stress for the gyttja/concrete saat@0, 40, and 60 kPa was 15.4, 42.9,
and 60.7 kPa, respectively. The peak shear stoesgred at about 2.3 and 4 mm for the
gyttja/steel and gyttja/concrete interface respetti The peak shear stress for the
gyttja/bitumen/concrete sample at 20, 40, and 6D WRs 3.2, 13.3, and 16.3 kPa,
respectively. The peak shear stress occurred betvieand 3 mm of horizontal
displacement. The compression of the sample caedir(gyttja/concrete interface) or
stabilized after reaching the peak shear stress.t@&$is at given normal stress were
carried out at shearing rates of the same orderaghitude.
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Figure 2. Shear stress and vertical displacement versus horizontal displacement from
tests performed at: (a) and (b) 20 kPa, (c) and (d) 40 kPa, and (€) and (f) 60 kPa normal
stress, respectively.



Figure 3 presents the failure envelops for differaterface types. The gyttja/concrete
interface angle of frictionyc, was similar to the soil angle of frictiog, (6~1.08’). The
ratio of interface angle of friction to soil angdé friction for gyttja/steel shear test was
0.82. These results are in general agreement asthits reported by Potyondy (1961) for
silt-structure tests conducted using a shear baeunormal stress ranging from 48 to
383 kPa.

As presented in Figure 3 the lowest interface ibictangle was obtained for the

gyttja/bitumen interface. However, according to tiberature (Baligh 1978, Fellenius

1979, Khare and Gandhi 2009) the shear stresgldyhilependent on the shearing rate,
as also presented later in this study.
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Figure 3. The maximum mobilised shear stress versus normal stress obtained from
interface shear tests.

3.2 Effect of shearingrate

Figure 4 shows the results from direct shear testgyttja sample applying different
shearing rates under three normal stress. The streas was increasing with increasing
shearing rate. The contractive vertical displacdn(Eiyure 4b) was increasing at low
velocities (0.01 to 0.25 mm/h). However, the voluwaes constant at the largest velocity
applied in this study (5 mm/h). This may indicateshaft from drained to undrained
conditions. Tika et al. (1996) and Fearon et alO@®) observed an increase or little
volume change during fast shearing of cohesives aming a ring shear apparatus. This
finding was confirmed by Martinez and Stutz (200 studied the effects of shearing
rates on kaolin clay samples sheared against@taek with different roughness using a
shear box device enhanced with an imaging systeandtyse the soil deformation.
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Figure 4. (a) Shear stress and (b) vertical displacement versus horizontal displacement
at different normal stresses and shearing rates performed on a soil against soil sample.

Figure 5 presents the shear stress on gyttja samplenalized by the normal stress at
different shearing rates. The increase in sheasstivas about 16 % per log cycle. This
finding is consistent with data reported by McC&@02) who found a positive rate

effect from undrained triaxial tests performed oft,2rganic, clayey silt. The tests were
conducted under the confining stress of 100 kPasabgbcted to triaxial compression at
slow and fast axial strain rates ranging from 0.1 %/min. The author reported the
increase of the undrained shear strength of 15opgecycle increase in strain rate.
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Figure 5. Normalized shear stress versus shearing rate (a gyttja sample).
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Figure 6. Shear stress and vertical displacement versus horizontal displacement from
tests performed at: (a) and (b) 40 kPa, (c) and (d) 60 kPa, and (€) and (f) 80 kPa normal
stress, respectively, and different shearing rates.



Figure 6 presents the results from the interfaeaistests on the bitumen coated concrete
block against the gyttja applying various sheamaigs and normal stresses. The blue
curves present the results from slow shearing testisthe red curves show the results
from the fast shearing tests. There was a sigmifid&ference between the mobilized
shear stress at slow (0.01 and 0.1 mm/h) and TastQ{ and 100 mm/h) shearing rates.
The increase in shearing rate increased the shessss The contractive vertical
displacement increased only at velocities equal tlower than 1 mm/h.

Figure 7 presents the induced shear stress as@oiof shearing strain rate. As can be
seen from the graph, the shear stress was inflddngé¢he strain rate. Below the strain
rate of about 30 the shear stress was equal for all three normedss. The lowest
shear stress was obtained for the lowest straghamadl was about 1 kPa, which means
95% reduction to the undrained shear strengtheotdbted gyttja. At higher strain rates
the shear stress increased with the increase ofal@tress. The shear stress obtained at
the highest strain rates was similar to the sheesson gyttja samples. This finding was
unexpected and may be explained by the penetraficoil particles into the coating.
Khare and Gandhi (2009) investigated the sheasssté bitumen coated piles in sand
using modified direct shear-test box and modelspiléhe authors showed that by
increasing the normal stress from 50 to 75 kPashiear stress increased by about 20 %
for a 2- and 3-mm-thick bitumen coated sample usiiegshearing rate of 0.25 mm/min.
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Figure 7. Shear stress versus shearing strain rate.

The findings are in general agreement with thos€edfenius (1979) who carried out

laboratory shearing tests on soft clay/bitumen/oetecspecimens to investigate the strain
rate effect. In both studies the shear stress ase with increasing shearing rate. The
higher shear stress at low strain rates obtainetthéywuthor could be explained by the
lower temperature (4°C) at which the tests weredooted. The lower shear stress at
higher strain rates may be explained by the spitysed in the author’'s study, which
was soft and sensitive highly plastic clay (72 ®&ydize particles).
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4  CONCLUSIONS

This paper has investigated the development ofr Stesss between gyttja and different
pile materials and the effect of the shearing raéte results of this investigation show
that the ratio of interface angle of friction tottgy angle of friction for concrete and steel
was 1.0 and 0.8, respectively. The movement netxeshch the peak shear stress was
2.3 and 4 mm for the gyttja/steel and gyttja/cotecreample, respectively. The
gyttja/bitumen/concrete sample needed 1 to 3 mmemewt to reach the peak shear
stress. After reaching the peak shear stress #pmmse was plastic, strain softening or
hardening. A peak shear stress was not reachety atoamal stress on gyttja samples.

The magnitude of the shear stress between gyttjatan bitumen concrete block was
strongly dependent on the applied shearing ratee 3Jiear stress increased with
increasing shearing rate. The bitumen coating Sagmitly reduced the shear stress at low
shearing strain rates and was independent of thleedprormal stress. The reduction was
95 % compared to the undrained shear strengthtga @y the shear strain rate of 2.8°

6 s, At fast shear strain rates (abov@&@>®), the shear stress increased with increasing
normal stress.

The shear tests with variable shearing rates ajaggtiowed a positive rate effect with a
16 % increase in shear stress per log cycle. Thecakdisplacements at the shearing
rates higher than 5 mm/h were constant or reductadion of the sample.
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CHAPTER 5

DISTRIBUTION OF STRAIN
DUE TO INSTALLATION OF PILES
AND SOIL MOVEMENT

5.1. Introduction

In December 2017 an opportunity occurred to esthbé full-scale test site on a
construction site in Esbjerg, where Per Aarslef§ wailding a new harbour. The purpose
of this test setup was to investigate the developrminegative skin friction along driven
piles. The test setup consisted of four instruncbdteven piles: two steel and two precast
concrete. One of each type was bitumen coatedeifeet of the pile installation process
and the surcharge loading adjacent to the ted, pilich happened before the fill around
the piles was placed is described in ConferencePaprhe results obtained after a 3 m
high fill was placed are presented in ConferenceeP8&. Unfortunately, both papers
describe only the behaviour of the steel test pege to the concrete cracks issue (see
Chapter 2) and the malfunctioning of one of thaistDFOS cables the results obtained
from the precast concrete piles are not discusséuki papers.

In general, the Esbjerg test site served as atéisalsite before establishing the main one
(with no construction activities) located at Rarsddarbour (see Chapter 6).

5.2. Assessment of the applied methodologies

All the test piles (both steel and precast congretre instrumented with one pair of
opposite mounted strain DFOS cables. AdditiondHg, steel test piles (both uncoated
and bitumen coated) were instrumented with one dh®W gauges installed at four

different depths. Unfortunately, due to bending ahdaring of the piles, the strain data
obtained from the VW gauges were not useful.

In order to limit the influence of concrete shrigkaon the strain measurements, the pile
instrumentation was mounted on the piles casteohd2ths before driving. The sensors
were installed on the side surfaces of the pilevaeiit exposed to concrete cracks due to
driving. This made the interpretation of straintdimition along precast concrete piles
difficult.

Only one temperature DFOS cable was mounted ih (mtathe bitumen coated precast
concrete pile). This DFOS cable was damaged befoveng the pile. As a backup for
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temperature compensation of the strain DFOS dh&tdmperature records obtained
from the VW gauges were therefore used.

The ground monitoring system consisted of settlédraed pore water pressure sensors
installed at different depths. Additionally, a stpipe piezometer was installed in the
bottom sand layer to monitor the groundwater lesla backup system for settlement
measurements, two settlement plates at the wogkatfprm level were installed. During
the monitoring period, the ground monitoring systarformed well. Unfortunately, the
ground monitoring system was installed after digvihe piles. Therefore, the influence
of pile driving on the soil movement and the chanigepore water pressure could not be
monitored. Additionally, as it was revealed latbe test setup missed an inclinometer to
monitor the lateral soil movement.

5.3. Summary of the results

Piles instrumented with at least one pair of opjeosirain DFOS cables can provide the
engineering quantities of lateral and vertical piéhaviour.

The results obtained in this study confirmed thatesh piles are subjected to residual
forces. Recognizing the existence of residual ®rise especially important for an
interpretation of the shaft and toe resistancéefpile.

It was shown that the bitumen coating reduces thgnmiude of negative skin friction in
the long-term measurements.

5.4. Critical review

The ground monitoring system should be installddreepile installation to help analyse
the strain distribution induced due to pile ingttin. An inclinometer, which was not
considered in the test setup, will support the ysislof lateral displacement of the test
piles.

The instrumentation of the piles should include twairs of opposite mounted DFOS
cables in order to find the extreme quantitiesatéial component. Each test pile should
include at least one temperature DFOS cable (faefigtwo).

Conference Paper 2 focuses on the soil-pile iniera@long uncoated and bitumen
coated steel driven piles due to driving and odegisurcharge loading. The authors
concluded that bitumen coating reduces the magmitidesidual force. Based on the
full-scale field measurements obtained from the $#& in Randers (see Chapter 6),
supported with the results of the laboratory irsteef shearing tests (see Chapter 4), the
behaviour of bitumen coated piles depends sigmflgaon the shearing rate (the shear
force increases with increasing shearing rate)s Timplies that the bitumen coating
reduces the long-term negative skin friction, hogreiut has little or no effect during fast
shearing e.g. pile installation.
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5.5. PhD student’s contribution

The PhD student’s contribution to Conference P&pacludes preparation of the DFOS
sensors, instrumentation of the test piles, cotigaiata from the VW, the DFOS sensors
and the ground monitoring system, analysing thex @aid writing the paper (major

contribution).

The PhD student contributed to Conference Papeiti3a research and writing phase in
the major way.
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ABSTRACT: The results of soil-structure interaction of é@rivsteel piles installed through soft soils are pre
sented. Two instrumented, 12 m embedment, 406 rameater steel piles were installed at a construdit@nin
Esbjerg, Denmark. One of the test piles was bitugwated. The test piles were driven through 3.5fmeo
claimed sand and 3.6 m of soft soil into underlysiagd layer. To investigate the soil-pile inter@ttilue to pile
installation and surcharge loading adjacent topites after installation, the test piles were instented with
distributed fibre optic strain sensors along tHeléngth of the piles. It was found that the teiés experienced
compression loads after installation and laterfledBons due to surcharge loading in the softssdihis case
study documents the existence and magnitude afuaioads in driven steel piles after installatithe influence

of bitumen coating and the effect of lateral thrusthe piles in an upper soft soil layer.

RESUME: Les résultats de l'interaction sol-structure idggipen acier installés au travers des terrainsbiasu
sont présentés. Deux pieux de 406 mm de diamétfeuie 12m sous la surface, furent installés suchantier

a Esbjerg au Danemark. L'un des pieux tests étditiede bitume. Les pieux tests furent battuseers 3,5 m
de sable de récupération et 3,6 m de terre meuhl& d'atteindre une couche de sable sous-jackfited'exa-

miner l'interaction entre le sol et le pieu aprés mstallation et I'effet de surcharge adjacente @eux apres
cette méme installation, les pieux tests furenipggude senseurs en fibre optique distribués sie teur lon-

gueur. Il a ainsi été découvert que les pieux wgbéssaient des forces de compression apreslatista) entrai-
nant des déviations causées par l'effet de sureteargerrain meuble. Cette étude de cas rend cardptéexis-

tence et de I'ampleur de charges résiduelles supaix en acier battus aprées leur installatioa tidfluence

du revétement bitumineux, et également de I'effepdussée latérale sur les pieux au sein d'unenesipé-
rieure de terrain meuble.

Keywords: residual load, lateral soil movement, bitumen icmgptdistributed fibre-optic sensors

1 INTRODUCTION the axial load present in a pile after its installa

. L ion. For each hammer blow a negative skin fric-
The function of piles is generally to transfer Ioad?i g
[

from a structure through soft compressible so
layers to stiffer or less compressible soils. Soll
pile interaction involves a combination of vertical
and horizontal loads. An example of vertical loa
is residual load. Residual load in a driven pile isp

tion develops in the upper part of a driven pile
nd a positive shaft resistance in the lower part,
due to the pile’s upward movement during a re-
ound. The point of equilibrium exists where the
haft resistance reverse from negative direction to
ositive direction (Briaud and Tucker 1984,

IGS 1 ECSMGE-2019 - Proceedings
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Fellenius 2015). Horizontal loads occur whendepth). The gyttja layer is characterized by an av-
piles are installed in a soft soil layer which de-erage water content of 61 %, an average plastic
forms increasing horizontal pressures. As a corimit of 55 % and an average liquid limit of
sequence bending moments develop in the pilek36 %. The peat layer is characterized by an av-
and the piles experience deflections (Poulosrage water content of 285 %, an average plastic
1973, Springman and Bolton 1990). limit 256 % and an average liquid limit of 373 %.

The test setup was designed to investigate ne§ased on the oedometer tests, the soft soil layer
ative skin friction under uniform loading. Unfor- is normally consolidated. According to CPT
tunately, due to construction activities an unsounding and the empirical approaches available
planned one-sided loading occurred, whictor interpretation of undrained shear strength
affected the test site. This paper will focus am thfrom CPT (Lunne, Robertson et al. 1997), the av-
residual load apparent after driving a steel pilerage undrained shear strength of soft soil layer
with and without bitumen coating and deflectionss equal to 16 kPa (assuming the empirical cone
of the test piles due to surcharge loading adjacefactor Nk equal to 15).
to the piles.

This paper first gives details of the site condi- 2.2 Test setup and instrumentation

tions and the_lnstrume_ntatlor_l of the test S.ewpl'he test setup is illustrated in Figure 1. Theetu
The presentation and discussion of results will fo-

cus on the examination of the residual load on a%on3|sted Of. fogr instrumented test piles and in-
. : round monitoring of water pressure and settle-
uncoated and coated driven steel pile and the drgn'e

. . . nt.
flections due to one sided surcharge loading. Two instrumented & 406 diameter (8 mm wall

thickness) steel test piles (with and without bitu-
2 MATERIALS AND METHODS men coating) and the two instrumentgd
350 mm x 350 mm square precast concrete piles
(with and without bitumen coating) were driven
to the approximate depth of 12 m by a Hitachi
The test site is located in Esbjerg, Denmark. AL80-3 piling rig with a 90 kN Junttan HHK9A
the site land was reclaimed from the sea by pladtammer.
ing fill up to +4.5 m above sea level (ASL) to The instrumentation and the obtained results
construct a new harbour. The ground profile confrom concrete test piles will not be described in
sists of 3.5 m thick reclaimed uniform, fine tothis paper due to malfunctioning of one of the in-
coarse sand fill layer on top of 3.6 m soft soilstalled strain distributed fibre optic sensors
layer overlying a postglacial marine, dense, uni{DFOS).
form, medium sand layer. Based on the previous All of the instrumentation and the test piles
site investigation carried out by GEO (GEOwere installed from a working platform (0.0 m
2016) and Jysk Geotekinik (JyskGeoteknik 2017§lepth) at 1.5 m ASL. The test piles were installed
and testing carried out on samples collected im December 2017 and the field instrumentation
connection to the installation of in-situ monitor-was installed in January 2018.
ing equipment for the test setup, the soft sogtay = To measure pore water pressure low air entry
is found to be of postglacial marine origin, highlyvibrating wire piezometers were installed at 5.0,
organic and consisting of gyttja (at roughly 3.56.5, 7.7, and 12.2 m depth using the fully grouted
4.3 m depth) and peat (at roughly 4.3-7.1 ninstallation method. The grout consisted of water,

cement and bentonite with the 8:1:1 ratio by

2.1 Site conditions

ECSMGE-2019 — Proceedings 2 IGS
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weight (water:cement:bentonite). A stand pipe The steel test piles were instrumented with two
was installed with an intake zone at 12.5 m depthopposite mounted strain distributed fibre optic
sensors (DFOS). As presented in Figure 2,

A) Top view Brusens V9 cables were used as strain DFOS. Al

P —| DFOS were placed along a welded (one side
gz 0 &= N chain intermittent) @12mm steel rebar, pre-
° o st strained to about 1008 and glued using Araldite
& &% uncoated 2012 epoxy. Additionally, both steel test piles
) €2 52 were equipped with one set of vibrating wire
s o a X o strain gauges (VWSG) installed at five different
C3 S3 coated depths: 1.0, 4.8, 6.4, 7.6 and 11.5 m respectively
%@ @54 on each steel pile. The VWSG were protected by
3.0m welded on angle iron. One of the steel test piles
B) Cross section was coa'ted along 7.5 m (0.5_-8.0 m depth) Wl_th a
1 mm thick, 80/100 penetration bitumen coating.
concrete pile Both steel piles were supplied with point-end pile
s steel pile shoe
pt settlement plate )
l working platform
i T 0.0m=1.5m ASL
3 1.5m_water table
Sand
Gyttja
E
g Peat
&
S
. Sand F_igure 2. Installation of strain DFOS on the steel
SF - e~ DFOS (S1-S4; C1-C4) piles.
9 ¢ e VWSG
E g A VW piezometers i i
10 & ” Magneﬁzc fargots 2.3 Temperature compensation of strain
1 E O Settlement plates measurements
1 Standpipe ] o ]
12 b Al An optical distributed sensor interrogator based
13 E ( on Rayleigh scattering was used in this case

study. The principle of Rayleigh-based distrib-
uted fibre-optical sensing techniques was pre-

The settlement of the surface was measured sented in previous studies (Palmieri and Schenato

o setiemen piates sl at 05 m dept 12 ST I S e, e one s
while the settlements at different depths weré )

: : .nechanically and thermally induced strain (Luna
monitored by magnetic extensometers. The Si¥n1 4)
magnetic targets (6 leaf spider magnets) and the Unf.ortunately it was revealed before installa-

datum magnet were installed at 1.2, 4.4, 6.1, 7.6, .
8.7, 12.4, and 13.4 m depth respectively. %on of the test piles that temperature DFOS was

Figure 1. Soil profile and the test setup.
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Figure 3. Construction activities around the testup at selected days after installation of piles.

malfunctioning. To obtain temperature distribu-Table 1. Modelling parameters of soil layers
tion with depth the temperature readings (at the vlysa  Surface friction  Cu

depths of installation) were collected from the Soil type KN/m?® ° kPa
VWSGs and the interpolation between measuring 28 — uncoated
points was made. Then the mechanical strains ~ Sand 18120 Lo oated
were obtained using the equation as given below:  Gyttja 16 - 16
28 — uncoated
z Peat 11
eh =¢f + (0,95 -Aki ke + AT - aL) (2) 15 - coated
T

WheresZ (ug) is mechanical strain at depthez, 2.5 History of construction activities
(ue) is total (measured) strain at deptA2Z (°C) around the test setup

is change in temperature at depthz(°C/GHz)  Main construction activities around the test setup
is temperature conversion factor equal tqonsisted of filling the area with reclaimed sand
-0.638 °C/GHzk, (ue/GHz) is strain conversion up to 4.5 m ASL and the installation of an an-
factor equal to -6.6{ie/GHz, «;, is thermal ex- chored sheet pile wall for the new harbour. It can
pansion coefficient of steel assumed in this studge seen from the sketches in Figure 3 that the ma-
as 12.2ue/°C. jor change took place 78 days after installation of
the test piles, when the area at only one side
2.4 Expected distribution of residual  (South side) was filled up to around +6.0 m ASL.
load This area was continuously filled with reclaimed

In order to evaluate the measured distribution o%aﬁlr:i dur:)t: %hleQ gj%sor?sﬁiire;gsgati?:s/gti%fns”?ﬁé

residual load on uncoated and coated driven steeheet ile wall near the test setun was completed
test pile estimations were made using commer? b P P

cially available GRLWEAP software. The mod- around 91 days after installation of piles.

elling parameters are presented in Table 1. The

Alm and Hamre (Alm and Hamre, 2002) soll

model and standard skin and toe quake and dam%- RESULTS

ing parameters were used. Based on driving logds mentioned in 2.2, only results obtained from

a 20 cm hammer stroke and 25 and 19 blowhe steel test piles are presented in this paper. |

counts for every 20 cm at the end of driving theall figures negative values denote compression
uncoated and coated pile were used respectivelipads and positive values denote tension loads.
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To smoothen the strain profiles, a moving aver- Strain jue]
age of 100 consecutive reading was used to pre- 200 100 0 -100 -200
sent data obtained from DFOS (giving a virtual 0 - ‘ ‘
reclaimed
gauge length of roughly 0,26 m located every 19 eand '
2.6 mm). 2
3 4
3.1 Residual loads and deflection of the 4
test piles after driving 5
E, soft soil
The measured strain distribution of opposite <= 67
mounted strain DFOS on the uncoated and coated & 7 1
steel test piles after installation of the piles ar O g
presented in Figure 4 and Figure 5 respectively. 9 Y
From the data in Figure 4 it appears that the un- 10| sand ;o
coated steel test pile experienced arc-shape de- 11 | (,«"
flection after driving, since the opposite sensors 12/

are located at the opposite sides of the average —s3 -S4 e average

along the full length. Figure 5. Measured strain distribution of opposite

Strain fue] mounted distributed fibre optic sensor on the coate
200 100 0 -100 200 steel test pile after pile installation
0 reclaimed .
1 sand The residual loads for the uncoated and coated
27 steel test pile are presented in Figure 6 and Eigur
31 Sy 7 respectively. The load distribution obtained
4 1 from DFOS for each test pile was calculated
— 5 . based on averaging measured strain distributions
IS soft soil - . .
e of opposite mounted strain DFOS sensors and as-
2 7 suming the Young's modulus of steel equal to
0 g | { 210 GPa.
9 - As shown in Figure 6 the residual load on the
10 | sand uncoated steel test pile obtained from DFOS and
11 GRLWEAP reaches its maximum compression
15 N value of 190 kN (at 9.4 m depth) and 127 kN (at
_s1 52 average 8,0 m depth) respectively. The average unit shaft

. o ._resistance within soft soil layer (3.5-7.1 m depth)
Figure 4. Measured strain distribution of opposite is 30 kPa and 10 kPa obtained from DFOS and
mounted DFOS on the uncoated steel test pile afte(r5 .

RLWEAP respectively.

ile installation o .
P As shown in Figure 7 the residual load on the

In contrast to the observed strain distributiorf0&{€d Steel test pile obtained from DFOS and
of the uncoated pile, Figure 5 shows that th&RLWEAP reaches its maximum compression

strain distribution of the coated steel test pite e V&!ue of 160 kN (at 9.6 m depth) and 100 kN (at

perienced S-shape deflection after driving witr:0. M depth) respectively. The average unit shaft

the intersection point located at approximatel esistance within soft soil layer (3.5-7.1 m depth)
4.7 m depth. P PP >i;s 19 kPa and 6 kPa obtained from DFOS and

GRLWEAP respectively.
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Axial Load [kN] the uncoated and coated steel test piles respec-
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Figure 6. Residual load distribution on the uncahte 12 ¥
steel test pile obtained from DFOS and GRLWEAP S1-day62 —S1-day78 —S1-day119
S2-day62 --S2-day78 --S2-day119

Axial Load [kN]

Figure 8. Measured strain distribution of opposite

0100 59 0 '?0 '1‘00 '1‘50 '2‘00 mounted DFOS on the uncoated steel test pile at se-
reclaimed ' lected days after pile installation
1A R
5 | sand
3 | Strain fue]
4 600 400 200 0 -200 -400 -600
B 0 I I I I ]
— 5 . reclaimed
£ soft soil 14
= 6 - . sand
Q 74 \
[ \ 3 4
Q g | \
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11 - o ;.
a
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Figure 7. Residual load distribution on the coated 1o | Sand
steel test pile obtained from DFOS and GRLWEAP 11 | }
. . 12 -
3.2 The influence of surcharge loading S3 - day 62 —S3-day 119
adjacent to the test piles S4 - day 62 ---S4 - day 119

To assess the influence of one sided surchar
loading adjacent to the test piles, the strairridist d
butions were used. Figure 8 and Figure 9 presen
the measured strain distributions of opposite
mounted distributed fibre optic strain sensors on;

ECSMGE-2019 — Proceedings 6

égure 9. Measured strain distribution of opposite
ounted DFOS on the coated steel test pile atteelec
?ys after pile installation

As shown in Figure 8, there was a significant
fference between strain profiles obtained at day
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A case study of soil-pile interaction in soft soils

62 and 78 after installation of the piles. Theistra  The deflection history of the test piles, based
profiles obtained from the sensor S1 and S2 6@n the measured strain distribution is provided in
days after installation of piles indicate arc-shap&igure 10. It is important to note that the piles e
deflection of the uncoated pile. At day 78 andperienced additional compression loads due to re-
later (day 119) the strain profiles indicate an Ssidual loads and soil settlement.

shape deflection of the uncoated pile having an

intersection point located around 4m depth and

two local maximum tension and compression val4 DISCUSSION

ues located around 3.0 and 7.5m depth. The i, s gies have noted the importance of resid-
strain profiles presented in Figure 9 indicate-a de

) . ual load (Poulos 1987, Kim, Chung et al. 2011)
flection change of _the coated pile. At day 62 theand lateral thrust (Davisson 1970, Springman and
coated pile experienced an S-shape deflecti

with an intersection point at 8 m depth. At da;./lgOlton 1990) to understand and properly assess

119 the deflection type was still S-shaped, hOW§0|I-p|le interaction. This study confirms the ex-

ever the intersection point had shifted to 3.5 Istence of residual load after driving steel piles

: . nd deflection of piles due to one sided surcharge
depth. The local maximum tension and compresy . in
sion values were located at the former intersec- In tr?i's case study the distributed fibre optic
tion point around 8.0 m depth. Interestingly, S . :
above 3.5 m depth (intersection point at day 11éag/ensmg interrogator based on Rayleigh scattering

. . . as used. Due to its spatial resolution (2.6 mm),

?hnediEg:sgfazrsdeenpstgrgné%i?\%tlgz ?g\'/r;trzég?sﬁ ery detailed strain profiles were obtained and

o . . 'S P aracteristic points were precisely located. Un-
sition e.g. S3 from tension to compression side 3

the tob and from compression to tension side rtunately, the test setup did not involve incli-
the bor‘ztom P ometers to monitor lateral soil movement, since

the test setup was designed to investigate nega-
tive skin friction. Also, the test piles would have

uncoated coated benefitted from having two pairs of diametrically
day: 0 62 119 0 62 119 opposite strain DFOS to locate the neutral axis
and direction of bending. Additionally, at least
one more temperature DFOS should be mounted
sand as a backup.

The obtained residual load distributions are
consistent with other studies which found that a
negative skin friction is building up in the upper
portion of a pile and a positive shaft resistance
develops in the lower portion of a pile. The max-
imum residual loads obtained from DFOS were
higher than obtained from GRLWEAP for the un-
sand coated and coated steel test pile by 50 % and
60 % respectively. The maximum value of resid-
ual load obtained from DFOS and GRLWEAP on
Figure 10. Sketch of deflection of the uncoated andhe coated steel test pile was smaller than on the
coated pile at selected days after piles instadlati uncoated pile. This finding suggests that bitumen
based on measured strain profiles coating reduces the residual load.

S1S2 SAS2 $1S2 \S3S4| S3S4 S3 54

soft soil
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Abstract:

This paper presents the behaviour of 406 mm diamnE2em long, instrumented, driven
steel piles at a construction site in Esbjerg, DemkmOne pile was uncoated, and one was
bitumen coated. The piles were driven through anithick layer of reclaimed sand
underlain by naturally deposited soils consistifigg@.0 m thick layer of sand, a 3.6 m
thick layer of soft soil above a thick sand laylére instrumentation comprised distributed
fibre optic cables. Due to its spatial resolutidré(mm), very detailed strain profiles were
obtained. The distribution of strain in the pileasanduced by, first, the pile installation,
building up a residual force in the piles and, thaaditional force, drag force, due to
negative skin friction developing after placing an3hick fill around the piles. Due to
construction activities an unplanned one-sidedit@pdccurred inducing considerable
bending moment and shear force in the test piles.

1 INTRODUCTION

Understanding a soil-pile interaction is essentiad piled-foundation design. Piles can
be subjected to vertical (Fellenius 1972, Indraaah al 1992) and lateral soil movement
(Poulos 1973). Additionally, the installation presanay build up a residual force in piles
(Fellenius 2015). Conventionally, piles have beestrumented with telltales or strain
gages in order to obtain strain distribution andhitow the short- and long-term pile axial
behavior. More recently, piles were instrumentethwdistributed fibre optic sensing
(DFOS) systems based on Brillouin scattering (Keaha et al. 2019).

This paper presents the results of monitoring tagirumented steel piles driven at a
construction site in Esbjerg, Denmark. One pile w#smen coated and one was
uncoated. Both were instrumented with DFOS caldesyua Luna ODISI-B interrogation
unit based on Rayleigh backscattering with a 2.6 spatial resolution.

The paper presents the soil data with a descripbbrthe test setup and pile
instrumentation followed by the results and analysth discussion.



2 MATERIALSAND METHODS
2.1 Soil profile

The test site was located in Esbjerg, Denmark. fdtaral deposits at the site consisted
of 2.0 m thick layer of uniform, fine to coarse damderlain by a 3.6 m thick layer of
soft, organic soil above a thick sand layer. Arh.Bayer of reclaimed uniform fine to
coarse sand was placed on top of the original kEgmd. The soft soil layer is found to be
of postglacial marine, organic and consisting aftjgyand peat. The bottom layer is a
postglacial marine, dense, uniform, medium sand.

The soil profile, distribution of water contenttime soft soil layer, and Atterberg limits
are presented in Figure 1.The water content o$diftesoil layer ranged from about 77 %
to about 273 % with an average of 158 %. The @dstiit, wp, ranged from 63 % to
383 % and the liquid limit, wranged from 145 % to 499 %. An average measunéd u
density of the soft soil layer was about 1,200 Kg/m

WATER CONTENT, w,, (%)
0 100 200 300 400 500 600

Reclaimed

DEPTH (m)
© 00 ~NO O W NP, O
\\/ﬁ I
II
w 0
25

Sand

14
Figure 1. Soil profile, atterberg limits (soil samples collected in connection to the
installation of in-situ monitoring equipment for the test setup on January 16-18, 2018)
and distribution of water content (soil boring B8 performed on October 15, 2008)

The grain size distribution, presented in Figurstws the dominant particle size, on
average, to be 69 % silt size, 11 % clay size,2ihélb sand size. The organic content in
the soft soil layer ranged from 12.9 to 91.4 % vaithaverage of 56 %.

The results of two CPTU soundings pushed on Fepriiar20, 2017 are presented in
Figure 3. The CPTU 1 and CPTU 2 sounding was pusbedt 55 and 70 m from the
test piles, respectively. As indicated in the eydarportion of thegdiagram, both results
showed the existence of the soft soil layer betvadsmut 3.0 to 4.5 m depth. An undrained
shear strength of the soft soil layercl6 kPa was determined based on the CPTU
soundings applying a cone factog, Nf 15.
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Figure 2. Grain size distribution by laser diffraction performed on soil samples collected
in connection to theinstallation of in-situ monitoring equipment (data from Savery 2019).
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Figure 3. CPTU diagrams (CPTU 1 and CPTU 2 from soundings pushed about 55 mand
70 mfromthe test piles on February 17-20, 2017).

Four oedometer tests from 4.1, 4.3, 5.1, and 5.38pth have been carried out to
determine the compressibility characteristics @f $bft soil layer. From the tests Janbu
modulus number, m, was found to be about 6, coore$ipg to a compression ratio, CR,
of 0.44. The recompression modulus numbet, was about 48, corresponding to a
recompression ratio, RR, of 0.056. The coefficiehtconsolidation, ¢ was about
2.9 nt/year. The soft soil layer was normally consolidate



2.2 Test setup and instrumentation

The test setup consisted of four instrumentedpiéss and a ground monitoring system
(Figure 4). The test piles were two instrumente@ #dn diameter (8 mm wall thickness)
steel piles (STP1 and STP2) and two instrument@h@% square precast concrete piles
(CTP1 and CTP2). The piles were driven with a 90JkiNttan HHK9A hammer from a
working platform (elevation +1.5 m above mean ss@l) to the approximate depth of
12 m. Piles STP1 and CTP1 were without bitumeniegand piles STP2 and CTP2
were coated with a 1 mm thick layer of 80/100 peaiein bitumen to 8 m depth. The
ground monitoring system consisted of several vilbgawire piezometers, settlement
stations, and one standpipe piezometer, which allewnstalled from the working
platform. The fill was placed up to +4.5 m ASL owgproximately 125 x 150 m area
around the test piles.

The pore water pressures were measured using fesny vibrating wire piezometers
installed at 5.0, 6.5, 7.7, and 12.2 m depth usiegfully grouted installation method.
The grout consisted of water, cement, and bentomite the 8:1:1 ratio by weight

(water:cement:bentonite). In addition, one opendjigpe piezometer was installed with
the intake zone at 12.5 m depth.

The settlement at different depths was measureddgnetic extensometers (6 leaf spider
magnets) installed at 1.2, 4.4, 6.1, 7.6, 8.7, Hhd m (datum magnet). The settlement
of the surface was monitored by two settlementeglatstalled at 0.5 m depth.

Figure 5 shows the instrumentation of the ste@spiA pair of opposite mounted strain
DFOS cables (BRUsens V9) was used. Two @ 12 mrhrstiears were welded (one side
intermittent fillet weld with weld length of 50 mand pitch of 150 mm) along the test
piles as a guide and protection for the DFOS calfléisr placing the cables along the
additional rebars, the DFOS cables were pre-stagima@bout 1,00Qe. The cables were
glued using Araldite 2012 epoxy afterwards. Adaiglly, one line of vibrating wire
strain gages (VW) was installed at five differeepths: 1.0, 4.8, 6.4, 7.6, and 11.5m
respectively. The VWs were protected by an angle. iBoth steel test piles were supplied
with pointed pile shoe.

Due to malfunctioning of one of the strain DFOSlealnstalled on the precast concrete
pile, the instrumentation and the results obtainech the other strain DFOS cables will
not be presented in this paper.

2.3 Test schedule
The planned test schedule consisted of two ph&bese 1 to investigate the effect of the

pile installation and Phase 2 to monitor the buitdof drag force due to negative skin
friction. The piles (steel and precast concretapvdeiven on December 21, 2017 (Day 0)
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Figure 4. Soil profile and the test setup.
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Figure 5. Cross-section of the instrumented steel test pile.

and the installation process took about 4 hours.jiles were installed with a 1 m stick-
up above the ground surface (Depth 0). Then, owdert May 1 and 3, 2018 (Days 131
through 133) placing of a 3 m thick fill around tiest piles took place. Placing of the fill
was completed in two 1.5 m stages. Monitoring cigeh2 continued from May 3, 2018
through December 13, 2019 (Days 133 through 722).

The ground monitoring system was installed betwé@smuary 16-18, 2018 (Days 26
through 28). The settlement and the pore wateispredata are referenced to the “zero”
reading at Day 28. The strain measurements areerefed to the before-driving state,
unless stated differently.

The first set of measurements was taken immediatiedy all four test piles had been
driven, thereafter, seven sets of Phase 1 measntemwere taken on Days 25, 48, 62,
78, 91, 119, and 126 until starting Phase 2 on B|&018 (Day 133).

Construction activities, including installationagheet pile wall, anchor plates and filling
the area in-between the sheet pile wall up to ithed fevel of +4.5 m ASL, in the close
proximity to the test piles continued during Phasad 2 until about Day 200. As shown
in Figure 6 (a), an unplanned one-sided loadingiwed during Phase 1. The sheet pile
wall was installed at Day 91. Further details om¢bnstruction activities around the test
piles during Phase 1 are provided in Kania and r&eare (2019). The concrete anchor
plates were installed in the proximity to the teit¢s (about 3 m away from the bitumen
coated steel pile) between Days 123-125 as prasentagure 6 (b).



Figure 6. Test site at (a) Day 78 and (b) Day 126 (before placing the 3.0 mfill). The
concrete slabsin (b) are anchor plates for the sheet pile wall seen in the background.

2.4 Dataanalyss
2.4.1 Temperaturecompensation

The strain data recorded from the DFOS cables briitermally compensated in order
to obtain mechanically induced strains. Unfortulyat¢he temperature DFOS cable
installed on the bitumen coated precast concréte(gee Figure 4, sensor T1 on CTP2)
was damaged before the pile installation. Therefinetemperature data with depth and
time for temperature correction of the strain DFf@8ords were obtained using the
thermistor readings from the VW gages. The poifpdot temperature correction
proposed in (Luna 2014) was accordingly modifigd e following:

e =&t — (0,95 Ale ke +AT? o) 1)

where €%, mechanical strain at depth z

ez = total (measured) strain at depth z

AT? = change in temperature at depth z

ke = strain conversion factor (strain/frequency) 67G.1e/GHz

K = temperature conversion factor (°C/frequency) 638 C°/GHz
ay, = thermal expansion coefficient of steel = 12:C°

2.4.2 Datainterpretation

The following information was calculated from theot diametrically opposite placed
DFOS cables:

1
Eha = > (Efm + 8%n,z) (2)



1
K== (e41 — €42) 3)
M? = EIk® (4)
Z i Z

Q* = ” Elx (5)
where e, , = averaged axial mechanical strain at depth z

Em1 = mechanical strain of cable 1

€2 = mechanical strain of cable 2

K? = curvature at depth z

d = distance between two opposite strain DFOS sable

M* = bending moment at depth z

E = Young’s modulus of steel =210 GPa

I = moment of inertia of the steel test piles =8119* m*

Q* = shear force at depth z

Then, assuming the boundary conditions, the gradied the lateral displacement are
derived using the following equations:

6? = [(xdz+A (6)
u? = [’gdz+B (7)
where g* gradient at depth z

u? = lateral displacement at depth z
= integration coefficients as determinedhm®yboundary conditions

3 RESULTS
3.1 Soil settlements

Figure 7 shows the soil settlement at selected dtigs pile driving. It can be seen from
the graph, that the settlement occurred mainly tdune compression of the soft soil
layer. The maximum settlement of 33 mm before pigthe fill (Day 126) was recorded
from the settlement gage located at 1.2 m depté.séktlement during Phase 1 is thought
due to consolidation of the soft soil layer duethe placing a 1.5 m thick layer of
reclaimed sand to form a working platform. Placthg additional 3 m high fill layer
significantly increased the compression of the soittlayer. The maximum settlement at
Day 722 was recoded to be 381 mm as recorded at #ipth.
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Figure 7. Soil settlement profiles at selected days after pile driving.

As shown in Figure 8, the individual settlementegmmstalled above 6.1 m depth are still
settling albeit at a decreasing rate. The settl¢robthe gage located at 1.2 m depth is
mainly due to compression of the soft soil laygackg of the fill is seen to cause only
small settlement of the gages located in the satab7.6 m depth.

Small settlements of the pile head (1-4 mm) wecenaded during Phase 1 and Phase 2.
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Figure 8. Settlement of individual gages with time after pile driving.
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3.2 Porewater pressures

Figure 9 presents the measured pore water pressithetgme. Immediately after placing
the fill the piezometer located at 5.0, 6.5, aririd.depth recorded an increase of 12.4,
11.5 and 8.9 kPa, respectively. The piezometealiestat 12.2 m depth (sand layer) did
not record any increase of pore water pressure gratedy after placing the fill. Between
Day 133 and Day 141 the pore water pressure dexmitdys4.9, 5.2, and 4.2 kPa from the
piezometer installed at 5.0, 6.5, and 7.7 m dembpectively. After Day 141, all the
piezometers recorded an increase of pore watesymesAs can be seen from the graph
the ground water table level in the bottom sanddayas increasing after placing the fill.
It is therefore likely that the reduction in therpavater pressure due to consolidation is
cancelled out by the increase due to rise in thiemtable. The piezometer installed at
12.2 m depth was following the increase of groumdewtable level.

120 :

— |
g | e
< 100 - l
% ' Water pressure
5 12.2m depth from the
2 | stand pipe

80
ﬂ Phase| Phase (12.5m depth)
g — > v
% 60 | 7.7m depth
|_
<§E ¥ 6.5m depth
w40 -
z 5.0m depth
8 Fill placement ' P

20 ‘ P/‘(Day‘131-‘133) ‘ | ‘

0 200 400 600 800

TIME AFTER PILE DRIVING (days)

Figure 9. Pore water pressure recorded fromindividual piezometers located at different
depths and the water pressure cal culated from the standpipe water level records.

Figure 10 shows the hydrostatic and measured patervpressure profiles at selected
days after pile installation. At Day 48, the piezadar in the sand layer (12.2 m depth)
showed a hydrostatic pore pressure correspondiaggtound water level at 3 m depth
(1.5 m below mean sea level), while the water lewehsured from the ground surface
corresponded to 1 m depth (0.5 m above mean sed).lébhe other piezometers
confirmed the non-hydrostatic pore water pressusgribution. At Day 533, the
piezometer installed at 5.0 m depth showed aboWPH)excess pore water pressure,
while the piezometers located at 6.5, 7.7, and dR.depth showed hydrostatic
distribution.
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Figure 10. Pore water pressure profiles at selected days after pile driving.
3.3 Strain distributions

Figure 11 shows the strain distribution obtaineahfithe individual strain DFOS cables
along (a) the uncoated and (b) bitumen coated gileedt selected days after pile driving.
Negative values denote compression. To smootherstthegn DFOS data, a moving
average over 100 readings was calculated givingtaal gage length of 0.26 m. The
strain records obtained immediately after drivibgy 0) from the uncoated (STP1) and
bitumen coated (STP2) steel pile indicate bendinf® piles. The observed increase in
strain between Day 0 and Day 126 (before placiegfitharound the test piles) i.e., S1
and S3—increase in tension and S2 and S4—increaseripression, could be attributed
to the aforementioned unplanned one-sided loadic@uroing before Day 126 and
causing bending of the piles. The maximum compoessind tension values were
recorded around the boundary between the softasall the bottom sand layer. The
changes in strain distribution occurring betweery 226 and Day 722 is primarily a
result of placing the fill. It can be seen thatgotg of the fill increased the extreme
compression and tension values along the uncodtsl pile, while they remain
unchanged for the coated pile. For the uncoated jpihcing of the fill is seen to increase
the compressive strain values and unchange theetastisin values in the soft soil and
bottom sand layer. This result may be explainedhieyfact that negative skin friction
(causing an increase of the compressive straiih ensors) is masking the effect of
bending the pile (causing an increase of the cosspre and tensile strain along two
opposite sensors). For the bitumen coated pilejn@eof the fill is seen to increase both
compressive and tensile strain values in the silftayer, which indicate an increase in
bending of the pile. As expected, the bitumen cgateduced the increase in compressive
strain along both sensors. In both piles, bendiag Mss pronounced at the pile toe level.

Due to the bending, the readings obtained fromsthgle line of VW gages were not
analysed and are not presented in this paper.
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Figure 11. Strain profilesin (a) the uncoated steel pile (sensor Sl and S2) and (b) coated
steel pile (sensor S3 and $4). The plots show measured data immediately after driving
(Day 0), before placing thefill (Day 126), and 589 days after placing thefill (Day 722).

4 ANALYSIS
4.1 Deformation of thetest piles

In order to investigate the deformation of the f@fds, it was assumed that the piles
worked as cantilever beam fixed at the pile toeraitiving. The reference readings were
the ones recorded immediately after driving. THisweed to determine the integration
coefficients (cf. Egs. 6 and 7). Figure 12 shovesdirvature (a) and (b), gradient (c) and
(d), and the lateral displacement (e) and (f) efuhcoated and bitumen coated steel pile,
respectively. It can be seen from the graphs thah lpiles experienced similar
deformation before placing the fill (Day 126). Afteards (Day 722), the curvature,
gradient, and lateral displacement of the uncoatedl pile (STP1) increased above
10.5 m depth. In contrast, the lateral deformatibtihe bitumen coated steel pile (STP2)
was unchanged below 7.5 m depth.

4.2 Influence of the pile deformation on thedistribution of internal forces.

Figure 13 shows the distribution of axial force &ag (b), the bending moment (c) and
(d), and the shear force (e) and (f) along the atemb(STP1) and bitumen coated (STP2)
steel pile respectively. These features were detechdirectly from the strain data with
reference readings before pile driving. Positivieiea of axial force denote compression.
In order to obtain an appropriate shear force idigtion, the bending moment was
smoothened (using a moving average) before diftexon. Even though, the shear force
diagram above 4.5 m depth along the STP1 was sedt(Eigure 13 (e)). Smoothening
the data should be used with caution, since itezmily alter or disguise the meaningful
data points.
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Figure 12. Curvature ((a) and (b)), gradient ((c) and (d)) and lateral displacement ((€)
and (f)) of the uncoated (STP1) and bitumen coated (STP2) steel test pilerecorded at Day
126 (before placing thefill) and Day 722 (589 days after the end of placing thefill). Data

for STP1 at Day 126 from Kania et al. 2020.
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Figure 13. Axial force ((a) and (b)), bending moment ((c) and (d)) and shear force ((€)
and (f)) along the uncoated (STP1) and bitumen coated (STP2) steel test pile recorded at
Day O (immediately after driving), Day 126 (before placing the fill) and Day 722 (589
days after the end of placing thefill).
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It can be seen from the graphs in Figure 13 thatd@&velopment of internal forces
immediately after driving (Day 0) and during theaB& 1 (Day 126) was similar in both
test piles. Placing of the fill (Day 722) changkd bending moment and the shear force
distribution, which significantly affected the akfarce profiles. The bending moment
increased along the uncoated and bitumen coatebtet pile. However, interestingly,
it reached a constant value in the soft soil la&eng the bitumen coated steel pile (Figure
13 (d)). The constant bending moment resulted newralization of the shearing force
in the soft soil layer. The presence of shear ®respecially at the boundaries between
sand and the soft soil layer (at 3.5 and 7-8 mijepenerated tensile strain within the
shear plane and affected the interpretation ofl fowae distribution.

5 CONCLUSIONS

Driven piles instrumented with DFOS cables can g®wetailed information about the
strain distribution. At least a pair of opposite unted cables should be installed to
determine the influence of lateral and vertical smvement.

To obtain mechanically induced strains, recordegirstdata from DFOS cables must be
thermally corrected.

Axial strain, curvature and bending moment are aiyeobtained from the strain
measurements. Therefore, they are more reliablen e gradient and lateral
displacement distribution, which requires assumnmgticegarding boundary conditions.

Although shear force distribution can be calculabgd differentiation of a bending
moment, the bending moment distribution shouldrbeahened to obtain an appropriate
shear force profile. However, smoothening must fg@ied with caution because it can
disguise sudden data changes.

The distribution of axial force was induced by ke installation, building up a residual
force in the piles, and placing of the fill. Howeyi2 was disturbed by the shear force in
the test piles caused by lateral soil movement. driesence of shear forces generated
tensile strain at the location of shear planesafigenced the interpretation of axial force
distribution.
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CHAPTER 6

SOIL-PILE INTERACTION IN A SUBSIDING SOIL

6.1. Introduction

The main test site was established at Randers HarBamilarly to the Esbjerg test site
(see Chapter 5), the purpose of this test setupavervestigate the soil-pile interaction
in a soft, subsiding soil. The test setup consisfa®o instrumented steel piles and two
instrumented precast concrete driven piles. Ore gfileach type was bitumen coated.
The piles were driven through gyttja on top of adskyer. A 2 m high fill was placed to
initiate the soil movement. Some of the lessonmtefl@om the Esbjerg test setup were
implemented, e.g. instrumentation of the test pitbers were assumed to be negligible
in that case, e.g. lateral soil movement.

This chapter includes Journal Paper 3.
6.2. Assessment of the applied methodologies

The ground monitoring system consisted of settlédraed pore water pressure sensors
installed at different depths. Additionally, theogndwater level in the gyttja and sand
layer was continuously monitored using TD-DiVersystem (Van Essen Instruments
2018). As a backup system for settlement measumsmevo settlement plates at the
working platform level were installed. The groundmitoring system was installed
before driving the test piles (except the two eetnt plates which were installed after
the pile driving) which allowed to monitor the sdiilsturbance due to driving. It was
assumed that inclinometers were not needed, becaus®nstruction activities were
planned at the site during the monitoring pericat tould induce lateral soil movement.

The steel test piles were instrumented with twaspai opposite mounted strain DFOS
cables and one pair of opposite mounted temperBE@S cables. As a backup system,
a pair of opposite mounted VW gauges at four difierdepths was installed. Both
systems were able to withstand the installationcgse and provided long-term
measurements.

The precast concrete piles were instrumented withdairs of opposite mounted strain
DFOS cables and a single temperature DFOS cablea Backup system, a pair of
opposite mounted VW gauges at four different depihs installed. The surface mounted
VW gauges were installed in pre-cut spots on ttie surfaces of the piles and filled with
a high-strength repair mortar. Unfortunately, itswavealed before driving that most of
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the VW gauges were fluctuating and/or showing duhe range records, meaning that
the reference reading could not be establishecer Aftiving, all but four VW gauges
recorded out of the range strain data and weréulftimg. However, it was still possible
to obtain the temperature data, which were usedefmperature compensation of the
measured strain DFOS data.

The vibrating wire piezometers and strain gauge® wennected to a data logger which
allowed to capture the influence of pile driving thhe pore water pressure and also the
decrease in the drag force along bitumen coatetdi gile after placing the fill.

Installation of two opposite temperature DFOS cald#owed to recognize the issue
related to the performance of these cables whétlied in driven piles (see Chapter 2).

In order to limit the influence of concrete shrigkaon the strain measurements, the pile
instrumentation was mounted on the piles casteohd2ths before driving. The sensors
were installed on the side surfaces of the pilevaeiie exposed to concrete cracks due to
driving. This made the interpretation of strainrejdhe precast concrete piles difficult.

Placing of the 2 m high fill was sufficient to mbbe a relative movement between the
test piles and the soil. The resolution of the DF9&tem used in this study, allowed to
distinguish very small strain changes along theg#ss induced by placing of the fill.

The obtained unit shaft resistance was normaligatidvertical effective stress showing
the development of the beta-coefficient with tiiecording to the literature (Johannesen
and Bjerrum 1965, Burland 1973), the effectivessmmethod is appropriate to calculate
the unit shaft resistance for piles in cohesivéssbiowever, in this study the development
of the beta-coefficient was determined only aftecimg the fill.

6.3. Summary of the results

The mobilised long-term beta-coefficient along theeoated steel and precast concrete
pile was 0.13 and 0.19, respectively.

The obtained pile material factor for steel was @ssuming the pile material factor for
concrete equal to 1.0) and was comparable to teebtained in the laboratory interface
shearing tests (see Chapter 4).

The bitumen coating significantly reduced the magie of shearing forces along the
piles. Its efficiency was dependent on the rateslative movement between the pile and
the soil as also reported in the laboratory int&fshearing tests.

6.4. Critical review

The study presents the development of the unit sesistance after placing the fill only
based on the strain DFOS sensors.




101

The DFOS system provided very detailed strain iistions, especially within the
transition zone, where negative skin friction ches)\qto positive shaft resistance. This
was almost impossible to achieve with conventicstahin monitoring systems (i.e.
telltales or strain gauges). However, the curréntys did not propose any analytical
method to predict the distribution of shaft resisty with focus on the transition zone,
and the magnitude of toe resistance due to thefdrag.

6.5. PhD student’s contribution

The PhD student’s contribution to Journal Papen@udes preparation of the DFOS
sensors, instrumentation of the test piles, cotigaiata from the VW, the DFOS sensors
and the ground monitoring system, analysing thex @eid writing the paper (major
contribution). The oedometer tests were perforrogéther with a bachelor student. The
grain size analysis and the organic content arsasre performed by the bachelor
student.







103

JOURNAL PAPER 3

Kania, J.G., Sgrensen, K.K., and Fellenius, B.H d&velopment of unit shaft resistance
along driven piles in a subsiding soil. Plannedagournal submission.

Status: manuscript planned for a journal submissio







The development of unit shaft resistance along driven
pilesin a subsiding soil

Jakub G. Kania
cp test a/s and Department of Engineering, Aarmisdusity

Kenny Kataoka Sgrensen
Department of Engineering, Aarhus University

Bengt H. Fellenius
Consulting Engineer

Abstract:

This paper describes and analyses the results tetaprogramme focused on the
development of unit shaft resistance along drivilespnstalled in a subsiding soil. Two
instrumented @ 406 mm diameter, steel test piléth @nd without bitumen coating) and
two instrumented 400 mm x 400 mm, square precastrete piles (with and without
bitumen coating) were driven at a test site in RasidDenmark to depths of 13.8 and
12.8 m, respectively. The test piles were drivanough roughly 1 m of fill layer on top
of 9 m soft soil layer overlying a postglacial, ma; medium dense sand layer. The unit
shaft resistance was developed due to the sousébm the installation of the test piles
(the first phase) and the placement of the fik ($lecond phase). The development of unit
shaft resistance along uncoated driven piles &eadlto an increase in effective stress, a
soil settlement after dissipation of excess poréewpressure and a rate of relative
movement between the pile and the soil. The dewedop of the unit shaft resistance
along bitumen coated piles is related to a ratelative movement between the pile and
the soil. The bitumen coating reduced the dragefatong the steel pile by 73 %.

Keywords

Soil-pile interaction, soft soil, bitumen coatingstrumented piles, distributed fibre optic
sensors

1 INTRODUCTION

Placing the fill or lowering the groundwater tablkea site induces soil settlement. For a
piled foundation, settlement will develop negatkn friction along the upper length of
the piles and positive shaft resistance alongdiei length. An equilibrium force will
develop at a depth called "neutral plane" (N.Ptyveen the sum of the sustained load on
the pile plus the drag force (due to accumulateghtiee skin friction) above the N.P. and
the sum of the positive shaft resistance and thieilimed toe resistance below the N.P..
Because the transition at the N.P. from negativeositive direction of shaft resistance
involves a gradual movement change, a transitioe zall develop above and below the
N.P..



One of the first full-scale tests investigating ttevelopment of negative skin friction
involved telltales to obtain a distribution of loawl the test piles (Johannessen and
Bjerrum 1965, Bjerrum et al. 1969). However, theifation with telltales is that
measurements were usually only obtained aftermlyivi herefore, the load distribution
in the piles caused by driving were not definedisTdisadvantage was eliminated by
using load cells, strain gages, or vibrating wiraia gages directly attached or embedded
in a test pile. Fellenius (1969; 1971; 2006) repdifull-scale test results concerning the
effects of the pile installation, the reconsolidatiof the soil after the pile driving, the
load distribution in the test piles due to placthg load on the pile head, and as finally
caused by placing fill around the test piles. Hogrethe above-mentioned sensors can
provide strain data only at discrete points. Theneef it was difficult to define the
transition zone around the N.P.

Previous full-scale tests have been mainly perfdrtoestudy the development of drag
force and downdrag along steel and precast condreten piles installed in soft marine
clay (Bozozuk and Labrecque 1969, Indraratna é9812). Little information is available

on the subject for driven piles installed in gytgaypical soft soil of Denmark.

In order to reduce the drag force (Baligh et al&%roposed, electroosmosis, placing a
casing outside the pile, or coating the pile wittutmen. Among the aforementioned
methods, bitumen coating is considered the mostie&ft method. The efficiency of the
bitumen coating is controlled by the shearing ritiekness of the bitumen coating, and
temperature (Fellenius 1979, Hutchinson and Jeh868). The most common type of
the bitumen coating used in the previous studies&@70 or 80/100 with a thickness of
about 1-1.5 mm. However, Briaud and Tucker (198¢pmmended a 10-mm thickness.

The results from the cited full-scale tests showeat only small relative movement
between the pile and the soil is required to dgvelat shaft resistance (Fellenius 1984).
Its magnitude can be analysed using either totaffective stress principles. Total stress
method applies an empirical coefficient,to the stress-independent shear strength, ¢
(Tomlinson 1957) and the effective stress methqdiepan empirical coefficieng, to
the effective overburden stress (Burland 1973). Toefficients depend on soil
composition, strength, and reconsolidation as aglpile type and construction method.

It was therefore decided to start an experimentalgnamme to investigate force
distribution in uncoated and bitumen coated, séee precast concrete, instrumented
driven piles installed in gyttja. In July 2018,ield test comprising four driven piles was
started. The piles were instrumented with distedutibre optic sensors (DFOS) and
vibrating wire (VW) gages. The details of the DF€®le arrangements and results were
presented by Kania et al. (2020).

This paper describes and analyses the resultseoéxperimental full-scale test setup
focused on the development of shaft resistanceriooated and bitumen-coated driven
piles in the subsiding soft soil. The subsidencs wduced by placing a 2 m thick fill
around the test piles.



2 MATERIALSAND METHODS
21 Sail profile

The test site was located at Randers Harbour, Déarfiie initial step in the overall
development of the Randers Harbour area was ansgigovement scheme employing
vertical drains for acceleration consolidationlsetent, but for an about 30 m wide strip
reserved for the pile test. The planned surchavge the general area has not yet been
placed.

The soil profile consisted of a 1 m thick old above an 8 to 10 m thick soft soil layer
(the thickness varies 8-10 m) overlying a postgllacharine, medium dense sand. The
soft soil layer is postglacial marine origin organlayey silt trace sand, locally regarded
as gyttja. The soil properties are shown in Figustowing in Figure 1a the distribution
of water content and soil density, in Figure 1buhdrained shear strength, and in Figure
1c the grain size distribution. The depth referddapth below the original ground surface.
The grain size distribution was determined by labi#fraction performed on four soll
samples from different depths.

The soil samples were collected in connectionédrbtallation of the ground monitoring
system (i.e. between the location of the test piles

The water content of the soft soil layer rangeanfrmbout 70 % to about 150 % and was
close to the liquid limit. The lower about 1 m thiayer of the soft soil had larger water

content and the CPTU showed an increase of U2 essure. The plastic limit ranged

from 42 to 52 %. The measured unit densities ostifesolil layer ranged from 1,390 to

1,510 kg/mi with an average value of 1,430 kd/m

The grain size distribution shows, on average, tf@tdominant particle size in the soft
soil was silt (75 to 81 %), the clay size was 16a%g the sand size was 7 %. The organic
content ranged from 7.5 to 9.1 % with an averagaboit 8 %.

The undrained shear strength of the soft soil vederchined from field vane shear tests
that were adjusted by a factor k = 0.77 based epldsticity index (Bjerrum 1972, Holtz
and Broms 1972, Ovesen et al. 2012) and ranged I®mo 35 kPa with an average of
21 kPa.. The groundwater table in the old fill whsse to the ground surface.

Two oedometer tests from 2.6 and 4.5 m depths stholne compressibility of the soft
soil layer, expressed in terms of the Janbu modumsber, m, to be about 8 (c.f., Janbu
1963; 1998 and Fellenius 2018), correspondingdonapression ratio, CR, of 0.29. The
recompression modulus number, ohletermined in both oedometer tests was about 55,
corresponding to a recompression ratio, RR, of.0l&& coefficient of consolidationy,c
was about 0.7 Ryear. The preconsolidation margin determined ith m@dometer tests
was about 20 kPa, which corresponds to an OCR6ainZand 4.5 m depths of about 3
and 1.6, respectively.
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Figure 1. Soil properties: a) Atterberg limits and water content, b) undrained shear
strength, ¢) grain size distribution by laser diffraction (data from Savery 2019).

The results of two CPTU soundings pushed on Jur2012018 are presented in Figure
2. The CPTU 1 and CPTU 2 were pushed 1 m fromiieeated steel pile and the bitumen
coated precast concrete pile, respectively. A dactor, N, of 9 correlated the cone
stress, g to the vane shear strength. The sensitivity efdbift soil (the ratio of peak to
remolded shear strength) ranged from 3 to 7 withwaerage of 4. The U2 pore pressure
measurements of the CPTU soundings on June 190928,showed the pore pressures in
the sand to be hydrostatically distributed withighs artesian head to about 0.6 m above
the ground surface
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Figure 2. CPTU diagrans.
2.2 Test setup and Instrumentation

The test site is located about 10 m outside oatka treated with vertical drains. The test
piles were two instrumented 406 mm diameter (8 matl thickness) steel piles (STP1
and STP2) and two instrumented 400 mm square precasrete piles (CTP1 and
CTP2). All piles were driven on July 3, 2018, wattYyO kN Junttan hammer through the
soft soil to about 3 m into the sand. Piles STRLShP2 were driven to 13.8 m and 12.8
m depth and Piles CTP1 and CTP2 were driven torh2i8pth. The penetration thorough
the soft soil was by the weight of the hammer ated piles STP1 and CTP1 were without
bitumen coating. The upper lengths of Piles STR2@hP2 were coated with a 1 mm
thick layer of 80/100 penetration bitumen betwdsndground surface and the depths of
10.8 and 9.8 m, respectively. Figure 3 shows agtaken on July 3, 2018, just when all
four piles had been installed and the pile driesnoved.

Flgure 3. Photo of tst plles after compl eted installation.



Figure 4 shows the test piles and the ground mongosystem comprising several
vibrating wire piezometers and settlement statingtalled from a temporary platform at
the ground surface (Elev. £0.0 m ASL). The embanknfeotprint base and upper
surface areas were 10 x 19 m and 6 x 15 m, respécti
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Figure 4. Test area with monitoring instrumentation, test piles, and embankment.
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The pore water pressures were measured using fesny vibrating wire piezometers
installed at 2.6, 5.8, 9.0, and 12.1 m depth u#iiegfully grouted installation method.
The grout consisted of water, cement, and bentomte8:1:1 ratios by weight

(water:.cement:bentonite). Two stand-pipes wereallest with intake zones at 6.3 and
10.0 m depth.



The settlement at different depths was monitorednagnetic extensometers (6 leaf
spider magnets) installed at 1.2, 3.6, 6.0, 84,&d 14.6 m (datum magnet) depth and
two settlement plates installed at about 0.4 midefiie datum magnet located at 14.6 m
depth, 1.8 m below the precast concrete pile teel Iserved as "zero " reference to all
settlement gages.

The pile installation of all 4 piles took about 8uns. Dynamic monitoring with the Pile
Driving Analyzer was performed during the drivinfitibe last 1 m of the steel test piles
and during the entire driving of the precast cotecpales. The results of the monitoring
are not reported here.

2.2.1 Stedl test pile

Figure 5 shows the instrumentation of the steelspiOne pair of diametrically opposite
surface-mounted vibrating wire strain gages (VWJ)evglaced at four different depths:
1.0, 5.9, 10.8, and 13.3 m, respectively. Additiynathe steel test piles were
instrumented with two pairs of opposite mounted 3F€ables and a pair of opposite
mounted temperature DFOS cables. A BRUsens V9 eaidaised as strain DFOS cable
and a BRUsens Temperature 85°C cable was usedmgerature DFOS cable. Six
@ 10 mm steel rebars were welded (one side intemntitillet weld with the weld length
of 50 mm and the pitch of 100 mm) along the telgtspas a guide and protection for all
the DFOS cables. The strain DFOS cables were pagst to about 1,10@. All the
DFOS cables were glued using Araldite 2012 epoxye VW gages were protected by
an angle iron welded to the steel piles. Both dtestlpiles were supplied with a flat pile
shoe.

DFQOS-strain @10mm

b

@406x8mm

o _DFQS-strain
|
L80x80x8mm

VW

Figure 5. Cross-section of the instrumented steel test pile.



2.2.2 Precast concrete test piles

Figure 6 shows the instrumentation of the precastiete piles. The piles were cast 14
months before driving. They were instrumented witirs of diametrically opposite
position of surface-mounted VW gages at four depthg, 5.5, 9.7, and 12.3 m,
respectively. (As mentioned below, the VW gage r@sdurned out to be unusable and
had to be discarded). They were also equipped twithpairs of diametrically opposite
surface-mounted strain DFOS cables and one tenyperaFOS cable. A BRUsens V9
cable and a BRUsens Temperature 85°C cable weréd tsemeasure strain and
temperature, respectively. The strain DFOS cabkye pre-strained to about 1,106

As shown in Figure 7, the DFOS cables were plat&tggore-prepared grooves on the
side surfaces of the precast concrete piles andredwith Araldite 2012 epoxy. The
figure also shows that the resin anchor end bleek® installed in pre-cut spots on the
surface of the precast concrete piles. The VW (atdles) were then protected by filling
the cuts with a high-strength repair mortar.
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Figure 6. Cross-section of the instrumented premastrete test pile

Figure 7. Installation of a DFOS cable and a VW on a precast concrete pile



2.3 Test programme

The test programme consisted of two phases. Phasdréssed the effects due to pile
installation and Phase 2 those due to placingefith

All ground monitoring systems were installed in 2018 (except two settlement plates
which were installed after the pile driving). Thest piles were driven on July 3, 2018
(Day 0) 12 days after completing the installatiéthe@ ground instrumentation.

The uncoated steel test pile (STP1) was installst followed by the bitumen-coated
steel test pile (STP2), the uncoated precast ctpile (CTP1), and the bitumen-coated
precast concrete pile (CTP2).

The piles were installed with a 2.2 m stick-up abtve ground surface. Before placing
the fill, all four test piles were sleeved along tstick-up length with a plastic pipe
(@ 600 mm) to protect them from the fill.

The first set of measurements was taken on wetallied in June 2018 immediately after
driving the piles. Afterwards, seven sets of measients were recorded, (Days 1, 3, 6,
9, 41, 50, and 65) between driving the piles amdtisg the second phase at Day 72,
September 13, 2018.

Between September 13 and 14, 2018 (Days 72 thré8gla 2 m high embankment was
placed over a 10 x 19 m footprint area aroundekeiles with an edge slope of 1:1 (c.f.,
Figure 4.). The fill was completed in two 1 m stage

2.4 Obtaining Strain in DFOS Cables

To obtain mechanically induced strain from DFOSIlesht is necessary to thermally
correct the DFOS measurements (Kechavarzi et 8l6)2 Unfortunately, due to
malfunctioning of the temperature DFOS cables,etpgation proposed in (Luna 2014)
to obtain mechanically induced strain had to beifreztlinto the following form of Eq. 1.

ef = ef — (0955 k, + AT% - ) (1)
kr
where ¢Z = mechanical strain at depth z
ef = s total (measured) strain at depth z
AT?= change in temperature at depth z (°C)
kr = temperature conversion factor from temperatinifeequency
(in this study equal to -0.638 °C/GHz)
k. = strain conversion factor from temperature taist
(in this study equal to -6.6%/GHZz)
a; = thermal expansion coefficient of the pile miater

set as 12.2 and 104/°C for the steel and concrete piles, respectively
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The cross-section area was calculated as 0.01.46c® for steel and precast concrete
test piles, respectively. The elastic modulus, & assumed to be 210 for the steel piles.
The elastic modulus of concreteg, Bor the precast concrete piles was assumed to be

37 GPa as based on the type of concrete (C50/@0phoratory tension tests conducted
on different piles from the same factory (Sgrer&&th). The temperature data with depth
and time were obtained from the VW gages.

3 RESULTSAND DISCUSSION

The results are divided into Phases 1 and 2. Phasgss for period before and Phase 2
was for the period after placing the fill. The ret® of ground monitoring systems
(settlement and pore water pressure) during PHaaad 2 are referenced to Day 0.

The temperature before driving was about 40 °Géaded by the sun) and reduced after
driving to about 10 °C in the soil. Unfortunataiige to malfunctioning of the temperature
DFOS cables and the non-uniform temperature aldrmgy test piles before and
immediately after driving, the temperature corrattdf measured strain DFOS data was
not possible. A possible explanation for the matfioning of the temperature DFOS
cables is that they were sensitive to mechanicains(Kania et al. 2020).

Also the VW gages installed on the precast condestepiles malfunctioned before the
driving and all VW strain records in the concreilepwere had to be discarded. Some of
the sensors showed out of range records and sonegflwetuating.

For the steel piles, STP1 and STP2, only the VVéndx are reliable for Phase 1. For
Phase 2, both the VW and DFOS systems provideabtelrecords.

For the concrete piles, CTP1 and CTP2, only the ®F@ges provided reliable strain
records and only for Phase 2. The DFOS strainwlata referenced to change of readings
on Day 65 before placing the fill.

3.1 Soil and Pile Movements
3.1.1 Movementsdueto Pilelnstallation, Phase 1

Figure 8 presents soil settlemenmtsnediately after driving the test piles and at D&y
and 65. The maximum settlement, 17 mm, was obtdnoedthe settlement gage located
at 9.7 m depth. The measurements above 7 m dajitaiad that the soil heaved due to
the pile installation and then settled back a saralbunt (about 8 mm) during the 65-day
observation period. The maximum heave was 22 mmeasured at the depth of the first
settlement gage located at 1.2 m depth. The hemoreased with depth. Below 7 m depth,
the soil was pushed downward by the pile instalfatiThe maximum downward
movement was 18 mm and occurred at between 8 and d&pth. The downward
movement did not change significantly during th@$thl observation period (0 through
Day 65).

The settlement of the pile heads was small (zefiorton) during Phase 1.
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Figure 8. Soil movement profiles immediately atiad at selected days after driving.
3.1.2 Movementsdueto Fill, Phase 2

Figure 9 presents the distribution soil settlementselected days due to the placing of
the fill (start of placing it was Day 72) and thedi soil settlement calculated at the center
of the test site using the compressibility and otidation parameters (c.f., Section 3.1).

The stress distribution due to the fill placemesmpankment) was calculated using
equation by Osterberg (1957) based on integratiegBoussinesq solution and later

verified by calculations employing UniSettle4 sadte (Goudreault and Fellenius 2015).
As expected, the settlement occurred mainly irstifesoil layer due to the consolidation

process. The settlements of the bottom sand lagez emall; the recorded settlement of
the gage located at 9.7 m depth (the closest gathe thottom sand layer) was 3 mm 277
days after placing the fill (Day 350).
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Figure 9. Soil settlement profiles due to placing of the fill at selected days after driving
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The observed settlements of the individual gagestduhe fill are shown in Figure 10.
It can be seen from the graph, that the soil Ikssdttling albeit with a decreasing rate.
The placing of the fill caused only small settletng@mm) in the sand (gage located at
9.7 m depth). The settlement gages located aBX%626.0, and 8.4 m depth recorded 173,
81, 39, and 11 mm settlement, respectively.

Small settlements of the pile heads (1-3 mm) oeclduring the Phase 2.
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Figure 10. The settlement of individual gages with time after pile driving.
3.2 PoreWater Pressure
321 Phasel

Figure 11 shows the excess pore water pressumnesasired in the VW piezometer string
installed at the center of the test area. The poessures were corrected for measured
atmospheric variations (amounting to about 1 kPavanage) and variation of free water
table in the sand layer (about 2 kPa on averagehdve not been adjusted for heave or
settlement of the respective piezometer gage. Xbess pore pressures were referenced
to the average pore pressures measured over fogr lwkfore the start of the pile
installation. The zero reading of time was take@7a#i5h the day the piles were installed.

Small excess pore pressure resulted from the smlastement during the pushing down
of Pile STP1 4.5 m away from the piezometer striffgg installation of Piles STP2 and
CPT1, both 1.5 m away from the piezometer strirsgllted in the maximum increase of
pore water pressure: the piezometers located abB6and 9.0 m depth indicated the
pore water pressure increase of 19.0, 32.3, a2, respectively. The measured pore
water pressure exceeded locally the total versitaks by 31 to 44 % with an average of
37 %, which indicates a corresponding increaseoiizbntal stress. The measured pore
pressure dissipated rapidly to an excess pore ynesd about 5 kPa at 5.8 and 9.0 m
depth and about 1.5 kPa at 2.6 m depth 65 daysthéeile driving. Also the piezometer
installed in the sand at 12.8 m depth registeredease of pore pressure due to the
driving. This increase dissipated within hours rafitee pile driving.
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Figure 11. Excess pore water pressure due to pile installation and its dissipation with
time until Day 65 (Phase 1).
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3.2.2 Phase?2

Figure 12 shows the excess pore water pressurgsagidsipation with time after placing
the fill. It can be seen from the data, that theess pore water pressure decreased with
time reaching stable readings about 80 days aliéeing the fill. The maximum values
at the end of placing the fill are rather low wiwemsidering 2-m-high fill (expectetby

= 36 kPa). Based on the coefficient of consolidgt®m, determined from the laboratory
oedometer tests, the time to achieve 90 % of cata@n is more than 27 years. A
possible explanation for this fast dissipation ofgpwater pressure may be due to the
mentioned presence of vertical drains installeduald® m from the test site. The
piezometer located at 5.8 m depth recorded somgpented increase of pore water
pressure between Days 157-161 and Days 171-232cdumee is not known, but it is
probably unrelated to the test piles and fill.

Figure 13 shows the hydrostatic and measured paterwressure profiles with depth.
The hydrostatic line was defined according to #dmgs obtained from the standpipe
in the sand layer and a 0.5 m deep excavationpeeid at Day O from the ground surface
in the old fill layer. During the monitoring perigibay O - Day 350) the water table level
in the soft soil layer ranged from 0.1 to 0.7 mhaan average of 0.4 m above the ground
surface. The water table level in the sand layeged from 0.3 to 1.2 m with an average
of 0.7 m above the ground surface. The pore watsspre profile before driving was
between hydrostatic pore water pressure profiles.gifeatest pore water pressure profile
was obtained immediately after driving the piles.



14

~ 20 |
é_d 1 — 2.6m
Q18 : — 5.8m
w16 1 . 9.0m _
% 14 | Placement of the fill | —12.8m (insand)
) Days 72-73 I

12 4
@ . | Dpay 150
o 10 | :
o ]
o 8
E 6 Mttt | LaTh

b VWA : "l oh by

<;E 4 - Y i ¢ h
w2
£ o) ‘
o :
D -4 4
n '
O -6 : : —————— l : : :
E 10 20 40 60 80 100 200 400

TIME AFTER PILE DRIVING (days)
Figure 12. Excess pore water dissipation with time after placing thefill.
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Figure 13. Pore water pressure, pwp, profiles with depth: hydrostatic, before driving,
maximum measured after driving (July 3, 2018), maximum measured after placing the
fill (Day 73) and final long-term (Day 350).

3.3 Axial PileForces
3.31 Phasel

Figure 14a presents the drag force distributioraioled from the VW gages along the
uncoated steel test pile (STP1) immediately anded¢cted days after driving. The
reference reading was taken before the pile driythg pile was lying on the ground
surface) and all later records of force indicate thange in respect to the reference
reading. Positive values denote compression.



15

Immediately after driving, the drag force distrilomnt showed the highest values of 47 and
44 kN at the uppermost and lowermost gage and ratfothe STP1, respectively. The
minimum value of 14 KN was obtained at 5.9 m defthe drag force distribution
immediately after driving could be explained byidapompression of the old fill layer
and heave of the upper soft soil layer (above 7emitg. The drag force distribution
increased with time in the middle and at the bottdrthe pile. The unit shaft resistance
can be calculated as the difference in force batwke VW gages acting over the pile
shaft area between the gages. Figure 15a showsilitidated unit shaft resistance along
the SPT1 immediately and at selected days afteingdri The unit shaft resistance of the
fill layer and of the soft soil layer are compamahlith the undrained shear strength (see
Figure 1) and remoulded shear strength obtained the field vane test, respectively.

The drag force distributions immediately and aestld days after driving the SPT2
(coated steel pile) are presented in Figure 14mil&iy to the STP1, the reference
reading was taken before driving the test pilec&s be seen from the data, the drag force
distribution changed with time. The compressiveabforce at the lowermost gage
(13.3 m depth) increased by 30 kN at Day 1 and meedauntil Day 65. This result can
be explained by the influence of driving the neiginting pile (i.e. CTP1) located 3 m
from the STP2. The gage located within the soft sgier (at 5.9 m depth) recorded
decrease in compression (10-15 kN) during Pha3éd uppermost VW gage (at 1.0 m
depth) generally recorded increase in compres$imat is surprising is that the VW
gages located at 10.8 m depth indicated tensitmec®TP2. Two opposite mounted VW
gages located at that depth recorded compressidrtesnsion at opposite sides with
similar magnitude. This result suggests deformatiaihe pile at that depth, which could
be an explanation to the issue. The unit shafst@sce along the STP2 immediately and
at selected days after driving is presented in feigibb. As expected, the unit shaft
resistance within the soft soil layer at Day 6®i8 about 5 kPa. Due to aforementioned
issues with the VW gages located at 10.8 m depéhcalculated unit shaft resistance of
the lower part of the pile need to be interpretéth waution.

a) AXIAL FORCE (kN) b) AXIAL FORCE (kN)
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Figure 14. Axial force distribution along the a) STP1 (uncoated steel pile) and b) STP2
(coated sted pile)
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UNIT SHAFT RESISTANCE (kPa)
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Figure 15. Unit shaft resistance along the a) STP1 and b) STP2 immediately and at
selected days after driving.

3.3.2 Dueto placing of thefill, Phase 2

Figure 16 presents the drag-force distribution gltire uncoated (STP1) and bitumen
coated (STP2) steel test pile immediately (Day &%) 277 days after placing the fill
(Day 350). As shown in Figure 16, the drag forcgrdiutions obtained from the DFOS
immediately after placing the fill were the sameng the uncoated and bitumen coated
pile. With time, the drag force distribution alotige uncoated and bitumen coated pile
has increased and decreased, respectively. Thmetht@ng-term maximum drag force
on the uncoated and bitumen coated pile was 872drdN, respectively. Hence, the
bitumen coating has resulted in an approx. 73 %aatah in the maximum drag force.
This result was confirmed by the VW gages mountethe uncoated and bitumen coated
pile.

AXIAL FORCE (kN)
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1 . e Day 73
2 —nDay 350
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4 .......... Day 73
E —Day 350
g 2 | soft
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I 7] zone
nog A\
o 8
0 9
10 -
11 | F
12 s Sand
13 - ‘
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Figure 16. Drag force distribution along the STP1 (uncoated) and STP2 (bitumen coated)
immediately (Day 73) and 277 days after placing thefill (Day 350).
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Figure 17 shows the development of drag forceitligion at 5.9 m depth (average value)
obtained from two opposite mounted VW gages altieguincoated and bitumen coated
steel pile. It can be seen, that the magnitudéefdrag force on both piles is similar
during the fill placement. During the first 8 dagféer placing the fill, the drag force on
the uncoated pile was constant (about 30 kN) acr@ased afterwards with a decrease of
excess pore water pressure (see Figure 12). Ititeglys the drag force on the uncoated
pile was still increasing even after dissipatiorerfess pore water pressure. In contrast,
the drag force on the bitumen coated pile was Bogmitly reduced during the first 8 days
after placing the fill (reaching a value of 4 kN)dadoes not show significant change
afterwards. This result support other research kviiocind that the drag force can be
significantly reduced by the use of bitumen coafMlker and Darvall 1973, Fellenius
1975, Fukuya et al. 1982).

80 , ;
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70 ¢ | |
1 - | N | :
60 1 =!I  S=I
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X 501 % £ 5 steel pile
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B.:J 40 4 W, w
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L 30 |
= ] Coated |
< 20 steel pile :
< . (VW at 5.9m) |
10
0 7 I t
I Dissipation of pore |
10 ] | water pressure ,'

72 72.1 73 82 172 572

TIME AFTER PILE DRIVING (days)
Figure 17. Axial force at 5.9 m depth along the STP1 (uncoated) and STP2 (bitumen
coated) with days after fill placement.

Owing to the spatial resolution of the DFOS it wassible to determine the location of
the neutral plane, at which the maximum drag fo®urs, and distinguish the transition
zone, where negative direction of shear changespasitive (Figure 16). The neutral
plane along the uncoated steel pile was locatdtkisoft soil layer and moved up slightly
with time (by about 0.3 m between Day 73 and Da)3%his finding is in agreement
with Endo et al. (Endo et al. 1969) who observeat the neutral plane moved up and
stayed at certain depth with time. As can be se®n Figure 16, the transition zone (277
days after placing the fill) on the uncoated spel extends from about 2,3 m above the
neutral plane (7.8 m depth) to about 1.4 m below rleutral plane (11.5 m depth).
Disregarding the occurrence of the transition zerl result in overestimating the
maximum drag force. In contrast, it is difficultdetermine the transition zone (277 days
after placing the fill) along the bitumen coatebpi
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Figure 18 shows the drag force distribution alohg tincoated precast concrete pile
(CTP1) only at an early stage of the second phaseo( 20 days after placing the fill).
The strain profiles recorded from the strain DF@#&rdhis stage were scattered and their
interpretation was difficult. A possible explanatifor this is the existence and evolution
of cracks on the sides of the precast concretetlest (Kania et al. 2020). As shown in
Figure 18, the neutral plane was located at ab@uin/depth and the transition between
negative and positive direction of shear was shatpat stage. The maximum recorded
drag force of 86 kN occurred 20 days after placeroéthe fill (Day 93).
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Figure 18. Axial force distribution (determined from the DFOS data) along the uncoated
precast concrete pile (CTP1) at selected days after placing thefill.

The evolution of cracks and its magnitude was ayeater along the bitumen coated
precast concrete pile (CTP2). Thus, the interpetadbf the strain DFOS data was
difficult. The DFOS results obtained from the CTWR not be presented in this paper.

4 ANALYSISOF RESULTS, PHASE 2
4.1 Unit shaft resistance distribution

Figure 19 shows the unit shaft resistance disinbstwith depth along the uncoated and
bitumen coated steel test pile and the uncoatezhpreoncrete pile at selected days after
placing the fill. The unit shaft resistance digtitibon along the uncoated and bitumen
coated steel test pile immediately after placingfith (Day 73) was similar. With time
the unit shaft resistance (in both: negative ansitpe direction) was increasing along
the uncoated steel test pile. In contrast, the shraft resistance (also in both directions)
was decreasing along the bitumen coated steelpiieswith time. The negative and
positive unit shaft resistance along the uncoatextgst concrete test pile was also
increasing with time. The transition between nega#ind positive direction of shear was
longer on the uncoated steel test pile than omticeated precast concrete test pile. The
neutral plane (Figure 16 and Figure 18) is locaedhe depth where the unit shaft
resistance is equal O.
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a) UNIT SHAFT RESISTANCE (kPa) b) UNIT SHAFT RESISTANCE (kPa)
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Figure 19. Unit shaft resistance distributions with depth along: a) the uncoated (STP1)
and the bitumen coated (STP2) stedl test pile immediately (Day 73) and 277 days after
placing thefill (Day 350) and b) the uncoated precast concrete pile (CTP1) immediately
(Day 73) and 20 days after placing thefill (Day 93).

4.2  Development of the unit shaft resistance along the steel test piles

Figure 20 presents the development of negative ldtion along the uncoated and
bitumen coated steel pile. The data were obtain@a the change in the drag force at
certain depths (obtained from the DFOS) and divioiedhe shaft area. Similarly to the
drag force development, the negative unit shalfistasce on uncoated and bitumen
coated pile was increasing and decreasing, respéctiThe negative unit shaft resistance
on the uncoated and the bitumen coated pile imrteddiafter placing the fill was about
4-5 kPa. These values correspond to the remouldédcimed shear strength determined
from the field vane shear tests. The negative st resistance on the uncoated pile
started to increase about 8 days after placindiltredong both determined layers (0-5.9
and 5.9-7.8 m depth) and was still increasing aftesipation of pore water pressure. In
contrast, the negative unit shaft resistance waeedsing during the first 8 days on the
bitumen coated pile reaching a stable value of atrh&Pa and did not change with time.

Figure 21 presents the development of the betdicmeit along the uncoated and
bitumen coated steel piles after placing the Tilhe beta-coefficient immediately after
placing the fill was 0.07-0.12 (depending on thgelx and 0.10 (average along the
bitumen coated section of the pile) for the uncdated bitumen coated pile, respectively.
Afterwards (Day 350), the beta-coefficient increshgeabout 0.15 and decreased to about
0.01 for the uncoated and bitumen coated pile ewsgely.

A possible explanation for the long-term unit sliaftistance increase along the uncoated
pile is an increase of effective stress due toipks$®n of the excess pore water pressure
and further settlement due to soil settlements undastant effective stress (Fellenius
2020). The gradual reduction of the negative uraftsesistance increase could be caused
by the gradual decrease of the increase in softlager compression (Figure 10)
cancelled out by the reducing effect of the deéngashearing rate. Figure 22 shows the
development of negative unit shaft resistance eruticoated and bitumen coated pile
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Figure 20. Development of negative skin friction along the uncoated STP1 (at two
determined soil layers above transition zone) and the bitumen coated STP2 (entire
bitumen coated section of the pile).
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Figure 21. Development of the beta-coefficient (unit shaft resistance normalized by
vertical effective stress) along the uncoated STP1 (at two determined soil layers above
transition zone) and the bitumen coated STP2 (entire bitumen coated section of the pile).

against shearing rate. It can be seen that theasog shearing rate reduces the gradual
increase of the unit shaft resistance. This findingports other research which found the

development of negative unit shaft resistance talbse related to the shearing rate

(Walker and Darvall 1973).
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Figure 23 presents the results from the laboratoect shear tests on an undisturbed soft
soil sample collected at the objective test sitee $oft soil sample was sheared under
three different normal stresses (20, 40 and 60 kPalifferent shearing rates during
shearing. It can be seen from the data, that rextuot the shearing rate reduces the shear
stress. It can thus be suggested that the agiegt€#oil shear strength increase due to
void ratio reduction) will be balanced with time the positive shearing rate effect. The
obtained positive shearing rate effect (i.e. shédas strength decrease with decreasing
rate) in soft silt is in agreement with (McCabe 200ehane et al. 2003, Doherty and
Gavin 2009).
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Figure 23. Direct shear test results on an undisturbed soft soil sample with different
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The observed decrease in unit shaft resistancey alom bitumen coated pile due to
reduction of the shearing rate was also confirnmethe laboratory direct shear tests.
Figure 24 presents the shear stress curves fronalioeatory direct shear test on an
undisturbed soft soil sample sheared against aneitucoated concrete block. As shown
in Figure 24, the shear stress was independetieaidrmal stress during slow shearing
(drained conditions) reaching low shear stressegm(d-10 kPa) and varied during fast
shearing (undrained conditions) reaching much higakles (75-85 kPa). The pore water
pressure was not measured during the test.
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Figure 24. Unit shaft resistance curves from labor atory tests on soft soil samples at on=
60 kPa and =80 kPa against bitumen coated concrete block.
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Figure 25 shows the development of negative uraftstesistance along determined
layers on uncoated and bitumen coated pile verdasve movement. As can be seen
from the data, that the maximum mobilized unit shedistances at different depths along
the uncoated and bitumen coated pile occurred fidreint relative movement. It is
therefore likely, that the development of unit $hafsistance is independent of the
magnitude of the relative movement between theasull pile. However, it is important
to note, that the relative movement between sail pite is required to initiate the
development of unit shaft resistance.

4.3  Comparison between the uncoated stedl and precast concrete pile

Figure 26 shows the development of the averageduetfiicient and the excess pore

water pressure dissipation with time. It can bende@m the data, that the increase of the
beta-coefficient along the uncoated precast coaenad steel pile is similar. Considering

the beta-coefficient along the uncoated precastret@ pile as a reference (material
surface factor of 1.0), the material surface fafborsteel can be calculated as 0.7. The
calculated material surface factor for steel isststent with those proposed by Kulhawy

(Kulhawy 1983). Based on this ratio, the long-tenmerease of the beta-coefficient was

extrapolated and drawn in Figure 26 (red dasheg).lithe maximum obtained beta-

coefficient for the uncoated steel and uncoatedgsteconcrete pile was 0.13 and 0.19,
respectively.
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Figure 26. Comparison of the devel opment of the negative skin friction normalized by the
vertical effective stress along the uncoated precast concrete pile (CTP1) and the uncoated
steel pile (STP1). The secondary scale is showing the excess pore water pressure
dissipation with time.
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5 CONCLUSIONS

The following conclusions can be drawn based os¢hse study:

a) The relative movement between a pile and soil isded to initiate the
development of unit shaft resistances along drpitss in a subsiding soil.

b) The unit shaft resistance increases due to anaseria effective stress and further
reduction of void ratio after dissipation of excgswe water pressure (aging
effect).

c) The beta-coefficient along the uncoated steel aadgst concrete pile was 0.13
and 0.19, respectively.

d) With time, the decreasing rate of relative movenigttveen the uncoated test
piles and the soil reduce the increase of thedlnaft resistance.

e) The magnitude of the unit shaft resistance aloegoitumen coated driven piles
is related to the rate of relative movement betwberpile and the soil.

f) The bitumen coating significantly reduced the maxmlong-term drag force
(about 73 % reduction on the steel piles). Howetrer,bitumen coating has no
effect on the drag force distribution during fas¢aring (undrained conditions).

g) Based on limited measurements prior to full moatien of the negative unit shaft
resistances, the obtained material surface faotastéel was 0.7 (considering the
negative unit shaft resistance along the precastrete pile as a reference i.e.
1.0).
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CHAPTER 7

CONCLUSIONS

This dissertation summarises the industrial Pheptditled “Soil-pile interaction in soft
soils” in collaboration between cp test a/s andhiarUniversity. The overall objective
of the project was to extend the current knowleofgide complex soil-pile interaction in
soft, subsiding soils. To achieve this, a programscsting primarily of full-scale field
tests and supplementary laboratory tests was coedlug total number of thirteen driven
piles (six steel and seven precast concrete) apdcased continuous flight auger pile
were instrumented with distributed fibre optic strand temperature sensors and
vibrating wire strain gauges and installed at carsion or test sites around Denmark.
Additionally, ground monitoring systems consistim@inly of settlement gauges and
vibrating wire piezometers were installed at mdsthe test sites to monitor the soil
behaviour before and after the pile installatio after placement of the fill. The
supplementary laboratory tests gave greater knaelathout the soil-pile interaction and
the controlling factors.

The following conclusions can be drawn from thespre study:

A relative movement between a pile and a soil exled to initiate the soil-pile interaction
and the development of the shaft resistance. Stilement develops negative skin
friction in the upper part of a pile and positiveat resistance in the lower part and
mobilises a toe resistance. A smooth transitiomeeh negative and positive direction
of shear occurs along a transition zone. Withinttaasition zone, at a depth called the
neutral plane, a force equilibrium exists betwdsndrag force and the sum of positive
shaft resistance and the mobilised toe resistamta aettlement equilibrium between the
pile and the soil.

A residual force was present in all driven testilThe existence and magnitude of strain
induced by the pile installation process must bmgaized and implemented in the
analysis of the shaft and toe resistance of ttee pil

Lateral soil movements caused shear forces in.pllee presence of the shear forces
generates tensile strain at the location of shéaneg and affects the axial strain
distribution.

The research has shown that the long-term (draineid)coefficient for a soft, organic,
clayey silt (regarded as gyttja) for the uncoateélsand precast concrete driven pile was
0.13 and 0.19, respectively.
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The results of the laboratory interface sheariststmdicated that the ratio of the interface
angle of friction to gyttja angle of friction foroocrete and steel was 1.0 and 0.8,
respectively. These results were in agreement thiéhfull-scale field measurements
which provided the ratio for steel equal to 0.7s(asing the ratio for concrete equal to
1.0).

The laboratory shearing tests on gyttja have dlsava a positive rate effect with about
16 % increase in shear stress per log cycle.

The results of this study indicate that the bitungeating can significantly reduce the
drag force. Based on the full-scale test measurtantre drag force along the bitumen
coated steel pile was reduced by 73 %.

Both laboratory interface shearing tests and fdlles field tests have shown that the
development of shear forces along bitumen coatksd gignificantly depends on the
shearing rate. The shear force increases withasarg shearing rate. The findings from
these studies suggest that bitumen coating hatetineiffect on reducing the shear force
during fast shearing (undrained conditions); eriyimly of the piles or placing of the fill.

The evidence from this study suggests that botadand driven piles (steel and precast
concrete piles) can be successfully instrumenteati distributed fibre optic sensing
cables. The field strain measurement showed gomebagent between the data obtained
from VW gauges and DFOS sensors.

Due to the high spatial resolution of the Rayleligised analyser (a few millimetres) used
in this study, it was possible to obtain a goodsii@rce measurement along the test piles,
which would be difficult using Brillouin-based agaérs. Furthermore, it was also
possible to detect cracks in concrete and locah@bsiin pile stiffness. Unfortunately,
the concrete cracks, present on the side surfatcélseopiles, made the strain data
interpretation difficult.

It is very important to thermally correct the strdata obtained from DFOS cables despite
the pile material it is attached/embedded to. itlba assumed that the cable will undergo
the thermal expansion of the pile material. Howeaaefractive index of a fibre (inside
the DFOS cable) depends on temperature changes.

The loose-tube, gel-filled, temperature DFOS cabtesl in this study were not suitable
for driven piles. The full-scale test results hatiewn that these cables were sensitive to
mechanical strain.
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CHAPTER 8

FURTHER WORK

This PhD thesis has provided a significant insight to the strain distribution along driven
piles caused by installation process and soil movement (lateral and vertical). Y et, further
work should be conducted.

A theoretical analysis should be carried out simulating the soil-pile interaction in soft,
subsiding soils with the emphasis on the transition zone, where negative skin friction
changes into positive shaft resistance.

Additional tests performed on the already installed piles are recommended. Static lateral
loading tests conducted on the piles driven at the test site in Esbjerg (see Chapter 5)
preceded by an installation of inclinometers can support the use of DFOS systemsin e.g.
retaining walls. Static loading tests conducted on the test pilesinstalled at the test sitein
Randers (see Chapter 6) could support the theory that negative skin friction (or residual
force) is only prestressing the pile, which means that a transient load equal to the drag
force can be successfully supported by the pile without significant settlement
(Bozozuk 1981, Tan and Fellenius 2016). Additionally, it could provide evidence that the
resultsfrom astatic |oading test on an instrumented pile subjected to negative skin friction
(or residual force) overestimate the shaft resistance and underestimate the toe resistance.

It would be interesting to assess the interaction between different soil types e.g. loose
sand or soft clay and driven or bored piles. Such research could be conducted under more
controlled conditions in the laboratory as model scale testing to bridge the gaps in results
obtained from full-scale field tests.

The existence of residual force in driven piles was confirmed in this study. However,
further work needs to be done to establish to what extent bored piles are affected by
residual force. According to the literature (Fellenius 2020) a bidirectional static loading
test is independent of residual force.

As presented in Chapter 3, the Danish National Annex to Eurocode significantly limits
the shaft and toe resistance of bored piles. Therefore, more instrumented pile loading tests
are needed to provide documentation to allow modifying the now overly conservative
rulesin regard to bored piles.

Further investigation and experimentation into performance of temperature DFOS cables
installed along driven pilesis strongly recommended.
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Moreover, studies on application of DFOS systems as pile monitoring instrumentation
should be conducted. The temperature DFOS cables embedded in bored piles (and not
affected by mechanica strain) could serve as an alternative to the Thermal Integrity
Profiler (Becker et al. 2015). The benefit of using the DFOS system as the thermal
integrity profiler ishigher spatial resolution. Another application of DFOS systems could
be to monitor the integrity of a precast concrete driven pile after driving (Camp and
Hussein 1991, Profound 2018). As stated in Chapter 1, fibre optic cables are sensitive to
micro- and macrobends. An attenuation along the fibre optic cable embedded in a precast
concrete pile could be measured using a standard optical time domain reflectometer and
indicate the location of a damage. The same fibre optic cable can be used later to provide
strain data. Finally, a production of DFOS instrumented driven concrete piles could be of
potential interest to the industry knowing that one system can supplement the benefits of
several existing pile monitoring systems.
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