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ABSTRACT

A micro screwpile is a multisectional pilehatconsists ohsmooth segment at the t@threaded
segment in the middle araltaperedsegment at the bottorue to limited information on the
performance, design and behaviour of micro screw dileher research is required to study the
axial, axial cyclic and laterdlehaviorsand capacities ahe micro screwpiles in cohesive and
cohesionless soilS herefore, six types ahicroscrewpiles were tested at three sitish various
soil compositios.

An axial loadfield test program was performed on fattale micrascrewpiles installedn
a cohesionless soil sit&&ndpij using thetorquemethod Selected piles were instrumented with
axial strain gauge$SGs) A geotechnical site investigatiowas carried out involving cone
penetration and standard penetration téstetal of 41 piles, includingightinstrumented piles,
were testd. The ultimate capacities and thstributions ofunit shaftresistancewere determined.
The shaft resistanceas then compared with the tip resistaricem cone penetrometer tests
(CPTs). The coefficient of lateral earth pressure and combined shsifitanece factomwas
determinedover the individuabpile segment, and then an effective stress method based on the
combined shaft resistance facteas used to estimate the capacitydftest piles. A theoretical
torqgue modelvas adoptedusingthe CPT slege friction. The modelwas verified by comparing
the estimated torque to the measured torqubetiest piles. In the end, empirical torque factors
were developed.

An axial cyclic loadfield test program wasarried outat Sandpit to examine the axial
cyclic response ahemicroscrewpiles. Sixonewaycompressive and é&akcontrolled axial cyclic
tess wereperformedThree piles were instrumented wikial SGsto measure thdistribution of
the unit shaftresistancealuring the cyclic testThe pilehead cumulative displacement, stiffness
and equivalent damping ratiesere determined from the loadisplacement cunge The effect of



theinitial factor of safety on cyclic behavievas examined. The +distribution ofthe unit shaft
resistance of the individual pile segmentswas obtained.The euivalent damping ratio and
stiffness of thendividual pile segnent were obtained from thenit shaft resistance hysteresis.
A lateral loadfield testprogramwascarried out that includeslx piles ata cohesivesoil
site inSherwood Park22 ata cohesive solil site ddouth Campus and 18 at Sandpiitially, the
lateral capacity, pilshaftresponse and failumaodeof the pilewere investigatedAfterward, the
effectiveness oBroms snethodin estimating thepilesd capaciteswas assessednoe the pile
failure modewas determined Theestimatedtapacitesof the piles using only shaftesistancand
neglecting the effect dhethreadarecomparable to the measured capasif the piles.
Numericaimodebkbased on thBeamon-NonlinearWinkler-Foundation BNWF) method
weredeveloped otheOpenSEES platform to predict the lateral respsasthemicroscrewpiles
at thesethree sitesDifferent componerstof thesoil-pile interactiorresponsesncludingthelateral
shaft resistancehe vertical shaft resistangehe bearing resistance of the threaglthe lateral
thread resistancevererepresentedsingmaterias with uniaxial loaddeformation responsgsuch
asp-y, t-z, g-z andt-z curves, respectrely. Thefailure modewas investigated by examining the
distribution ofthe pile deformationthebending moment antthe shear stress of the pie well as
the lateral normal forces of the soil on the pile shiéife contribution of different componentsf
soil-pile reactionsvere assessed. The effect of the thread on the lateral capadiig pfe was
evaluated. A sensitivity analigswas conducted to examine the effect of different godperties

andspecificpile geomatical featurs on the lateratesponse of the pile.



Preface

A version ofChapte 3 hasbeenpublished intheCanadian Geotechnical Jourighidri and Deng
2022, and Ghapter hasbeen publisheth thejournalSoil Dynamics and Earthquake Engineering
(Khidri and Deng 2021 which the candidate and Dr. Lijun Deng-eothored The cawlidate
contribution to the contenof this research included planning, coordinating, managing and
conducting the site characterization progréieid test program, data processing and numerical
simulation.

The geotechnical site investigation at SherwoatkRvas conducted b@uo (2017) The
geotechnical investigation at South Campus yaastly conducted byGuo (2017)and the
candidateAdditional raw cone penetration test datareobtained from Zhang (1999)he raw
data obtained from thgeotechnical $& investigatiorat Sherwood Park and South Campese
then analyzed bthe candidatéo obtainthe soil propertigsncluding unit weight, relative density,
undrained shear strength and friction angte addition the lateral loadield test of piles at
Sherwood Park was conducted by Moira Gliberaw data obtained from tHateral loadfield
test atSherwood P& were then gathered, interpreted and analyzatidogandidate

Versiors of Chaptes 5 and Garebeing prepared as two journal manuscripts.
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1. Introduction

1.1.Background

Piles are ofterused to support axial and lateral loadsen soft soilis encountered at shallow
deptls. Piles transfer superstructuteads to deeper and more competent sohside from
increasing theload-carrying capacity and stiffnespiles may reducethe settlement of the
foundation. Aside fromsupporing the axial compressive loadpiles are also subjeced to
earthquaks wind, waves and tal loads which are themategorized int@xial cyclic and lateral
cyclic loads.

Many types of pilesare available in the construction industry. Thegry in shape,
materiak, functiors and installation methadDisplacement jes such as precast and prestressed
concrete closedended steel pipe,-Hiles, timkerand Franki piles are either driven or jackeid
the groundOther displacement piles that are drillecbiace are Omega and APGD piles. Non
displacement piles are drilled and eesplace piles. There ar@so partial displacement piles
such as opeended pipe piles, CFA piles and drilled displacement plireaddition,piles have
different crosssections such as square, round, hexagon, octagod H-section, and can be
taperedHelical pileshaveone or more helices located at the lowertion of the shaff, and they
are torqued ito the ground.

A new type ofpile, calleda micro screwpile, as mentioneth Guo and Deng (2018has
beenusedin the Canadian construction industgcently It is generally used for lightweight
structuressuch asiimberframed structures, solmoweled generatiorsystems, fencing, garden
and landscape construction and advertisement and tsaffis Some ommon examples of its
application in Canada include storage sa&olar pane stairwelk and flag pole founatiors, as
shown in Figure 1.1The pileis a relatively slender and short pile. It is a mséigmented hollow

steel pipe pile that is smooth at the &mlcontinuously threaded the middle with closedended
1



tapered segments at the bottdimis instdled by applyingtorque at the pile head It can be
classified as a micropile as the didiimeter is less than 300 m@iven thathemicro screwpile

is relatively new in the Canadian construction industry, there is no guidance on the geotechnical

desiq of this typeof pile when it issubjeceédto axial, axial cyclic and lateral loads

Figure 1.1 Examplesof applicatiors of microscrewpiles: (a) storage rack in Edmontohlperta
(b) solar panel in Whitehorse, Yukafe) climbing stais in Ontarig and (d) flag pole in northern

Ontario. (a) and (b): courtesy of Benoit Trudeau; (c) and (d): courtesy of Michael Chaytor.

1.2.Problem Statemens
Regarding the axiddehaviourof themicro screwpile, additionalstudyis neededn regard tahe

following:

1 Guo and Deng (2018) and Sanzeni and Danesi (2e#shown that the axial load transfer
to the micro screw pile installed in a cohesive soil and design parameter (adhesion coefficient)
along the smooth, threaded and tapered segmerdfisction of the development of gaps over
the smooth segment, cylindrical shear failure and mobilization of additional lateral pressure
over the tapered segment. There is a need to examine the axial load transfer to the micro screw

pile installed in cohesidess soil and the possible failure mechanisms.



1 The effective stress methatthe CPT-based method and the empirical torque factor method
with the current design parameters cannot be used to estimate the axial capacity of the micro
screw pile.

1 Guo and Deng2018) developed a method to predict the installation torque of the micro screw
pile in cohesivesoil. These methods neetb be evaluated to checkeir effectiveness in
predictingthe installation torque of the micro screw pile in cohesionless soil.a@ddeng

(2018) did not examine the effect of the thread on the installation torque.

In regard tathe axial cyclic performanceof the micro screw pile in cohesionless sailditional

study is neederkegardingthe following

1 In the literature, key stabilitparameterdave beerinvestigated to assess the axial cyclic
response, including the change in pile capacity,-pdlad stiffness and displacement
accumulation. The cyclic responsetbé pile depends on many factorscluding pile type,
soil type and dading pattern. However, the axial cyclic response of the micro screw pile
installed in cohesionles®il has never been studied.

1 There islimited researchnto the redistribution ofthe shaft resistance @ pile that isbased
onpile type, pile installaon method and soil typ&@hese key stability parameters can be better
understood when looking at the axial cyclic response of the individual pile segment with

respect to the soil conditian which it is installed.



In regard tothe lateral responsefahe micro screw pileadditional study is needesh the

following:

1 Broms £1964a, b) and Meyerhof and Yiléinsriteriamaybe used to obtain the failure mode
of thepile. However, the effectiveness of this method to estimate the failure mode of the mic
screw pile needs to be evaluated.

1 Severalmethod are availableo estimate the lateral capacity of piles based onstidle,
modelscale and theoretical studies (Broms 1964a, b, Meyerhof et al. 1983, Meyerhof and
Yalcin 1984, Meyerhof and Sastry 19&mastry et al. 1986). The effectivenesdhe Broms
methodfor the micro screw pile needs be evaluatedhe effects of the threads on the lateral
capacity of the micro screw pile have not been studied.

1 A numericalmodelfor simulatingp i | e s dehaviaur and capacities is needElde method

should appropriately consider the effects of threads, soil propantigsile material properties.

1.3.Research Objective
The overall research objectives of the research are to provide a guide to edtimatex&l and
lateral capacity of the pile. It is also necessary to understand the overall pile and individual pile

segment response to cyclic loabhe objective of thepresentresearch are as follows:

1 Obtain the capacities and ttistribution ofthe axialload ofthe microscrewpile. Understand
the failure mechanism along the smooth, threaded and tapered sedbigain appropriate
design parameteby correlatingthe field test and site characterizatr@sultsusingthe CPT-
based methodheeffective stress method attte empirical torque factamethod Understand
theinstallation torque data and addlpétheoretical torque model.

1 Understand the overall pile arle individual pile segment response during cyclic load by
assessing key axial dycstability parametex such as pildhead stiffness, equivalent damping

4



ratio and cumulative displacemeieasure the change the unit shaft resistancef the
individual pile segmestin differenttypes ofsand duringhe cyclic test.

1 Investigate théateral capacitythe distribution othe bending momenandthe failure mode
of the micro screwpile. Evaluate the effect of the tread on the lateral respdssess the
effectiveness athe Broms method in estimating the capacity of piles.

1 Develop anumericalmodel to predict the lateral capacity and il reactions othe micro
screw pile. Investigate thdailure mode by examining thepile deformation,the bending
moment andhe shear stresas well aghe lateral forces of the soil on the pile sh@uantify
the contribution of each component of swmiicro screwpile reaction and the effect of the
thread on the lateral capacity thie micro screwpile. Examine the effects of thread and soll

properties via numerical sensitivity analysis.

1.4.Methodology and Significance of the Research
The research methodology included geotechnical site characterizafiell test program and
numerical modelling. The geotechnical site characterization program included site investigation
and laboratory testg. To characterizéhe site geologyadesktop studycone penetration tests and
standard penetration teg8PTs)at boreholegBHs) were conductedat Sandpitindex tests and
direct sheal(DS) tess were conducted in the laboratoiy addition the soil prperties were
interpreted from CPT readings using empirical equati®hs. site characterization program for
Sherwood Park was perimed by Guo (207). The site characterization program for South
Campus was performday Guo (2017) and the candidatbeldataverere-analyzedn thepresent
research.

The field test program and pile resistance prediction method were developed to investigate

the axial behaviour of six types of fitdtalemicro screw pils installed in sandin total, 41,



including 21 compressino and18 tension test were conductedEight piles were instrumented
with SGs to obtain the axial load transfdased orthe CPT-based methodhe effective stress
method andheempirical torque factamethod the appropriate design paramstedevantfor the
micro screwpile wereobtained by correlatinthe distributions oéppropriate soil paramegawith
unit shaft resistance. The theoretittalguemodelwas adopted for piles in sand.

To examine the axial cyclic behaviour of the piles, @reway compressive and load
controlled axial cyclic tests were conducted at Sandpit. The axial cyclionlaadlesigad to
simulatethe verticalloads on the pile duringan earthquake load. Three pilesre instrumented
with SGs. Both overall pile anéhdividual pile segment responst cyclic load vereexamined.

To assess the stability of the pile, gilead cumulative displacement, stiffness and equivalent
damping ratio were obtaineth addition the redistribution ofthe unit shaft resistansef the
individual pile segmestin differenttypes of sandluring the cyclic loadvasinvestigatedThe
equivalent damping ratio and stiffness of the unit shaft resistance hysteresis of the individual pile
segmerg weredetermined.

The behaviour of the micro screw mlesubjected to lateral loads in cohesive and
cohesionless soils was investigated using the field $&stpiles at Sherwood ParRp piles at
South Campus anti8 piles at Sandpit were tested. Selected pdesherwood Park and South
Campuswere instrumeted with SGs to measurehe distribution ofthe bending momet. The
location of maximum curvature of piles at SanaypgisdocumentedBromsd £1964a, b criterion
and Meyerhof and Yilcia §1984)criterionwereused to assess the failure medéthe pilesat
the three site Limited research on the lateral behawi®f helical piles was reviewed to
understand the thre@&leffect Based on the appropriate pile failure mgithe lateral capad#s of

the piles wereestimated using Bromsgl964a, bcriterion for all thepiles d the three sites.



A numericalmodel based on the BNWF method was developed on the platform of
OpenSEES (PEER 2016) to simulate the lateral responiserafcro screwpile with varioussoil-
pile reactios. Themodel incorporatethe following innovative technique 1) the pile shi was
simulated as fiber sectiomsstead oftypicd elastic beancolumn elementsand 2) thethread
bearing reactiosweremodelled by a series of seédaction fiber section§d hemodel was verified
agains the fieldtestsconducted at three e#&.The contributios of individual soilpile reactions
wereassessedrinally, a sensitivity analysis was performed to evaluate the lateral response of piles
to changes in soil properties aspkcificchangsin pile geometry.

The significance of the present research in the geotechnical community may include the
following facets.This research provides a guide to estimate the axial and lateral capabi¢y of
micro screw pileso suppotthe field application of tisi new pile typeThe design parametsior
theCPT-based method, the effective stress methodfaeimpirical torque factor methagecific
to the micro screw pilareprovided.By examining key stability factors anlde axial load transfer
during cyclicload, the behavia of piles with a similar geometry and installation method can be
better anticipated. Bgxamining the lateral loafield test results, it is understood tHaith the
threadandhelix have onlyminor effect on the overall lateral capagiof the pile. Based on the
BNWF method, aaumericalmodel was developed that captures different compsiésbil-pile
reactions by modelling théhreadbearing reactiomnas a series of zelength fiber sections with
appropriate soil reactienThis mehod can be extended to predict the lateeaponse helical piles
with various helical configuratianThe field test data came adopted in further numerical studies

for investigating soipile interaction.



15. Thesis Outline

The thesis contains sevehaptersA literature review ortheaxial and lateral behaviowf piles
is presented individualljrom Chapter 3 to Chapter & short description of each chaptand
appendixis summarized as follows:

Chapter 1: Introduction

The introduction includes theackground, problem statement, research objectmethodology
and significance of the researdh.review ofthe literature related tohe axial, axial cyclic and
lateral behavior andumericalanalyses of micrecrewpilesis reported irthe respectivehapters.
Chapter 2: Test Sitesand Test Piles

In Chapter 2, the site characterization program at the three sites and itsaeswdported.In
addition the test piles and the pile installation methaslescribed.

Chapter 3: Axial Load Field Tests of Micro Screw Hles in Sand

This chapter includea review oftherelevant researchihe resuls of the axial loadfield tests of
micro screwpiles in sangandthepile capacity prediction method basedtbaCPT methodthe
effective stress method arige empirical torque factomethod The theoretical torque modisl
compared with measured torque.version of this chapter constitutes the paper that has been
publishedn the Canadian Geotechnical Journal.

Chapter 4: Axial Cyclic Load Field Tests of Micro Screw Rles in Sand

The result otheaxial cyclic loadield tests othemicroscrewpile is presented. Aside from overall
pile stability, the stability ofheindividual pile segmestin differenttypes of sants examined by
analyzingkey stabiliyy factors, such unit shaft resistance degradatiom aggregation, stiffness
and equivalent damping rati@d version of this chapter constitutes the paper that has been

publishedn the journal Soil Dynamics and Earthquake Engineering.



Chapter 5: Lateral Load Field Tests ofMicro Screw Rles

This chapter repaosithe lateral response tfe micro screwpiles at three sites by examining pile
relative stiffnesspile failure modeand pile capacity. A review dhe literatureis conducted to
assess the effeaif helices on the lateral capacity dfe helical pile which will aid our
understanding of the fefct of thread. Finallythe Bromsmethodis used to estimate the capacity

of the test piles @hethree siteswhich isthen be validated using the measueddral capacity.
Chapter 6: Numerical Modelling of the Micro Screw Hles Subjected to Lateral Loading

Using the BNWF Method

In this chapter, thaumericalmodelis compared witlthefield tests resultsThefailure mode of

the pileswill be determinedy examining the pile deformation, bending moment and shear stress
and the lateral forces of the soil on the pile shHfieindividual soitpile reactionsareexamined

to assessheir contribution to the overall lateral responsettug micro screwpile. A sensitivity
analysisis conducted to check theffects ofsoil property and key geometrical featuces the
lateral response die piles

Chapter 7: Summary of Conclusions

In the final chapter, a summary of the conclusions of all the mareported.In addition the

s t u dinyitatisns and a list of further researetneas argiven.

Appendix A: Additional site investigation results at Sandpit and the measured continuous
installation torque records of the pile at South Campus are presetiésiappeadix.

Appendix B: This appendixshowsthe raw and smooth axial load vs. displacement curves of all
piles, the smoothenin process, estimated and measured continuous torque reading of additional

piles, the summariesf gs, &, Ks and b over individual pile segments at different soil types, with

their backup calculatigrihe estimation of the ultimate capacities of piles using coeffi¢iemtd



the backup calculation to determine the emprirical torque factor for micro sctes ipi
compression and tension.

Appendix C: The site layout at Sherwood Park and South Campugytioess to smoothen the

raw lateral load vs. displacement of a jgitelan example of obtaining the ultimate lateral capacity

of apile based on DeBeer (18pmethodarepresentedn this appendix

Appendix D: The result of a cyclic lateral load field test of the pile P4 at Sherwood Park which
included lateral load vs. displacement, lateral load and displacement time histories, the change in
stiffness of thepile and equivalent damping ratio during cyclic l@dshownin this appendix
Appendix E: In this appendix, the OpenSEES code for simulation of micro screw pile subjected

to lateral loaded and classical Hermitian polynomials used iOpeeSEES Codeme shown.
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2. Test Sites, Test Pilesand Pile Installation

2.1.TestSites

The presentesearchs intended testudy the engineering performance of miscoewpiles inboth
cohesive and cohesionless sollkree sites were selected around Edmontobe4, because of
its various surficial soil deposits, as shown in Figure 2.1. The firss $iteated north of Sherwood
Park, southwest of Range Road 232 and Township Road 534, about 3 km north oh&adlow
highway. It consistof surficial backfill overlying glacial clay till. The second sitelocated at the
University of Alberta South Campus farm near"&@venue and 118street. It consist of
glaciolacustrine clay overlying glacial till (Edwards 1993). The third isitat a sandpit thas
locaed 80 km north of Bruderheim, Alberta. It consist well-graded fine to mediurgrained
Pleistocene and Holocene eolian sand deposit overlying lacustrine clay (Bayrock 1958, Fenton et
al. 1983).A detailed site investigation including cone penetratiotst6SPT), BHs with SPTs

and laboratory testsereconducted at each site.
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Figure 2.1. (a) Key map of Edmonton showing the locatiomisedést sites and site layowdt (b)
Sherwood Park (53.5937 N, 113.2919 W), (c) South Campus (53.4983 N, 119/522id (d)

Sandpit (53.8765 N, 112.9290 W).

2.1.1.Sherwood Park

A detailed site investigation was conducted, including two CPTs and two BHs and laboratory tests.

The one penetration results, including tgsistancéq;), sleeve frictionfc) and pore prssuref,)
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measured at Sherwood Pagdte shown in Figure 2.2. At Sherwood Park, the undrained shear
strength ) of the soils was estimated using Equatieh (Robertson and Cabal 2012):

G- S,
N, (2-1)

SJ:

whereNk: is the sitespecific cone factor with a selected value of wtich was calibrated with

triaxial testing ofthe intact soil. Thetotal unit weight ofthe soil (g) was assumed at the first

iteration. At the second iteration, the valuegoivas estimated using EquatiorRZMayne et al.

2010):

es g fg
9=195g&>" § —& (2-2)
‘ &Saum 0 B

wheregy is the unit weight of water anghmis the atmospheric pressure.
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Figure 2.2. Profiles of cone penetration tests at Sherwood Rgrkip resistance (b) sleeve

friction, (c) pore pressure, (d) unit weight, (e) estimated undrainea stiength vs. lameasured

undrained shear strength and (f) generalsmmbbehavior typ€SBT).
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The soil properties profile including, s and generalized SBT at Sherwood Park, which
was empirically interpreted from CPT readings, is shown in FigieThes, of the intact soll
samples measured using the unconfined compression test (UCT) is also shown in Figure 2.2. The
soil deposit consistof 2.5 m of low plastic and normally consolidated clayey and silty fill, with
two thin layers of silty and sdw fills at depths of 0.5 m and 2.5 m and clay till dowrBté
termination depthThe valus of the s, of the clay fill vay between 50 kPa and 200 kPa, and the

values of the s, of the clay tillarebetween 200 kPand400 kPa.

2.1.2.South Campus

As partof the site investigation, seven CBTour BHs and laboratory tests were conductéde
CPT results, including:, fsandu., measured at South Campage shown in Figure 2.3. The value
of the sy of the soil was estimated using Equatiod.2At South Carmus, the value off was
assumed at the first iteratidin.the second iteration, the valuegfvas estimated using Equation
2-2. The soil properties profilencluding g, s,, SBT and generalized SBT at South Campisch
were empirically interpreted from CPT readinigsshown in Figure 2.3. Th& of the intact soll
sample measured using UCT aamglane shear test (VST) is also shown in Figure 2.3. The soil
depositmainly consist®f high plastic and normally consolidated silty lacustrine clay. The salue

of sy vary betwveen 50 kPand110 kPa.
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Figure 2.3. Profile othe cone penetration tests at South Camgas tip resistance(b) sleeve
friction, (c) pore pressure, (d) unit weight, (e) estimated undrained shear strengtimvsatalved

undrained shear strenggind (f) generalized SBT.

2.1.3.Sandpit

The soil deposit at Sandpit consisif well-graded fine tomediumgrained Pleistocene and
Holocene eolian sand deposit overlying lacustrine clay (Bayrock, F¥@on et al. 1983)A
comprehensive site investigatiprogram included fouBHs, four CP B and laboratory tests. The
BHs and CPB were advanced through the sand stratum into the lacustrine clay. TSweBél
drilled with a continuouslight solid stem augeandthe SPTs wereconducted at a depth interval
of 0.75 m.The neasured properties of sand retrieved from grab samplessghit spoon sampler
included the water contentvd), particle size distribution (PSD), specific gravi€ys), minimum
void ratio €min), maximum void ratio gna) and friction ang (/%). The sand samples were
visually examined and classified as per the unified soil classification system (USCS). The locations
of the BHs, CPTs and test piles are shown in Figure 2.4.
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Figure 2.4 Layoutof thetest piles, cone penetration tests Bivts with SPTs at Sandpit

The sand propertiesvhichinclude USCS classification, uniformitgoefficient curvature
coefficient particle sizeDso and so orare summarized in Table 2.The values of SRNy e,
corrected for overburden stress, are shawhigure 2.5. The SRN3 60 valuesvary between 17
and 23 at the upper sand stratum and 5 and 9 at the lower sand dBasech.on the values of
SPT-Njsoandavisual inspection of soil samples, the-n3hick sand deposis composed of two
sand stratavith distinct compositios and compactness. The upper sand stratum with gravel
compact, welgraded and drgdamp; the lower sand stratuis loose, poorlygraded and wet
saturated. The groundwater table (GWA.7 to 2 m below the ground surfaas neasured in

the standpipe installed near the test zone.

16



Table 2.1. Properties of sands from laboratory tests

Stratum Upper sand Lower sand
Depth (m) 0r2 2V 4

USCS SW, SPSW-G SW, SP

Gs 2.65 2.6

Emin 0.430.46 0.480.51
Emax 0.60°0.71 0.680.72
Cy 1.94.8 1.82.6

Cc 0.51.7 0.611.1
Dso(mm) 0213 0.20.4
PSD (%) 021G, 7798 S,05F 016.4G,9299S,01.6 F
We (%) 0i 13 13/ 24

Note: USCS = Unified Soil Classification Syste@;= uniformity coefficient Cc =

curvaturecoefficient we = water contentG =gravel; S =sand F =fines.

Nl,GO
5 10 15 20
O I LI I LU I LU I LI
. | 0 BH1 _
- | © BH2 -
= A BH3 -1 dry‘

1 F| v BH4 © A 9 compact
L 1 sw-g,
3 N 1 SP,SW
£ |} .o -

T2 _

D - -
- ﬁo -
B - saturated,
- -4 loose,

3 — SW, SP

FOoy A -1
'|||||||||||||||||(a||' (b)

Figure 2.5. (a) SPIndex N1e0 and (b) description of soil stratum based on SPT and disturbed

samples

The CPT resultsncludingq, fs, friction ratio FR), u2 and soil SBTare shown in Figure
2.6. Since the CP3were conducted in early winter (Decemba&hen there was surficial frost,
the CPT results of surficial soil might be affected. The effects of frost penetration were shown in

the large values @ andu. to a depth of 018l m, approximaty. The surficial frost at CP-B was
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removed using heat treatment. Therefore, the surficial soil properties & @RY represent the
normal insitu properties more accurately. Shear wave velovigytésts were conducted at GPT
1 and CP73, as shown ifrigure 4a. Tie btal unit weightof the soil (g) was estimated frords
results using Equations2and 24 (Mayne 2005):

g(kN/ nf)=8.63log(\ ) -1.18logz) -0.5 (2-3)
g/ (KN/ ) =8.64log({ ) -0.74log(s, ) -O. (2-4)

wheres?, is the vertical effective stresandzis the depth.

g, (MPa) fs (kPa) Friction ratio (%) u, (kPa) SBT Qtn
0 1020304050 O 100 200 300 O 1 2 010203040 4 5 6 7

0o

- = 3
B : ~
= — =
s F -
[ - ]
o — —
E ] E
— 1 ]
== OF

|- - -CPT-1——CPT-2— — CPT-3—— CPT-4|

Figure 2.6. Profiles of cone penetration tedtSandpit(a) tip resistance, (b) sleeve friction, (c)
friction ratio, (D) pore pressure and (e) geneeaiSBT.Note: SBTQwn 7: sand with gravelSBT

Qmn 6: clean sand, SBDn 5: silty sand.
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The value of peak friction angle}) and relative densitylY;) were estimated using

Equations 5 to 27 (Mayne 2006, Robertson 2004):

Q-S,
Oy = S am (2_5)

satm

s,
f,=17.€ -_.0Olodq,) (2-6)
D, =100(0.268In¢, )b, (2-7)

whereq is the stressiormalized tip resistanc@amis 103.1 kPa anbx is 0.825. The value dd,
varies between 40% and 90% in the upper sand stragunaD; is about 40% in the lower sand
stratum, as shown in Figure 2.7c.

The SBT suggests that the soil at this site coe®$tl.1 to 1.8 m of sand ith gravel
overlying 2.7 to 3. 5 m of clean sarithe upper sand stratucomprisegravelly sand (SBT = 7)
and clean sand (SBT = 6). The lower sand stratompriseslean sand (SBT = 6), with layers of
silty sand and sandy silt (SBT = 5). The SBifscorsistent with the soil descriptions interpreted
from the SPTN3,60Vvalues and visual inspection of sand samples.

The fiction angles of reconstituted sand samples were measured U3thgevice. The
reconstituted sand samplesre prepared representingditu sand at each BH location and depth
Several profiles of situ Dr were oltained from the current (Fig. }and historical CP3. Due to
the uncertainties of #situ densities, the reconstitdtesand specimens were prepast@ loose
state (i.e.a rdatively smallD1) and a dense state (i.e., a reldtivargeD:2), whichwere bounded
by theDr ranges shown in Fige 2.7c. The specimens representing the upper sand stvatuen
prepared with irsitu we, and specimens representing the lower sandustratere saturatedThe

properties othe reconstituted sand samples includihg emin, €max Dr1 @andDy2 used in the DS
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programare summarized in Table 2 Phe values of% obtained from DS and CR&re shown in
Figure2.7d Generally, the values df, obtained from DS testrecompatible with/%, obtained
from CPTs. The CPT results show that, variesbetween 40and 55 in the upper sand stratum
and 34 and 42 in the lower sand straturBased orthe DS results, the average constaaolume
friction angle (%) of the upper and the lower sand sirare approximately 42 and 35,

respectively.

Table 2.2. Densities of the reconstituted sandlii@ct shear (DSests

Depth| D1 | Dr2 | ras Id2

(m [(%) |[(%) |(Mg/m’) | (Mg/m®)
0 38.5 |70.5 | 1.70 1.77

0.5 [595 |74 [1.701.77 |1.741.80
1 63 76 1.7111.78 | 1.741.80
15 |715 (82 |[1.731.79 |1.761.81
2 49 |725 |1.671.75 |[1.731.80
2.5 40 62.0 | 1.221.25 |1.261.29
3 39 58.0 |1.221.25 |1.251.28
3.5 51 69.0 | 1.241.27 |1.2741.30
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V (m/s) h+ (kN/m® D (%) 7,0

100 150 200 16 17 18 19 200 40 80 30 40 50
0.0

Depth (m)

[— cPT-1- - -CPT-2——CPT-3- - CPT-4|

m BH1-D, e BH2-D, 4 BH3-D, v BH4-D,
= BH2-D, ® BH2-D, 4 BH3-D, v BH4-D,

Figure 2.7. Soil properties: (a) shemave velocity at CPL and CP¥3, (b) unit weight, (c)
relative density and (d) estimated peak friction angles vsnksdisured peak friction anglésote:
D1 denotes the loose state adg denotes the dense statetloé reconstituted sand in tHaS

tesing.

2.2. TestPiles

In this program, six types of fuficale microscrewpiles (P1 to P6, Fig2.8) were tested in
compression and tension. Tpie shaft diameterd)s) are114 mm (P1, P2), 89 mm (P3, P4) and
76 mm (P5, P6), and the lengtre3 m (P1P3, P5) and 1.5 m (P2, P4, PBjesP1 and P2 have
five segmentssmooth, upper threaded, uppegperedlower threadednd lower tapered segments.
The lower threaded segmenslaadiameter of 76 mnkilesP3, P4, P5 and Rtavethree segments
smooth, pper threadednd upper tapered segmeritie schematic and the dimensions of the six

types ofmicro screw pilesare shown in Figur@.8 and Table2.3. The shaft wall thickness)is
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3.6 mm along the cylindrical segment. The shaft wall thickiss3$ nm at the top of the tapered
segmentand it became progressively thicker by a couple of millimetres toward the bottom of the
tapered segmenthe spiral threads were welded to the pile shaft afrd@n the pile axis. The
width (W), thicknesst(,) andpitch (s) of the spiral threadsre12, 2 and 50 mm, respectively. The
threadpitch to thread width ratiowsw) is 4.2. The threagitch to thread outer diameter ratio
(s/Ds) of pilesP1 and P2P3 and P4 and P5 and &&0.36, 0.44 and 0.50, respectively. The thread
outer diameter to shaft outer diameter rabg@s) of piles P1 and P2, P3 and P4 and P5 and P6
arel.21, 1.27 and 1.32, respectively. The pile shaft and threads were made ofatstieel with
Young®s modulus of 210 GPa and yield strength of 248 ksiiritestecby Guo and Deng (2018).

The pile material was manufactured in accordance with German standards DIN ENLY@2M9

2006a) and DIN EN 10212 (DIN 2006b).

P3 P4 P5
T m m ] Om
T : .
> @«
L™ T, % §
I LE = b “1m
=L % .
L £ } n
= = - 2m
é L, g B
Ls % L, -
v v @ - 3m

Figure 2.8. Drawing of the pile types.
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Table 2.3. Dimensions of the pile type

P1 P2 P3 P4 P5 P6
D1 (mm) 114 114 |89 89 76 76
D2 (mm) 76 76 N.A. |NA. |[NA  |[NA
L (mm) 3033 | 1538 |3048 |1566 |3076 | 1566
L1 (mm) 815 |626 |904 |596 |1792 |594
L, (mm) 1501 | 205 | 1801 |622 |922 |602
Ls (mm) 213|200 |343 348 |362 |370
La (mm) 126|112 |N.A. |NA. |[NA. |NA.
Ls (mm) 378 [395 |NA. |NA. |NA |[NA
SDint 036 |036 |044 |044 |05 0.5
Diny/D1 121 121 127 |1.27 |132 |1.32
Din2/D2 132 |1.32 |NA. |NA. |[NA |NA

Note: Definition of the symbols are shown in Figure 2.8.

2.3. Pile I nstallation

The piles were installed using a small excavator equipped with a hydraulic haaméFig2.9).

A combination of torque and a small axial load (itlee crowd load) at the glhead was applied

to advance the piles into the ground. The advancement rate was controlled at nearly one thread
pitch per revolution. The inclination of the pile shaft was checked by a level mounted on the torque
head. Continuous installation torque wasasured with an electronic pin (a pressure differential
gauge integrated into the installation equipment) and recorded in a datalogger inside the small
excavatorThe maximuminstallation Tmay) and enednstallation {Tend torques of each pile were
documated. The value ofengWas interpreted as the average of the measured torque during the

last continuous turn at the pile termination deptie summary of maximusimstallation and end

installation torque at théatee sites is shown in Table 2.4
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e

datalogger

Figure 2.9. Pile installation equipment

Table 24. Summary of the makstallation and enthstallation torque at the three sites.

Site Pile | Test Tmax Tend
(KN*m) (KN*m)
P1 L1 - 3.780
P2 L1 - 1.467
Sherwood| P3 L1 - 3.111
Park P4 L1 - 0.860
P5 L1 - -
P6 L1 - 0.556
P1 | L17L3 3.689,5.084,4.404 3.131,4.805,4.247
P2 | L1iL3 2.728,2.297,2.635 1.891,2.077,2.077
South P3 | L1iL3 3.348,2.356,3.792 3.255,1.767,2.821
Campus | P4 | L17L3 2.821,2.108,1.705 0.930,1.922,1.581
P5 | L1iL6 | 3.534,3.627,1.612,3.3/32069,2.635| 1.488,1.488,1.364,0.496,1.209,1.0
P6 | L1iL4 1.922,3.100,2.046,2.015 0.899, 1.829, 1.891, 1.674
P1 | CLiC3 6.200,6.727,4.092 5.613,6.231,4.092
T1i T3 6.696,6.386,5.115 6.603,5.549,5.115
P2 | C1iC3 2.666,2.852,3.038 2.573,2.604,2. 53
TIi T3 2.387,2.790,2.697 2.139,2.418,2.449
P3 | CliC2 3.534,4.278 2.480,3.534
Sandpit Tl:l:TZ 3.255,3.658 2.325,2.914
P4 | C1iC3 1.798,2.356,2.449 1.736,2.046,1.922
TIi T3 1.984,2.852,1.612 1.891,1.457,1.457
P5 | CIiC3 - -
T1iT2 3.348,2.883 2.170,2.542
P6 | C1LiC3 - -
T1i T3 - -
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3. Axial Load Field Tests ofMicro Screw Pilesin Sand

3.1. Introduction

The micro screw pildas a unique typef pile because ats shape and installation methodn#cro

screw pileconsists of a smooth shaft at the tappntinuously threaded shaft at the middle and
continuously threadedndtapered shaft at the bottom. The piles are installed using a toequae
attached to the arm of a drill rig. The piles are suitable for lightweight strudgncksling traffic

signs landscape construction, fencing and solar panels. This pile type may be classified as a
micropile as the shaft diameters are less than 300 mm.

One of the first studies tfiemicro screw pilegbut only in cohesive soils) was conducted
by Guo and Dend@?018).They suggested that the spile shaft adhesion coefficientd.,the ratio
of unit shaft resistance to undrained shear strength) of the smooth segment in clay was low and
that the capacity of the threaded segment was best represented byirlaeical shear mode
(CSM; Mooney et al. 1985, Narasimha Rao et al. 1993, Elsherbiny and El NaggaG2@iland
Deng 2018). They reported that the thread pstte failure surface to the outer edge of the threads
and increases the adhesion coefficient tayusind hence increases the pile capacity (Guo and
Deng 2018)Sanzeni and Danesi (2019) adopted the prediction model proposed by Guo and Deng
(2018) to estimate the axial capacitieshatest piles at a stiff silty clay site in Italy. Sanzeni and
Danesi(2019) concluded that the adhesion coefficient over the smooth segment was tB& and
the average capacity of the tapered segment was 30% greater than that of the equivalent threaded
segmentfurther increasinghe adhesion coefficient.

The mcro screwpiles belong to a family of piles whose shaft is modified in various
manners for desired performance advantd@ethersorBlack (2001) stated that pile helix,
concentric rings, lugs and other modifications might incrélaseoil volume involved in shear
failure by moving the failure plane away from the shaft surface. The shaft modification will also
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change the displacement behavior of piles. Ladanyi and Guichaoua {@€@88nodelcorrugated

and slightly taperegdiles andsmooth shaft pilein frozen sturated sand. The results showed that
the corrugated shaft capacity was 2 to 3.5 times the smooth shaft caphetgorrugated shaft
exhibited contractive behavior, whereas the smooth shaft exhibited dilative behavior between the
pile and soilThe advatageous effects of the tapered shaft piles in cohesionless soil were reported
as early as in the 1920s (Robinsky et al. 1964, Rybnikov 1990, Kodikara and Moore 1993).
Robinsky et al. (1964) realized these effects when the load test capacities werenttyngistger

than the estimated capaciti€sakr and El Naggar (2003) and Robinsky and Morrison (1964)
reported that the increase in pile capacity was dutheadensification of sand during pile
installation. Kodikara and Moore (1993), Wei and El Nagd##8land Guo and Deng (2018)
suggested that the increasetle capacity ofthe tapered pile was due the development of
additional lateral earth pressure as the pile was penetrateeiground.

A limited number of studiesn micro screw pilege.g., Go and Deng 2018, Sanzeni and
Danesi 2019) have concentrated on this piledypehaviour and capacities in cohesive soils. To
support the application of this pile type in cohesionless soils, the failure mode, load transfer
mechanism and capacitiestoémicro screw pilegn sand are required. Hence, a field test program
of six types of fullscale piles was undertaken. Selected piles were instrumented witls&xgial
Axial capacities, load transfer mechanism, methods of estimating shaft resistance aad torq
mechanisnwere investigated based on the field test results.
3.2.Field Test Program
3.2.1. Instrumentation
Pile types P1, P3 and P5 were instrumented with five §&ionswith eithera Wheatstone half
bridge or quartebridgecircuit, to measure thdistribution ofaxial load along the pile. Therefore,

the pile was divided into five segments by adjacrdin gauggSG) stations.The locations of
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the SG stations and the indices of the pile segmatshown in Figure 3.The SG wastalled

onthe outer shaft of the pile. The electric wires attached to the SG were pulled from a drilled hole
adjacent to the SG through the pile head hole. The SG was sealed with a layer of epoxy, a layer of
aluminum foilanda layer of blue clay and protected witimatal sheet casing, as shown in Figure

3.2. The layer of blue clay with low permeability was applied between the aluminum foil and the
metal sheet casing to provitee SG with waterproofing below the GWThe metal sheet casing

was bolted with a threadewit rivet into the shaft. The metal sheet casing protected the SG stations
from sand abrasion during pile installation. To mitigate the transmission of load to the metal sheet
casing the metal sheet casing was built to be marginally smaller thamttheof the threadsand

the hole in the metal sheet casing was drilled large enough to allow vertical movement of the bolt.

P4 P5 PG
— — _ _0Om
7 SG1 T a
| 1 a
£ [SG2 1m
I
1 SG3 -
g 3 i 2m
AsSG4 -
o4 7
=SG5 -
E 5 13m

Figure 3.1. Drawing of the pile typdsote: Black strips -SGstations; the indices of segments are

labelled beside instrumented piles
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Figure 3.2. (aA layer of epoxy to be covered by aluminum foil and (b) metal sheet casing.

3.2.2. TestSetup
The general test setup is shown in Figure IBi8cluded a boxed slider, a 4t@-long W360X179
I-beam wih two 7.9mm-thick steel plate stiffeners as reaction beams, two groups of four identical
2.1-m-long micro screw pilesis reaction piles, lumber blocks, steel rebars as tension rods and steel
frames as pile caps. Two groups of reaction p&ashincluding four identical 2.1m-long micro
screw pileswere installed at a spacing of 2.25 m. The spacing between each pile was at least 0.75
m. Reaction piles were capped using three steel frames bolted to the pil€teshonber blocks
and the tension rods prided support for compression and tensiorsfe@sspectively. A twevay
hydraulic jack equipped with a load cell of 900 kN capacity was installed below the slider to
provide the axial loadThe load was supplied by a hydraulic pump, which was equippé&dawit
remote controlTwo linear potentiometers were placed between the hydraulic jack and the pile
headio measure the axial displacement. The load cell, two linear potentiomet&& eubrdings
wereavailablein realtime (at 1 hz)via a laptop onsiteia adataloggerThe recordings were saved
after the completion of the tests at encath testay.

The piles were installed using a small excavator equipped with a hydraulic tergde
(Fig. 3.4). A combination of torque and a small axial load.(the crowd load) at the pile head
was applied to advance the piles into the ground. The advancement rate was controlled at nearly
one thread pitch per revolution. The inclination of the pile shaft was checked by a level mounted
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on the torquéead. Continuaglinstallation torque was measured with an electronic pin (a pressure
differential gauge integrated into the installation equipment) and recorded in a datalogger inside
the small excavatoilhe maximuminstallation Tmaxy and enenstallation Tend torques of each

pile were documented. The valueTaha was interpreted as the average of the measured torque

during the last continuous turn at the pile termination depth.

Figure 3.3. Field test setup

Figure 3.4. Pile installation equipment at Sandpit
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3.2.3. TestProcedure and Summary

The compression tests and the tension tests were conducted in accordance with ASTM standards
D1143 (ASTM 200B) and D3689 (ASTM 2003, respectively. Theguick load test methodas
adopted. The load was increasednuallyat an increment of 5% of the anticipated capacity until
plunging failure or excessive settlement was obser¥éen, the load was decreased at an
increment of 25% of the anticipated capacitize load in the hydraulic jack was supplied by a
pumpthatwas eqipped with a remote control. The load could be supplied with an accuracy of
less tharapproximatehhalf akilonewton The load couldecontrolled withareasonable accuracy
because of the remet®ntrolled hydraulic pump and availability of load celldahnear
potentiometer readings on siterealtime. Each load step was maintained for 5 min until there
was a negligible cree@ue to the quick dissipation tie excess pore pressurethmre sand that

had developed during pile installation, pile setupsmot considered. Therefore, there was no
specific wait time between pile tests.

A total of 41 tests, which included 23 compression tests and 18 tension tests, were
performedon reused(not laterally loadedpiles as the axial deformations were antitaplato be
negligible To enhance the reliability of the teéssults a minimum of three compression tests and
a minimum of three tension tests were repeated on each pilé&tggaimum of one compression
and one tension teglasperformed on each instriented pile typef P1, P3 and P5. The summary
and the site layout of the test pile are shown in Ta8lend Figure &. As an example of test

identification, P3C1 corresponds to the first compression test of pile P1.
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Table 3.1. Summary of test pslendQwu.

Pile type| Comp. Test| Qu(kN) Tens. Test| Qu(kN)
P1 CliCs3 129, 139, 95 TIIT3 103, 75, 84
P2 CuC3 48, 43, 36 TLiT3 8,13,14
P3 CuC5 82,118, 86,64,64 T1iT3 65, 70, 65
P4 CliCs3 57, 56, 48 TIIT3 15, 14, 15
P5 CuC5 73,50, 56,53,44 | TIiT3 63, 59, 44
P6 Clic4a 27,21,17, 39 TIIT3 10, 11, 19
r8m
AL eP1C3 o oo %°
[0) P4-c3CPT-2  pg 11 P2-T3 P1-T3
P2Cle cpT-10p3.T2 ® O @ eP3-C5
P2-T1 ® gPT-l.Ef__TCgZ pa.C2 QSPT'ZP5_C3 P5.C4 oro-co
PaC1® o %act poce ® %racs ® %aca ® Test Piles
P1-C2 o ® P2-T3 ° ® Cone Penetration Tests
P1-C1®, o, ©P2C3 P6-C4 © Standard Penetration Tests
® eP2-T2 P5-C1.
PI-T2 ¢  ocpT4  P6-CL P6-C3 North

eee
P1-Tl @ ©gpr4 pe-T2  P6-C2

CPT-3® PspT3

Figure 3.5. Layout of test piles, cone penetration tests and SPTs at Sandpit

3.3.Field Test Results

3.3.1.Axial Load vs.Normalized Displacement

In this research41 tests, including 23 compressidests and 18 tension tests, were performed.
Each pile was tested a minimum of three times in compression and in tensioawtlagacurves

of Q vs.w/D of all piles are shown in Figure B1 in Appendix B. Trag/ curves ofQ vs. w/D of

pile P1-C1 is show in Figure 3.8, as an exampl&heQ andw time historiesareshown in Figure

3.6b. After each small axial load increase, there is a drop in load because the load was applied

quickly. Therearetwo mechanismworth mentioning. First, there is a drop oad because the
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hydraulic fluid cooled after the fluid was injected from the hydraulic pump through the hydraulic
pump nasal and hydraulic jack nagalthis case, the load would decrease with neovery small
increase in dglacementas shown in Fige 3.6¢ Second, the pile could displace dwethe
delayed sand response aftée increase in loadln ASTM 2007b, it is reported that the
displacement measured between reaslfog a given load increment could be an indication of
creep behaviour. The @p in sand consists afslippage between sand particles émelfracture

of sand particlesTherefore, it is assumed that the measured displacement under constant or
reduced load could be die creepas shown in Figure 3.6d@herefore, the load was m&med

for five minutes to stabiliz¢éhe load and displacemem numerical program was developed to
smoothen the curve ®glectinghe stabilized load and displacememtich is shown in Appendix

B. The smoothened curvestbiaxial load Q) vs.thenomalized displacementvD) of selected
pilesare shown in Figure 3.andthoseof all testpiles are shown in Appendix, Bvherew is the

axial displacement arid is the outer shaft diameter of the pile along the top smooth segment. The

elastic compressioof the pile shaft is minimaknd hence it is neglected.
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Figure 3.6 (a) Raw axial load vs. displacement and (b) axial load and displacement time histories
of pile PEC1.Note: Figure 3.6 shows the reduction in load witle orasmall displacemenand

3.6d shovs the measured displacement under constant or reduced axial load.

33



Q (kN) Q (kN) Q (kN) Q (kN) Q (kN) Q (kN)

0 50 100 0 25 50 75 0 50 1000 25 50 0 20 40 60 0 10 20 30 40
. ) "'I""I"- "I""I"" 0 0.0 rrrrryrrrryTry TRITTTTryTTTT ""0
- __— _-10 0.1_
I ] [ 410
L : | =
i I o2 | 5
[ 120 { 3
i :: ] —420
3F I ] o3 ]
\J i 430
[ (c) JC)) ] 1
B 0.4 AYEEIY)
—— P3-C2 —— P4-C3 — P5-C3 — P6-C1
—— P3-T2| | —P4T2 —— P5-T2| | —P6-T1

Figure 3.7 Selected curves of smoothened axial ld@y\ersus normalized axial displacement
(W/D): (a) PXC1 and PAT3, (b) P2C2 and PZT3, (c) P3C2 and P32, (d) P4C3 and P4T2,
(e) P5C3 and P5T2 and (f) PeC1 and PéT1. Note: L1 is the point where the lineglastic zone

with high stiffness ends.

3.3.2. Ultimate Pile Capacity of the Micro Screw Piles

Piles resist the applied log:) of the superstructerthrough $aft resistance (§ and base
resistance@s), as shown in Figure 3a3As theQ; at the pile head is increased, the pilecreases
until the pile plunges into the ground when @gandQ, reach their limit values. There is a high
localization of sheanig within a thin layer of soil around the pile shaft. Typically, a small amount
of thew of the pile is required to mobilize the limit shaft resistaige)(because of the thickness
of the shear zonélowever, a large amount tiiew of the pile is requied to reacty. In fact, it

is very difficult to mobilizethe limit base resistance.) of typical piles with common testing

equipment unless the solil is very wedke typical Q vs. w response of pikeis shown inFigure
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3.8. Thereforethe ultimate lcad Qut) based on various load vs. displacement critisrizten
used to define the capacity of the pEame common criteria include the Davisson Offset Limit,
the DeBeer Yield Limit, the Hansen Ultimate Load, the eéamdner Extrapolation anthe

Deaourt Extrapolation.

Applied QsL Qut
load, Q, »Q
¢ Pile head

w = (0.01-0.02)D

Q- wy
Qs - W,
QsL' Wi
shaft
resistance, Qs

——— -
e

L w =0.1D
Pile base ff

base resistance,

Qp (a) (b)

=4

Figure 3.8. (a) Source of pile resistance and (b) tyioa w response of the pile (apted from

Salgado 2008)

In the present study, piles do not exhibit apparent plunging failergtie limit failure as
defined in Salgado 2@) in compression tests typically, as would be expected for other pile types
in sand, because of the apparent densification of santhamigvelopment of additional lateral
earth pressure during installation. However, piles in tension tests do show lagukak many
test cases, the pile failureresachedat a displacement of more than 10% shaft diam&terefore,
the dtimate pile capacity@y) was used in the present study to characterize the geotechnical failure
of piles. Generallythe followingthree different zones can be identified for pile compression

tests:theinitial linear-elastic zone with high stiffnesthé end of which is plotted in Fig.7), the
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nonlinear transitional zone with decreased stiffness tardsecondary linear zone \mitlow
stiffness Although several failure criteria f@, are available (as summarizedrallenius 1989),

the method of Hirany and Kulhawy (1988) seems more suitable for the micro screw piles in this
study; applications othe Hirany and Kulhawy criterionn pile tests in sand were reported in
Mansour (2019). This criterion selected the valu®gtorresponding to the start of the secondary
linear zoneFor piles in tension testQu was selected corresponding to the peak load achieved.
The compressive antensileQy points, with subjective judgment to a reasonable degnee,
labelled on th&) vs.w/D curves in Figure 3.7The values oy and the corresponding/D of 41

teds are summarized in Figures 3.9 and 3Tlte process to approximai@® is shownin Table

B1 in Appendix B.

As shown in Figure 3,9he average compressi@eof thepilesis greater than the average
tensileQu because of the greater capacitéthe tapered segmentscompression than in tension
tests.The differencein the compresive and tensile capacitiasemore pronounced in short piles
(i.e.,P2, P4 and P6, long piles) and almost insignificant in long piles. Since tlsofdtie tapered
segment lengthto the total lengthof the short pilesaregreater than the ratio féong piles, the
contribution of the taper to th@, is more significant irthe short piles.In addition, the tapered
segment of the long pile is situated in loose sand the tapered segment of the short pile is
situated in compact sand.

The value ofw/D at the ultimate state of aksts is shown in Figures 3.10a and B,10
respectively. The compressiv@, is mobilized ata w/D of 0.140.22 and the tensil&y is
mobilized ataw/D of 0.06 0.22. Itis observed that significant displacement, more th&a aD
the pile diameterjs required to reach the ultimate state at this site. The variatiwfDafatios at
failureis greater in the tension tests than in the compression tests.ig herisible difference in
thevalues ofw/D between the long and tis@ort piles in the tension tests. For the short pes,
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is mobilized at lesw/D than the long piles in general, perhaps because the tapered segment of the

short piless located within the dense upper stratum.

Qu(kN)

Figure 3.9 Measured), of all the piletypes:

error bars show one standard deviation
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Figure 310. Measuredv/D atthe ultimatecapacityof all pile types: (a) compression tests and (b)

tension tests. Note: The error bars show one stdru#asiation
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3.3.3 Distribution of Unit Shaft Resistance

In order to determine the axial load transfer mechanism, the axiaQdahsferred to each SG
station was calculated using Equat&f:

Q=¢eEA (3-1)
where eis the measured straif, is Youngs modulus of the pile material ardis the cross
sectional areaf the pileat the SG location. Figure 3.5hows selected distributions Qfalong
thepile shafts atifferentload steps. The valud @ at the pile tip was assuméalbezero as the
crosssectional area reduced to almost zero.

The ratios othe S/D;, of pilesP1 and P2, P3 and P4 and P5 anaf6.36, 0.44 and 0.50
respectively Several studiesaveshown that helical pile capacitybest represented by the CSM
when the helical plate ratio &/Dh is less than a range of 2 to 3 (Narasimha Rao et al., 4993
Baghdadi 2018). ABaghdadi (2018) reported that the ratio of helix diameter to shaft diameter
(Dn/Ds) also affected the hebt pilets capacity. The ratsof Dn/Dsfor pilesP1 and P2, P3 and P4
and P5 and P@re 1.21, 1.27 and 1.32, respectively.-Baghdadi (2018) showed that the
effectiveness of this ratio increases with BiDs value and reaches a constant value at a odti
2. Although it was expected that this ratiould affectthe capacity of the pile, it is hard to quantify
this amongsthevariability associated with pile installation and soil heterogeneity. From the pull
out ofthemicro screw pilesn cohesionlessoils in this study, it was observed that the soil failed
along the outer edge of the threads. In addition, a baakysis of pile capacities suggested that
the capacities would be significantly overestimated if the soil had failed on the individaalshre
Hence, it may be reasonable to assume that the CSM applegdsts in the present study.

Hence, the unit shaft resistancg) (of theindividual pile segment between adjacentsSG

was calculated using Equati82:
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— Qtop - Qbot

3-2
A (3-2)

O

whereQop andQuot are the measured axial loads at the top and bottom of a specific shaft segment,
and As is the outer surfacarea of the segment. Figure 3d3hows a frebody diagram of a
cylindrical shaft segmenkEor the tapered segmentistinappropriate to calculatg directly from

the perspective of force equilibrium. Instead, the method that treats the taper as aergquiva
cylinder was adopted, which was used by El Naggar and Sakr (2000) and Guo ari@@Me&ng

As shown in Figures 3.b2and c, the equivalent cylinder has the same volume as the tapered
segment, and theqs was calculated based on the CSM failure ofdhaivalent cylinder. The
radius of the equivalent cylindes; was calculated using Equati@m according to the principle

of equal volume:

R*+r? 4Rr
fea = \/—3 (3-3)

wherer andR are the smaller and larger radii of the frustum. The outer surface area of an equivalent
cylinder could then be calculated fragg and the length of the equivalent cylinder.

The distribution of unit shaft séstance at the ultimate statpd) along varous piles is
shown in Figure 3.11Although the values ajsuchange considerably with the depth, because of
the nature of such field testgveral important observati®oan still be drawn. Figure 3.irfiplies
thatthe gsualong the smooth and threaded segmargsot significantly affected by the loading
direction; this is similar to what was reported in previous research (e.g., Dennis and Olsen 1983,
Od\eill 2001, Fellenius 20Q2adNeill 2002).The value®f gsu at the smooth segment in saare
relatively large. Guo and Deng (2018) reported that the average adhesion coefficient between the

clay and the smooth segment was less than 0.1 because the torsional installation process had
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created annular gaps beten the clay and the smooth segment. However, the annulaargaps
formed in sand because the sand might have fallen in.

Figures 3.11a and 3.bimply that the loading direction affeds at the tapered segment.
For examplethe gsu along pile P1C3 segment 4 andegment5 are222.0 kPa and 271.2 kPa,
whereashe gsu along pile PAiT3 segment 4 andgegment5 are118.6 kPa and 136.6 kPa. The
compressive taper capacigomprisesendbearing capacity and shaft capacity components
(Manandhar and Yasufuk2013).The tensile taper capacity is composed of only shaft capacity.
During pile installation antesing, the soil around the taper pile may be densified both vertically
and horizontallyMoreover additional lateral earth pressure is developed duevity @pansion
(Wei and EI Naggar 1998, Guo and Deng 20d8dikara and Moore 1993) when the pile is
installed and loaded. The shaft capacity may incrdasetodilation of the soilwhich imposes
addition lateraktresses on the pil@hegsu value alonghe tapered segment of piles in tension
testsis shown in Figures 3.11b and 3ellMotably,the gsu at the tapered segmenttbk piles in
the tension test is still high, which may be due to the dilative behavior of the shaft component.

The average andastdard deviation afsu along the smooth segment of instrumented piles
are84 kPa and 27 kP# the upper sand stratum, the average and standard deviatigratiing
the threaded segmeante60 kPa and 29 kPa. The averagealong the threaded segmestower
than the averaggu along the smooth segment; thssprimarily caused by the decreaseelative
density,the friction angle of sand (as indicated in the site investigation) and an increase in the
shearing area. By normaiiigy gsu to similar sd conditions and shearing aregsu along the
threaded segment would be significantly greater than the smooth segment.

In the lower sand stratum, the average and standard deviatiwygj over the cylindrial
threaded segments (Fi§y11a to 3.1f) are 19 kPa and 8 kPahis low averagesuis again due to
the decreasm relative density and friction angle. The average and standard deviatioeopi
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along the tapered segmere135.9 kPa and 79.3 kPBhe average and standard deviatiothef

gsu along the tapered segment in compression are 199 kPa and 86 kPa. The average and standard
deviation ofthe gsu along the tapered segment in tension are 134 kPa and 15 kPa. In general, the
averageysu along the tapered segments in compression and tensid® dimes (=199/19) and 7

times (=134/19) the averagé the gsu along the threaded segment within the same loose sand,
which suggestthe effects of the taper on increasing the pile resistance. Generaflyatbeg the

tapered segment in compressisiigher than in tension. Tlygy of 40.3 kPa and 48.3 kRéong

the tapered segmentdd pile P5C4 and P3C4 are abnormally low. Therefore, these values are

not considered valid.
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Figure 3.11 Ultimate unit shaft resistancgs() and thedistribution of axial load at various load

incremens for tests (a) PAC3, (b) P1T3, (c) P3C3, (d) P3C5, (e) P3T3 and (f) P5C4.
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Figure 3.12 (a) Assumption ofCSM, (b) schematic of a tapered segment and (c) equivalent

cylindrical segment

3.34. Progressive Developmentof gs

The curves ofthe gs vs. w/D of selectedinstrumented pilesvere obtained to understand the
development of shaft resistance during loading, showifrigure 3.13 The values ofw/D
corresponding to 10% and the ultimate state (Hirard/kKulhawyés criterion)arealso displayed

as references. loompression tests (Fi§.13 and b), a largenormalized displacement (/D)
greater than 20%s needed to reach the pegkalong the tapered segment, and this large
displacements compatikd with the displacement needed to reach the ultimate. $tatension
tests (Fig3.13 and d), the displacement/D) required to mobilize the peakis slightly greater
than 10%. The displacement needed to mobilize thegpedkhe cylindrical segmésvarieswith

the piles and loading directions but, in genassbout 10%w/D.
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As shownby the curve of the smooth segmersegment 1)n Figure 3.13thevalue ofgs
increasswith displacement until it reacha pealgs. Then gs gradually decreasavith increagg
displacement. The contributing factors to this behaaretow confining stress, dense sand and
small diameterBoulon and Foray (1986) and Houlsby (1991) suggestedtthatilation of the
soil-pile interface for smaltliameter piles wathe main contributing factor in developing large
shaft resistanceAs shown by he curve of the threaded segmerssgnents 2 and 3), located
within the dense zon#&)evalue ofgsincreases with displacement until it reaches a peakhen
gsgradualy decreases with increasing displacemgerthaps due to the rough surface and presence
of dense sandAs shown bythe curve ofthethreaded segmentsegment 4of P3-C4 and P3T3)
located within the loose zonhevalue ofgsincreases with displacemenithout reaching a peak
0s- As shown byhe curve of thetapeedsegmentssegment 5 of PE3, segment 4 andegment
5 of P1-C4) in compression, the value @fincreases with displacement without reaching a peak
gs- As shown byhe curves of the tapersggmentssegment 5 of P33 andsegmens 4 and 5 of
P1-T3) in tension, the value ak increases with displacement, then, it gradually decreases with
increasing displacement.dhouldbe noted that these behavisare based on stabilizegd or the

lower bound of thegs vs.w/D curves.
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Figure 3.B. Unit shaft resistancgs) vs. normalized axial displacement/D) for tests (a) P3

C4, (b) P1C3, (c) P3T3 and (d) PATS3.

3.3.5 Method of Calculating the Unit Shaft Resistance

The CPTFbased method anddleffective stress methods with the current design parameters cannot
be used to estimate the axial capacity of the micro screw pile. These methods can be used by
obtaining design paramesappropriate for the micro screw pile by correlating the measyted

and relevansoil parameters interpreted from the CPT readigght piles were instrumented with
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SGto obtain the distribution afsu. The measured value gfu over 34 different segment tyfge
andtwo soil typesis shown in TableB1 and B2 in Appendi B. Five instrumentedpiles were
tested under compressive lpaahd three instrumented piles were tested under tensile load.
Thereatfter, the effective stress method was used to estimate the axial capétipyled, where

21 piles were tested under comepsive loagdand18 piles were tested under tensile loads.

3.3.51. CPT-BasedMethod

Bustamante and Gianeselli (1982), using data from 198d¢ale compression and tension tests of
different piles in various soil types, suggested a ®R3ed method fquile capacity prediction.
Typically, a friction coefficient (also known as a reduction factor) is used to account for scale
effects, loading rate, differen@e installation technique, position of the CPT friction sleeve and
differences in horizontal sailisplacements (Lunne et al. 19979lIBwing theCPT-based method,

the friction coefficients &) over the differentshaft segmenttypes of micro screw pils were
determined using the relationship betweenand average cone penetration resistagegd, as

in Equation3-4:

1

O = g qq avg 3

4)
The values ofgc herein are averagedlc(avg from the CPT logs along theorresponding pile
segmentA summary ofthevalues ofa, gc.avigandgsu over 35correspondinghaftsegmerg and
backup calculationis shownin Appendix B. The estimated valuesaérecategorized by segment
type and soil type. The median vadue coefficient friction @med based orshaftsegment type
and soil type are shown in Figure 3.18 and Table 3.ZThe estimated friction coefficient was

categorized by shaft shape and sge. The correlation ofhe averagegsu versusthe averageye
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was plotted against the curves recommended by Bustamante andeaBigth883). It seems that
the measuredisu and gc over the smooth segment are comparable to Curve 2 (scrpie
installed in fine sand withe > 3,495 kPa)A description of the pile usedgsvenin Table 3.3The
small median value &dmeqOf the tapered segmenssdue to the tapered shape.

Table 3.2Summary of coefficienmeqat the individual pile segmenas different soil conditions.

Soil type Oc Coefficient @med

(MPa) | Smooth | Threaded | Tapered Tapered
segment| segment | segment in segment in
compression | tension

Moderatecompact sand with 5-12 102 183 36 42
gravel
Compact to very compac| >12 223 397 No data No data
sand withgravel
a(zqc,avg /qu) qc,avg (MPa)
10 100 1000 0 5 10 15 20
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Figure 3.14 (a) Values of friction coeftients (&) at the middle of each pile segment and (b)
averagegsu Vs. averagedc values compared with the recommendation of Bustamante and
Gianeselli (1983).Numbers 15 in (b) refer to curves for soil types amd magnitude in

Bustamante and Gianeselli (1983)
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Table 3.3. Description opiles used in combinton of Figure 3.18 (after Bustamante and

Gianeselli 1983)

Pile Description Remarks CPT | CPT Soll Curve
Qe e
(ksf) | (MPa)
any any Clay-Silt 1
Qc < 53ksf >25 | >1.2 Clay-Silt 2
Slow penetration >94 | >45 Clay-Silt 3
Scrlethyp% Slow penetration any any | SandGravel 1
ti?]Ofrgn?C; Finesand with load test | >73 | >3.5 | SandGravel| 2
corrugated Coarse gravelly >153 | >7.3 | SandGravel| 3
pipe that is sand/gravel
oushed or Coadr/se gra;/elly any any Chalk 1
.| sand/grave
Scfﬁ]‘”ed SC;?;‘:;‘?' M < 146 ksfwithout load| > 63 | >3.0 | Chak 2
revers’e test
rotation to | % < 146 ksf with load >63 | >3.0 Chalk 3
pull casing test
while Above water table; >94 | >45 Chalk 3
placing immediate concrete
concrete | Placement; slow
penetration
Above water table with | > 250 | >12.0 Chalk 4
load test

3.3.52. Effective Stress Methods
At the preliminary design stage, another common practice is to estigpatthe ultimate state

using the effective stress method for piles in cohesionless agiin Equation-5:

Oy =S wagKstan(dy,) = DS, (3

5)

whereKs is the coefficient of lateral earth pressurés the angle of friction between the pile and
the soil, & is the combined shaft resistance factor afidygis theaveragevertical effectivestress
over a shaft segmerthe values ofs% were determined frong and the GWT The values of

s%1.aigWere obtained from CPTB only as the, interpreted from CPB was not affected by frost.
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The values 05%1,avgWereobtained from all of the CRbecausegy was not affected by frosthe
value of dover the smooth segment was assumeetd.8/%, and dover the threaded segment
was taken athe 7% of sand A summary ofthe values ofKs and b obtained by using appropriate
gsu, S%1 and s%2 over 34correspondingsegment typesnd backupcalculationsis shown in
Appendix B The estimated values &% and b were categorizedby shaftsegment type and soil
type. The median value of lateral earth presskiged) and the median value of combined shaft
resistance factotbed are shown imable 3.4

The valuesof Ks, categorized by shaft segmegpes, are stwn in Figure 3.15The
distributions ofKs in Mitsch and Clemence (1985) and Meyerhof and Adams (18@3)lso
shown for comparison. The values &f2whereKo is the coefficienbf earth pressurat rest and
thecoefficient ofpassivesarth pressur@Kp), were plotted becauseé<g andK, are sometimes used
to estimate the preliminary shaft resistance of driven piles.median value d{s over the upper
smooth segment aridelower smooth segment in dense sand2&.éand 54 in dense sand. The
medianvalue ofKsover the upper smooth segment in compact sawery highThe median value
of Ks over thethreadedsegmentss 2.6 in dense sand and 0.6 in loose sand. The mgarer
thelower smooth and threadeseégments itompactsandis nearthe Ks recommended by Mitsch
andAdams(1985) andKp; this fact implies that pile installation should have loaded deenpact
sand to nearly passive failure. The medfaover the uniform segments in the loose sand is close
to ZKo; thesesmallKsvalues may be atbuted to the contractive behavior of soil. The distributions
of Ksin Mitsch and Clemence (1985) and Meyerhof and Adams (1968) were compared with the
distribution ofKs for CHD piles by Jeffrey et al. (2016). Jeffrey et al. (2016) reported relatively
high Ks for CHD piles, which provideadditional confidence in the present results. The tapered

segment exhibdta significantly highksvalue, 7.7 in compression and 4.5 in tension.
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Table 34. Summary of coefficiestKsmedsand bmed Over the individual pile segments

Pile shaftsegment type Soil type Dr(%) | Bned | Ksmed
upper smooth segment compact sand with gravel 57 13.8 |20.6
lower smooth segment compact sand with gravel 78 4.1 5.4
threaded segment compact sand with gravel 66 2.3 2.6
threaded segment loose sand 48 0.5 0.6
tapered segment in comp. | loose sand 45 6.3 7.7
tapered segment in tens. | loose sand 46 3.3 4.5

Depth (m)
=
o1

— =K =0.09%F" ]
Meyerhof and Adams 1968

2.0
2.5
B smooth O threaded @ threaded
A tapered - compression A tapered - tension | median

Figure 3.15 Coefficient of lateral earth pressut&) at the middle of each pile segment

The medianof the coefficient bmed Over the individual pile segment at different soil type
aresummarized in Tlale 3.4and shown in Figure 3.18he values obmeqarevery large at shallow
deptts. Theydecrease with depth and then increase at the baittime tapered segmenthegsu
along the cylindrical segmentscompression and tensianecombinedbecauséoading direction

does not affeafjsy along the cylindrical segmentGS (2006) recommended valuesdfetween
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0.8 and 1.5 for driven piles in gravel, but the valuégds along the top two segments appear
relatively high.However, it should be noted that most studies behind this recommendation were
carried out on long piles, as stated in CGS (2006}the present studys® is low, and Dy is
relativelyhigh at shallow deps, which led to relatively highvalues.Theoretically, the value of

b should be very high at shallow deptAs observation of hight near shallow surface was also

notedin Stuedlein and Gurtowski (2012).
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Figure3.16 Values ofb at the middle of edcpile segment: (a) P1, (b) P3 and (c) P5

3.3.53. Estimation ofthe ultimate capacity of the micro screw pile
The ultimatecompressiveapacitieqQu,c) and ultimate tensile capacitie®yr) of the 41 micro

screw pils wereestimated using the effecéistress methods in Equatios3-6 and 37:

Qu.C:é. bsm Sz,avgfo‘s-l-é. Q BtgavéAs +é. .tcb24 §/gA (3'6)
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Qir=a bam Soafc tA R Safc *A 10y SH (37)
wherebsmis thecombined shaft resistance factor of the smooth segeigthe conbined shaft
resistance factor ovélne threaded segmemtdb.c andb .t are the corbined shaft resistance factor
overthe tapered segmeim compression and tensiofihe relevant valueof 6 thatareneeedto
calculate the ultimate capacities of each areshown in Figure 3.17As shown in Table 3.4the
values ofb overall the segrantsare knowrexcept ovethe tapered segmenteaempact sandrhe
valuesof &candb: overthe tapered segment in compact saaet backcalculated from Equation
3-7 using allthe other combined unit shaft resistance fastrdthe measuredy of Piles P2, P4
and P6. The valssof b and bt overthe tapered segment in compact sandeatenated as 6.2
and 1.2The value ot c overthe tapered segment in compact sand is similaictoverthetapered
segment in loose sand. However, the vallégoverthe tapered segment in compact sand is
about onehird of the value otx: overthetapered segment in loose saaslinferred from the low

Qu values otthe short piles (see Fig.%).

P1 P2 P3 P4 P5 P6
Om
1m
2m
—;:H
3m

Figure 3.17. Relevant combined unit shaft resistaacef over different shaft segments.
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To examine theaccuracyof the values of b, the aforementioned values 6fin along
appropriate segmentgere used to estima@.. The estimated and measuf@gvaluesof 41 piles
are plotted in Figure 381 The coefftient ofthedeterminationRR®) of the estimated and measured
ultimate capacityis 0.76, which indicates a relatively strong predictididternatively, the
estimatedQy is only 4% greater than the measur@®d on averageThe method seemed to have a
betterestimation of the capacity of the piles in tension tests than in compression tests. In addition,
the b method underestimatéhe capacities of pile tyg®1 and P4 in compression tests. The reason
for underestimating P1 capacitiessthat the value dhe bmeq Of the tapered segmerst less than

the measured value tife bmeq Of P1 in compression tests.
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Figure 3.B. Estimated)y usingbmedVs. the measure@, of 41 test piles

53



3.3.6 Installation Torque Model

The torque recorded during pile installation provides a mefhroeerifying pile capacity and soil
properties. In the present study, the instalfatorques were recorded manually and electronically.
Figure 3.9 summarizeghe Tenaand TmaxOf five pile types; the records of pile P6 were unavailable
because the torque data were not collected correctly. The avieraged one standard deviation,
shown as error bars in Figure 8,1mply thatthe Tenq Of €ach pile types reasonably consistent
among each pile type except for P1. The long piles exhibit gréatethanthe short piles as
would be expected. Figure 3.2hows the profiles of the m&ared installation torqueT) of
selected pile types. In genelthle installation torquér) increasswith depthbecause of increasing
soil-shaft interface areand reachethe peak neahe end. As shown in Figure 3,20e pile type
P3T1 exhibit exceptionally high torques when breaking ground to a depth of 0.6 m. The frozen
ground likely caused this high torsional resistance because those piles were installed in early winter

(December). Athe pilesbreakthrough,T drops and therincreasesintil reating the peak.
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Figure 3.19 Summary othe measuredendandTmax Of five pile typesError bars are the average

and one standard deviationTafigand Tmax

estimated

T

- =T,
© T

(m)

Depth of the pile tip

T (KN-m) T (KN-m) T (KN-m)

Figure 3.20Estimated and easured continuous installation torques whindepth of the pé tip

for selected pile typega) P1, (b) P3 and (c) P5

Estimating the installation torque is esserfialselecing anappropriate torque head, but
it can also be used in the empirical torque factor methaubtain the pile capacitySeveral
researchis have attempted to develop correlations betwlee@PT tip resistance and installation
torgue of helical piles (Gavin et al. 2013, Spagnoli 201eBadghdadi et al. 2017, Davidson et al.
2018).Guo and Deng (2018) developed a theoretical torque nhasletl on the soile interface
shearing resistance of the pile shaftl dhreadsas shown in Figure 3.21vhere the interface
shearing resistance was taken as the gRJadingsWhen estimating, it might be reasonable
to adopt the CPTs in sandbecasefs reflects the shearing mechanism at the-gitd interface.
The torque of a test pile was estimabased on moment equilibrium in horizontal plarseng

Equation3-8:
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T=1 (3-8)

S
whereTsand Ty, are the torque contributions from shaft and threads, respectively, whieh

estimated from Equatiorgs9 and3-10:

T.=4 (05Dt 1) (3-9)

. & » oDz
T, =8 %D, D) fA(D}, BY)

1-O: O

a o.éﬁj f §/(0.5 D ¥ sztrthe?) (3-10)

whereDs = pile shaft diametew = thread diametes = the spacing of the threadi, = thread

thickness andz = thelength of an arbitrary segmenit.free body diagram (in terms of torque) of

an arbitrary segmens shown in Figure 3.21Equations3-8 to 3-10 were based on two
assumptions. First, the installation torques countetbalanced by the resisting tpue determined

from the soHpile interface area and frictiofthe surface area of the pile includes the surface area

of the shaft, the horizontal projection of the upper and lower surface area of the thread and the
surface area of the edge of the thrddte horizontal projection of the surface area of the thread is
the surface area of a disc, which is represented by the first term in EquatioS&condly, the
interface frictionwas represented by the CRslat the same depth because the soil was exland

and sheared in a similar manner during CPT advancement and pile torsion.
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Figure 321. Schematic of a torque mod€&limension unit: mm.
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Figure 3.22 Average of the four CPfE values used to estimaie

Profiles of instHation torques were estimated following this simple torque model. The

average of the four CPff values was used to estimateas shown in Figure 3.22he curves of
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estimated total torqu€l), torque due to thread3u) and torque due to shaffsf arecompared
with the curves of measurddn Figure 320. It can be seen thaté estimated increasd rapidly
as the pile passed through the dense sand, gtaaneximumr, and then decreageery slowly
as the pile traversed through the loose sandifEimd of estimated is approximately similar to
the trend of measurel] particularly at the deeper levélowever, the measurédis abnormally
higher than the estimatédbelow 0.6 m ground deptlikely because of the effects of surface
frost.By compaing the estimated and measured torque profilesnitbe seethattheexcessively
high T is due to the frozen ground since such a high torque cannot be developed based on the
unfrozenfs profiles. The reasonable similarity greaterdepth may suggest ehvalidity of the
present torque model based on the GRirofiles. On the other hand, the torsional resistance is
predominantly due to th& because of the large surface shaft area.
The correlation of the measur@gax vs. estimatedimax and the measad TenqVs. the
estimatedTenq of 24 pilesis shown in Figure 3.23he R? of the measured and estimafBghx is
0.75 and theR? of the measured and the estimaleghis 0.78 There is some variation between
the measured and estimafegxandTeng Which can be due to soil heterogeneity and the op&sator
error in installing a piled.g., pile oscillating near the ends noted in the field)Although not
perfect, theR? values suggest consistency in the measured and estimated values to some extent. It
is, therefore, legitimate to conclude that the present torque model can estimate the installation

torque with reasonable accuracy.
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3.3.7. Torque versus Capacity
The method based on the empirical torque factoften used to estimate the capacities of piles
(such as helical pilesoyt and Clemence 1989) that are screwed into the gréimdn that the
geometrical properties of the micro screw pile thraeeldifferentthose ofother helical pileg
helices there is a need to obtain an empirical torque fadfe) that is unique to #sepiles.
Following this torque vs. capacity concept, an empirical torque fletirthe micro screw piles
wasdetermined usinde relationship between theeasured), and measureteng as in Equation
3-11:
Q, = KrTeng (3-11)
Since thediameters othetest piles are similar, the piles were grouped only by loading
directions. The measurdg@, versusTeng With line of best fitpof each pile in compression and
tension tests are plotted in Figures4a.and 3.2b. The empirical torque famt of each micro

screw pile, with corresponding regression coeffigerg shown in Table.5 The regression
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coefficients of pile P1 and P3 in compression and pil and P2 in tensidhat are satisfactory

are shown. However, the regression coeffimehother piles in compression and tension are quite
low, which can be due to the limitation on the number ofstast the scatter in the data.
Nevertheless, it can be seen that the empirical torque factor of the screw micropiles increases with
decreasig pile diameter and increasing pile length. Perko (2009) related the védwevdh the

effective diameter of the pikhaft as in Equation-32:

/k

~ 4092
deff

K, (3-12)

where/¥ is a fitting factor equal to 1433 nf/m. In addition, Sakr (2015) mentioned that for a
specific helical pile, the ratio dfr for tension to compression is equal to the rafitensileto
compressive capacities as the installation torque is the same in bothTbasagerage ratio ¢t
for tension to compressionsi0.53, which is nearly equal to the average ratithetensile to
compressive capacities of 0.48owever,the influenceof the location of the threads and the
number and angle of the tapered segmémicro screw piles on both lateral capacity and torque
should be noted

As a comparisorthe empirical torque factoK{.p) of the micro screw piles in compression
tests werestimatedased on Perko (2009)heK+.p of the micro screw piles in tension tests were
estimated byaking theKr.p of a pile in compression and multiplying it by the average ratio of
tensile to compressive capacilywasfound that the method providdéy Perko (2009) generally
underestimated the empirical torque factor ofrthiero screw pilesThe Imitation of the torque
factor approactshouldbe noted. The factdfr is only used for estimating pile capacities at the
preliminary stage. The valsef Kt in Figure 3.2 arebased on a limited number of tests at a single

test site. More data on the capacity and torqueeicro screw pilegrom various sites may be
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warranted to provide a more credible The backup calculation to get tKe of each nicro screw

pile in compression and tension is shown in Appendix B.

Measured data: ® Pl @ P2 P3 ® P4 P5

Line of best fit: —— P1—— P2 P3—— P4 P5
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Figure 3.2. The neasuredy vs. TendOf piles for () compression tests and (b) tension.tests

Table 3.5. The empirical torque factor of each pile in compression and tension as abttired

research and estimated using Perko (2009)

Pile Compression Tension
Kt R? Krp | Krp Kt R? Average Kr.p Krp
/Kt comp. / /Kt

tens. Q
(m) | (%) [(mY)| %) | (mY) | (%) (%) (mh) | (%)
P1| 20.8 | 989 | 18.3| 88 15.2 66.8 72 13.2 87
P2 | 164 | N.A. | 18.3| 112 4.9 42.7 27 4.9 101
P3| 33.2 | 100 | 23.1| 69 25.8 N.A. 68 15.6 61
P4 | 284 | NA. | 23.1| 81 9.2 N.A. 27 6.3 69
P5 | N.A. | NA. | 26.6 | N.A. 25.9 N.A. 100 26.6 103
P6 | N.A. | NA. | 26.6 | N.A. N.A. N.A. N.A. N.A. N.A.
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3.4.Conclusions

A field test progranof 41 full-scalemicro screw pile was carried out in a sandpit site. The

following conclusions may be drawn

1. The tapered segment contribsiggnificantly to the compressiv@y; the tensileQu at the
tapered segmei also considerable, particularly for tapers in tleséosand stratum.

2. The compressive and tens(@® are mobilized at then/D ranges of 0.1422 and 0.060.22,
respectivelySignificant displacemens required to achieve the ultimate stdtee curves of
thegs vs.w/D overthe smooth and threaded segmeantdense santhcrease with increasing
displacement untiteachinga peakgs, then, gs gradually decreases with displacement. The
curves of thegs vs. w/D over the threaded segment in loose sand increase with increasing
displacement without reaching a geg. The curves of thgsvs.w/D over the tapered segment
in loose sand and in compression increase with increasing displacement without showing a
peakgs. The curves of thgs vs. w/D over the tapered segment in loose sand and in tension
increase withncreasing displacement untédachinga peakgs. Then,gs gradually decreases
with displacement.

3. The cylindrical shearing mode goverhe failure of the threaded segmentiéelvalue ofgs,
whichincreases with increasing displacemexhibits dilative béavior. The interface of the
threaded segment in loose sand exhitntractive behavior.

4. The cylindrical shearing mode govethe failure of the threaded segmeiihe values ofjsu
alongthesmooth andhethreaded segmenésenot visibly affected byhe load direction. The
value ofgsu along the tapered segment of the pdeestimated using CSM on the equivalent
cylinder area. The averaggey along the tapered segmest7.1 times that of the value at the

threaded segment.
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5. A correlation between shaksistancesand cone tip resistangewas developed for the CPT
based prediction method for pile capacities. The measpgerdiqc along the smooth segment
trendarecomparable to Curve 2 provided by Bustamante and Gianeselli (I988)nedian
valueof g along the threaded segmestess than that of the smooth segment, while the median
value ofa along the tapered segmestsignificantlylessthan that of the uniform segment.

6. The median value dfs along the uniform segments @mpactsandis near the passivstate
pressure coefficient. The median valu&ealong the uniform segments in loose sand is near
2Ko. Thevalue ofbmedalong the tapered segmestgreater than the uniform segment because
of the soitpile failure mechanism along the tapd segment.

7. A theoretical torque model was adopted to estimate the profiles of torquensteliation
torgue and endhstallation torque based on the gpile interface shearing resistance (or CPT
fs) developed along the pile shaft and thread dutiegptle installation. The estimat&gbrofile
is comparable with the measured torque profile.

8. The empirical torque factor of each micro screw pile in compressicaegdttension test
were obtainedThe empirical torque factor increases with decreasiitgy giameter and
increasing pile lengti he average ratio of the empirical torque factor of the micro screw piles
in tension to compression is 0.53, which is nearly equal to the average ratio of tetiwle to
compressive capacities of 0.48. The empirioadjue factor of micro screw pilés generally

underestimated by the method providsdPerko (2009).
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4. Axial Cyclic Load Field Tests of Micro Screw Piles in Sand

4.1. Introduction

A new type of pile has been introduced in the Canadian constructostrg. It consists of a
smooth segment at the tagthreaded segment at the middle artdpered segment at the bottom.
It has a relatively small diameter and short length, which is aimedaioous lightweight
structures. It is screwed intbe groundusing the torque method. Therefore, it is referred to as a
fiscrew micropilé (Guo and Deng 2018). When piles are used in areas whkelie (dynamic)
loads are persistenthe cyclic performance of piles becomes as importantthesr static
performance. May structuresincluding offshore structures, transmission poles, residential
buildings, commercial buildings and machine foundatians founded on pileI.hese structures
are subjected teariouscyclic loads from earthquakes, wind, waves, tides andimawibrations.
These cyclic loads on the superstrucanetransferred to the underpinning pile foundation as axial
cyclic loads, in addition tthelateral cyclic loads. As noted in Kunnath et al. (2008), axial cyclic
loads have an adverse effect on éhsoilstructure interaction (SSI) particularly when the
superstructurés significantly wide. Therefore, it isssentiako study the performance of piles
subjected to axial cyclic loads.

Several studieBave beewledicated to the axial cyclic performanaf piles. In the research
where physical testing is adopted, axial cyclic loads are often decoupled from lateral loads due to
the limited capability of hydraulic loading equipment. In the literature, chamgpile capacity,
pile-head stiffness and cutative displacement are often examintxd indicate axial cyclic
performanceEl Naggar and Abdelghany (2007) and ElI Naggar and Sakr (2002) observed a
reduction of pile capacityHoweverthereduction of pile capacity may not be observethetase
of load-controlled cyclic tests. During a loabntrolled cyclic test, pile shaft resistance nhay

redistributedland base capacity may increase. Poulos (1989) suggestebetbhaft resistance
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degradation depends on cyclic displacement, number of cyclegymoiand pile type. Drbe and
El Naggar (2015) reporteitie results of cyclic compression tests on hoHoar micropiles. The
shaft resistance had-destributed andthebase capacity had increased slightly. EI Sharnouby and
El Naggar (2012) reported thtine shaft resistance had degraded tiait the load transferred to
the lead section had increasé&dl.Sharnouby and El Naggar (201&)served that botthe static
and cyclic responseof piles could be enhanced by changing pile diameter or stiffiidss.
Sharnouby and EI Naggar (20X®)served thaheshaft resistance had degraded tadthebase
capacity of a tapered pile in loose sdwadlincreased; the increase in base capacity was related to
thedensification othesand arounthetapeed pile

Pile-head stiffness, defined dke ratio of change in axial load to change in axial
displacementhas beenvidely examined in the literature because stiffness may be an indicator of
pile stability. Li et al. (2010) investigatatie cyclic performance of aile in dense sand with
different installation procedures using centrifuge modelling texidound thapile-head stiffness
had decreased wigeveraktycles. Abd Elaziz and El Naggar (2011), EI Sharnouby and EI Naggar
(2012)andEl Naggar and Abdelghar{007) reported that pile stiffness had remained unchanged
during a cyclic loading test. EI Naggar and Sakr (2000) and El Naggar and Wei (2000) suggested
thatanincrease in stiffness was associated whndensification of sand arourtde tapered pile.
Hanna et al. (1978) reported thae displacement of an anchor increased vathincrease in
loading amplitude during a omeay uplift cyclic test.However, it should be noted that the
cumulative displacemenmnainly occurredduring a onevay cyclic loadingtest, especially ah
strainsoftening soHpile interface (Poulos 1989, Abd Elaziz and El Naggar 2011). In all cases, the
cumulative displacement increased wiitie number of cycles in modebr field tests (Li et al.

2010, Abd Elaziz and El Naggar 20Hanna et al. 1978).
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The axial capacities and failure mechanisnthefmicro screw pilan a cohesive soil site
were first examined by Guo and Deng (2018) via a static loading test program. Similar testing
programs were carried out by Sanzeni and Dan@di9Rat a cohesive soil site and Khidri and
Deng (202) at a cohesionless soil site. Guo et al. (2019) performed axial cyclic tebtsnoicro
screw pilesat a cohesive soil site; small cumulative displacement was observed to decrease with
increasing p# diameter and shaft lengthowever theaxialloadcyclic performance ahemicro
screw pilenstalled in cohesionless soil has never been studied. Hence, resetrebxoal cyclic
performance ofhe micro screw pilesubjecedto axial cyclic loadss required. In additiormost
previous research to the axial cyclic behavior of piles oftdacksa detailed study ofhe re-
distribution ofshaft resistance. Furthermomicro screw pils consist of several segments with
unique shapeand outer surface It will be insightful to inspect the selegment interaction of
these piles during cyclic loads.

In the present research, the axial cyclic performanteeohicro screw pilen cohesionless
soil was investigated. Six types wicro screw pils instaled atSandpit weretested in the field
with one-way load-controlled cyclic loado simulate the loading pattern of @arthquak@ Three
types ofmicro screw pilesvere instrumented withaxial SGstations to measuthe distribution of
the unit shaft reistance andime histories ofthe unit shaft resistanceA geotechnical site
characterization program was undertaken to obtain the soil profile and properties. The first
objective of the researaliasto obtain the overall axial cyclic responsetioé pile, including an
examination of load vs. displacement curve, cumulative displacemerhtgaitestiffnesand pile
head damping ratio. The second objectirgesto obtain the axial cyclic responsetbéindividual
segmentsincluding examining the unit shatsistance, segment stiffnemsd segment damping

ratio.
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4.2. FieldTest Program

4.21. TestSetup

The test setup was designed for axial static fedd test as per ASTM (20®§ standard D1143

and ASTM (200¢) standard D3689 by Guo and Deng (2018). lalyeut and setup of the temte

shown in Figuret.l and Figure3.3, respectively The test setup was designed to conduct both
compression and tension fegt Four reaction piles, 2-th-long micro screw pileswere installed

at each side of the test pilEhe reaction piles were 3 m apart. Each satlqvedfor at leastwo

tests vhile maintaininga minimum spacingqual tofive times the diameter of the pile. A slider

was designed that allowed the movementhefhydraulic jack under the reaction beddefore

loading the pile, the slider was moved on top of the, pifel the hydraulic jadk piston was
extended just enough to be touching the pile head. Then, one set of the bolt was used to fix the
slider on the reaction beaiend another set of the bolaw used to fix the hydraulic jack piston to

the test pile head. Then, two linear potentiometers were attached between the hydraulic jack and
the pile head. The twavay hydraulic jack was equipped with a load cell of 900 kN capacity to
measure load. The Idaell, two linear potentiometers aS¢s were recorded in a dataloggeraat

time interval of 1 secPiles P1, P3 and P5 were instrumented with afiés to measure the

distribution of the axial load along the pilehich is shown in Figure 3.1.
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Figure4.1. Layout ofcone penetration tests, BMith SPTs and test piles

4.22. Test Procedure

During anearthquake, seismic wavesianate from the source and propagate throughattba’s

crust,as shown in Figure 4.8eismic waves can generalbg categoried as body waw: which

travel through the Earfland surface wawewhich travel at the surface of the Earth. Body vgave
include primary or compressive wavand secondary or shear wav8urface waves include
Rayleigh or ground roll waweand Love or harontally polarized shear waseDuring an
earthquake, the superstructure may experience rocking motion which includes vertical and lateral
vibrations. The rocking motion of the superstructure causes vertical and lateral cyclic load on the

underpinning p# foundation.
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Figure 4.2. The effect afnearthquake oa superstructure (drawing not to scale)

Dynamic soitffoundationstructure interactio(SFSI)during eathquake shaking has been
extensively studied in the literature cAmmon experimental methoalinvestigate th&FSlis the
dynamic shaking table te¢e.g., Elsawy et al. 2019) for which the so#foundationstructure
system is shaken at the ba$¢he shaking tablas shown irFigure 4.3a and Figure 4.3Bhaking
table tests at 1 g or on aajechnical centrifuge can be expemsiandthe equipment may be
unavailable iran institution. Hence, other test methodsluding mass(or force)vibration test
(e.g.Algie 2011, Elkasabgy and El Naggar 20H8)d pseudstatic cyclicload tess (e.qg., El
Naggar and Abdelghany 2007, Drbe and El Naggar 2015, ElI Sharnouby and El Naggar 2012, Abd
Elaziz and El Naggar 20113s shown in Figure 4,are also carried out $teadof the shaking
tests.As shown in Figure 4.3c and Figure 4.3dlyaamic test shalsethesoil-foundation system
in the lateral directiora mass vibration test exerthayh-frequency vibrator force on the piler
building top, anda pseudestatic cyclic test applies slow cyclic loading on the pile top in the

vertical or lateral direabin.
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When a pseudstatic cyclic test is carried qus in Figure 4.3e and Figure 4.8fe cyclic
loading is applied at a sufficiently slow speed such that the inertia force of the nthesnféss
existy is negligible.The cyclic behavior othe soil-foundation system provides the equivalent
linear properties or backbone cungéghe soitfoundation systerthat can be later used to assess

the dynamic behaviour of the system.
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Figure 4.3 Experimental testing methedor a generaBFSlistudy (a) and (b) dynamishaking
test, (c) and (d) magsr force)vibration test and (e) and (f) pseusi@atic cyclic testNote: the
mass vibration and pseudtatic cyclic loading tests can also be applied in the lateral direction

(b), (d) and (f) are illustrative only and do not necessarily matchchelexperimental setup.
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In the presentesearchaxial cyclic loading test which werepseudestatic and onavay
compressiveweredesigned to simulate the vertical loading pattef an earthquakéOneway
cycles are more analogous than tway cycles to the scenario where a pile is subgbict axial
cyclic loads from the superstructure. Seed et al. (1975) provided a chart of the number of
representative cycles vs. the earthqualegnitude and suggested 15 cycles for an earthquake
magnitude of 7.5. Althoughhe chart was initially developed foa liquefaction potential
assessment (Liu et al. 2001), 15 cyaleseadopted for the sopile interaction research when
earthquake loadsvere concerned (e.g., Rollins et al. 2003, Guo et al. 2019, El Naggar and
Abdelghany 2012).

As shown in Figure 4,4he pilewas initially loaded taan initial load Qini), corresponding

to a factor of safety (FS) as in Equatibi.:

FS= Q (4-1)

ini

whereQq is the ultimate compressive capacity that was approximated by Kulhapproach
(Khidri and Deng 202). The value ofQu was taken as the arithmetic mean of three or four
monotonic loadield testsof the respective pile type (as reported in Khidri and Den@)20he
target FS was 1.5, which is common for the ultimate state design of a pile. However, the actual FS
varied between 0.6 and 1.9.i¥kdeviance was becaude Q, measured from monotonicad field
tests differecamong pilesnainly due to installation disturbance or soil heterogeneityFA< 1
does not actually imply a pile failure in the initial stage of this specific pile, as shown in subsequent
curves of cyclic load vs. displacement.

Afterward,the load was increased and decredsedn amplitude 0Qcyc 15times in15.6

min on averageas thisfrequency is sufficiently lowo eliminate any dynamic effect§he time
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overwhich the cyclic loads were applied varied between 9.1amd24.0 min. The value 0fQcyc

may be evaluated by EquatidrRa:

Qcyc =m Qq pk (m g SE;_PKO in E;pk (4-2&)

where m is the mass of the superstructuegq is defined as the equivalent peakrtical
acceleration and is the Eartls gravitational acceleration (= 9.81 R)/sHence,aeqx can be

calculated using Equatiogh2b:

Qcyc
Qni

aeq pk — @ (4'2b)

Currently, there is a lack of guidan@n sel ecing peak vertical acceleratiofor

applications in which this pile type would be potentially used. For ordinary highway bridges, as

an example, the Seismic Design Criteria of California recommendsuarakemt vertical load at

a magnitude of 25% of the dead load in the upward and downward directions if a horizontal peak

rock acceleration of 0.6 g or more is expected at a site (Kunnath et al. 2008, Caltrans 2019). This

is approximately equivalent tan aeq.x of 0.25 g. In the present studgm aeq.x of 0.5 g was

selected, representiragvery highequivalentpeak vertical acceleration. Nonetheless, the actual

aeq.x Varied coincidently from 0.4 to 0.6 g because it was difficult to apply the @sgehanually.
Upon completing the cyclic loadhe load was decreased in four equal incremérable 4.1

summarizeshe Qini with the corresponding FS alyc with the correspondingeq.i-.
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(@) (b)

Figure 4.4. A schematic of the (a) axial cyclic load test procedure and (b) dissipated energy and

maximum stain energy.

Table 4.1. Cyclic test matrix

Test | Qu Qi | FS | Qcyc | @eqpk | Cycles| Test
pile | (kN)? | (kN) (kN) | (9) (#) duration
(min)

P! |923 |555|1.7 |34.0 061 |15 14.2

P2 1369 |395]/09 |14.1 |0.36 |15 9.1

P3t |57.2 344|117 |21.8 | 0.63 | 15 19.5

P4 | 377 |319|12 (171|054 |15 24.0
P53t |374 |28.1|1.3|16.5|0.59 |15 16.3

P6 188 |29.3|/0.6 |12.3 |0.42 |15 10.4
Note: 1. These piles are instrumented with ax8&s; 2. Arithmetic mean oy of 3 to 4 axial

compressive tests

4.3.Field Test Results

The first objective of tla researcls to understand the cyclic responséhafmicro screw pilest

a particular cyclic loading magnitude and soil condition. The axial load vs. displacement curves of
the testss presented. The curve of cumulative displacement vs. the numbeied was obtained.

The equivalent linear method, which is based on a secant stiffness and a damping ratio, is often a
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design methodor piles when earthquake loads are concerned. Hence, tHeepitestiffness and

damping ratio s obtained with the numibef cycles

4.3.1. AxialLoad vs. Displacement Curve
The «ial load vs. displacement curves of the test pgeshown in Figure45. Generally, the
loading curvesrenonlinear During the cyclic loading stage, @lB2, P4, P5 and P6 exhibit two
distinctive nonlinearoading curve (elastic and plastic deformation) because there loaded to
a lower initial FS. PileP1 and P3 exhibit only one distinctimenlinearhysteresis curve because
they areloaded toa greater initial FS. These features arewah using dashed boxes in Figare
4 5a and %be. The piles d not exhibit a plunging failure or a significant reduction in pile capacity
during the cyclic test. However, the pileschthe serviceability limit state, whictanbe defined
as a pilehead dsplacement of 10% shaft diameter because a large amount of displacement
accumulated.

Cumulative displacementwg, Fig. 4.4) is defined as the increment in the average
displacement with respect to the first cycle. The valug:afas calculated startifigom the first
Qmin and the secon@max as shown in Figure 4. The curves ofv; vs. the number of cycles of the
six test piles arshown in Figure 4, which is grouped into long (P1, P3, P5) and short piles (P2,
P4, P6). The value afc increass, butat a decreasing rate, wiélmincreased number of cycles in
a nearlylinear pattern because the sand might have densified and flown around the tapered
segment. Theatterns of curves in Figuret4suggest the key effect of the initial FS on the pile
settlanent. Based on the limited number of tests, it appears that a lower initi@ds®la greater
We.

Several studies adopted the concephestability interaction diagranm classifying piles
subjected to axial cyclic wind load (e.g., Rimoy et al.2Qhardine and Standing 2012). Rimoy et
al. (2013) presented a stability interaction diagram for assessing the cyclic response of driven piles
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in sand. The diagram indicatthe stable, metastable and unstable regions based on the results of
severapile tests. As per Rimoy et al. (2013), piles that accumulate 1 mm of axikEahapent in

1,000 and greater cycles are classified as stdidegaccumulang 1 mm between 100 ang0DO
cyclesasmetastable anthoseaccumulaing 1 mm in less than 100 cyslasunstableThe cyclic
response athemicro screw pilen terms ofthenumber of cycles required to accumulate 1 ofm
displacement is shown in the stability interaction diagram. (&ig and compared with the
classification of Rimoy et al. (2013)canbes een t hat all the pil es ma\
as these points are located within or beyond the unstable zone. The reasons may be twofold: 1) the
initial values of FSarelow, and 2) the selected valuesag§. x arehigh due to the highaimand of

the earthquake load. Although comparing the cyclic response of different piles may not be ideal,
the stability interaction diagram offers a mean of examining the axial cyclic stability of piles; the
diagram forthe present piles would be more vahle if more test results at various FSagyx

wereavailable.
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4.3.2. Pilehead Stiffness
As shown in Figure 4, the pilehead loading stiffnesK() and unloading stiffnesd<() were

calculated using Equatiods3 and4-4:

K, (4-3)
- Wiax,, = Winin

K, = Quna = Qg (4-4)
l Wma)q - Wmir]

whereQmax and Qmin are themaximum and minimum loagdsespectively wmax andwmin are the
displacements corresponding@eaxandQmin andi is the index othecycle. The values d; and

Ku vs. the number of cycles ashown in Figure4.8a and 48b, respectively. The initial vaés of

the K, of the short pilesresmaller than the long piles. Althougfe K; of all the piles increase

with increasingcycles,the K| of the short piles increasenuch more than the long piles. Note that

these piles have a relatively greater tapegtleto total lengthproportion The increase iK is

caused by densified sand around the tapered segment. This observation and interpretation were
also made by Abd Elaziz and El Naggar (2011), El Sharnouby and El NaggardBGEPNaggar

and Abdelghay (2012), where tapered piles were cyclically loaded in sand.

The value oKy is steady wittanincreasingiumber of cycles; this response may be due to
the elasticity of the soilGiven that the short piles were entirely situated in compact santthand
the long piles were situated in both compact and loose sand, it is reasonable to obsthei that
of the short pile (P2, P4, P6)s greater than the long pl€P1, P3, P5). Hence, the unloading
response of the pile in denser sasdtiffer. Furtherrare, K| is smaller tharK, due tononlinear
soil deformatiornresponseén the calculation ofheloading stiffness.

The ratio of averagi over averag&, (termedthe K/K, ratio for convenience) over all

cycles was obtained and labelled beside the datdaspio the stability interaction diagraffig.
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4.7). AsKyis relatively steady, thi€/Ky ratio may be considered another indicator of pile stability.
As observed in Figure 4.a more stable pile, which had been loaded to a greater &&gheater
Ki/Ky ratio where the cyclic respongepredominantly elastic. On the contrary, a more unstable

pile, loaded to a lower FS, ia lowerKi/Ky ratio, where the cyclic response inclsdeore plastic

deformation.
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Figure 48. (a) Pilehead loading stiffnessid (b) unloading stiffness vs. the number of cycles

4.3.3. Pilehead Equivalent DampingRatio

Energy can be dissipated in spilsundationsand structures by many mechanssincludingthe

friction, grain slippage, heat generation and plastic yieldihgse mechanisms are not adequately
understood for them to be modelled separately. Therefore, the contribution of each energy
dissipation mechanisns typically lumped as a damping coefficierKelvin-Voigt solid is a
common modelfor represenng the strasstrain relationship of a soil element subgetto
sheaing where theshear stress is represented as the sutheddlastic spring component and a

viscous dashpot componeas shown in Figuré.9a
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Figure 4.9. (a) A schmeatic of KelvinVoigt solid and (b) stresstrain (or loadss. displacement)

relationship during one cycle (after Kramer 1996)

As shown in Figure 4.9bhé stresstrain relationship of a Kelvioigt solid in shear is

defined as in Equation-38 (Kramer ©96).
t=G g+ l—f (4-5)

whereG is the shear modulus of the sdilis the viscosity of the soig(=du/dz) is the shear strain

andt is the time By considering a harmonic shear stressponsgas in Equatiod-6:
g= &in( t) (4-6)
where wis the angular frequenayf the harmonicshearingand g is the amplitude of the shear

strain;the shear stress can be expressed as in Eqdation

t=G gin( tw+ wopgft) (4-7)
The dissipated energi) is equal to the enclosed area of the ellgysg maximum strain energy

(Es) is the maximum energy stored one cycle as expressedn Equation4-8a and 43D,

respectivelyKramer 1996)

T=2pl w

E,= i r“fdt =p h? (4-83)
0
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8b)
Then, the equivalent damping rati¥) luring one cyclés defined as the ratio of the viscosttyo

the critical viscosityof soil /c:

X :/% LY (4-9)
where/icis equal to &/un and us is the natural angular frequeny of the systaer€in theKelvin-

Voigt solid). The critical viscaity /i is similar to the critical damping coefficient (2%, where

kis the lateral stiffness, refer to Chopra 2007) of a sidglgreeof-f r eedom #fAl ol | i pop
The critical viscosity of soils the magnitude ofiscositythat bring a freely exited system to an

equilibrium inthe shortest duratiorBy combining Equatiosi4-8 and4-9, x can be expressed

terms ofEp andEs (Chopra 200y
X =—_— D (4-10)

Whenwis equal tovn, where thesystem is mostesponsve to dampingxis expressed as (Kmer

1996, Chopra 2007
(4-11)

Equation 411 would be a satisfactory approximationxtat the harmonic excitation frequenay
other than the atural frequencyws. The concept othe equivalent damping coefficient is a
convenient method for accounting for seismic gpelissipation and is applicable to soil elements
and soipile interaction subjected to dynamic loadirdoreover, the concept iadopted to

approximate the energy dissipation capability of elemevessubjected to slow cyclic loading.
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Following the method of calculating the energy dissipation characteristics of piles can
then be quantifiedlhevalue ofEp of the entire pilas equal to the enclosed area withiQas.w
curve for one cycleand thekEs of the entire piles equal to the elastic energy stored withiQ es.

w curve over one cycleas shown in Figure 4b. The values othe x of the long andsort piles
are shownn Figure 410a and Figure 40b. It seems that remairs more or less unchanged with
theincreasinghumber of cycles. The valuestbi x of piles P4 and P3 fluctuate to a certain level
caused by the uneven plastic displacement of piles. The valties obf piles P1, P3arelower
than the other piles. These pileloaded to a greater corresponding FS. A cyclic lied is
closer to the elastic regiongw smallerx. However, it dissipatdess energy in the soil, which can

potentially cause damage the superstructure.

05 ———T——T T T T 7] 05
04 I ] 04 [ '/‘V
B b ' L . /V " -
. e o V/\\V—v/ T
03| . v 4 <« 4
L \ / ~ 9 / i 474 Y [ I P ﬁ 4 <
N A —— o N - 090 /. ]
0.2
<
l\..,i/-\i/l\ A ]
0.1} —e— P2|]
[ [ —v— P4/]
(@) [ (b) —<— POy
0.0 L~ . a

2 4 6 8 10 12 14
No. of cycle No. of cycle

Figure 410. Pilehead equivalent damping ratio vs. the number of cycles of the test(pjl¢xL,

P3, P5 and (b) P2, P4, P6.
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4.34. Performanceof Individual Segments: Shaft Resistance

The second objective of the reseaistto understand the cyclic responsetloé individual pile
segments. The seistribution of unit shaft resistance withe increasingnumber of cycles was

then assessed from the time historidse axial load Q) at each SG station was calculated using
Equationd-12:

Q=eEA (4-12)

where eis the measured straif, is the elasticity modulus of the pile shaft afvdls the cross
sectional areaf the pileat each SG location. One SG was installed above the ground surface to
calibrae the SG data against the load cell reading. The tapered segment was considered as one
segment with no base. The unit shaft resistang®{ the individual segment was calculated using
Equation4-13:

— Qtop - Qbot

4-13
A (4-13)

s

whereQwp andQuot are the axial load at the top SG station and the bottom SG statioAs ind

the outer surface shaft area of the individual segment. Khidri and Derg) @@fjested that the
failure of the threaded segment in cohesionless soil was bestasfa@ by the cylindrical
shearing modewhich means the failure surface likely occurs along the outer shaft surface (
edges of threads). As such, the outer shaft area of the threaded segmiakewasthe shear
surfacesAs shown in Figure 41, the shaft area of the tapered segment was calculated based on
the principle of the equivalent cylindrical method (refer to EI Naggar and Sakr 2000, Guo and
Deng 2018, Khidri and Deng022. The SG3 of pile P3vas damagedA combinedgs over

segment 2 and gement 3wasobtainedusingSG2 and SGA4.

84



_req_T
Qbot

Figure 411. Schematics of equivalency: (#pered segment and (b) equivalent cylindrical

segment

The initial gs distribution of test pile P3 during the initial loading stégyshown in Figure
4.12. The value bthe gs of the smooth and the threaded segmenggeatin compact sand and
smallin loose sand, anithe gs of the tapered segmeistthe greatestventhoughthe segment was
located ina zone withloose sand. The initialistribution ofgs reflects theeffect of soil layering
and the taped shape. The initiatlistribution ofgs is consistent with the pattern of measuged

during the monotonic test (Khidri and Deng 22
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Figure 412. Initial distribution of unit shaft resistance along test pile PSekected deformation.
Note: SG3 was not functional. Therefore, the combperf segment 2 and segment 3 was taken
based on SG2 and SGA4.

Time historiesof gs of the individual segments giles P1 and P3 are shown in Figures
4.11 and 4.2. Refer to Figue 3.1for the positions of the piléssegments. The values thie gs of
the smooth and threaded segments of all piles in compact sand remain steadhinitbasing
number of cycles as the compact sand tends to dilate during shearing at the intenfamerH
thegs of the threaded segme(isegment 4 in Figt.14c) of test pile P3 in loose sand degisaéh
theincreasinghumber of cycles. This may be due to the contractive behavior of loose sand, which
causes sand volume to shrink. The valu¢hefgs of the lower threadedegment (segment 3 in
Fig. 4.13c) of pile P1 even in the compact sand degsadih theincreasinghumber of cycles; the
degradation &n be due tahe re-distribution of the total pile load. As for the tapemshments
(segment 4 iffrig. 4.13d, segment 5 in 44H), gs increasa significantly withtheincreasingiumber

of cycles although these segments were placed in loose sand; the loose sand might have been
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significantly densified from shearing and sloughing, thereby significanttye@asing shaft
resistance.

The lower taper (segment 5 in Fig.13e) of test pile P1 @ksnot increase witithe
increasig number of cycles. The values thie gs of the lower tapers smaller thanhe gs of the
upper taperit is suspected that a cavitythe soil could have developkdneath the lower tapered
segmentthe presence @&nunexpected cavity may be supported by the development of negative
gs at the smootlsegment (segment 1 in Fig13a) of test pile P1 before the cyclic load. However,
thenegativegsis eliminated during theyclic loading stage (Figt.13a).

A similar program of axial cyclic tasig of micro screw pilesvas conducted at a cohesive
soil site by Guo et al. (2019). Their results show that piles with greater length andediamet
experienced lessc. In addition,the piles loaded t®ini, corresponding to a greater F&hibited
lesswe. Generally, the piles were considered stablia@gexperiencec small amountv: in Guo
et al. (2019). The piles at the cohesive solil sitaletdd lessw. than the pilesn current research
because the pisavereloaded toQini, corresponding to a greater FS. The amplitudgs o¢duced
with anincreasinghumber of cycles in Guo et al. (2019), which actually indicated that the soil was

remoulaed by cyclic shearing and approached the residual state.
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Figure 4.8. Time history ofthe unit shaft resistance of test pile P@&) segment 1, (b) combined
segment 2 and segment 3, (¢) segment 4 and (d) segnéates The SG3 was not functional.

Therefore, the combinegi of segment 2 and segment 3 was taken based on SG2 and SG4.

4.35. Performance of Individual Segments: Stiffness and Damping

The hysteresis curves gf vs. the normalized displacemeniv(D) of the individual segment of
test pile P1 are shawin Figure 4.5, whereD is thediameter of the shaft. Note that only the last
five hysterais loops are shown in Figure 45¢ and 4.5d because th&G readingsare not
reasonabléor the first nine cycles. The loading stiffndsgunit: kPa /mm)f the individual pile
segmentvas determined ia similar way as in Equatiof#3 but based on tha vs. w hysteresis.
The curves ok vs. the number of cycles of the individual segments are shown in Hidifee
The values ok of the tapered segmenfsegments 4 and 5 in Fi§16a) arethe greatest, while
thek of the smodt segment (segmentd Fig 4.16a)is the leastThe values ofhek; of the lower
threaded segment (segmentaB3generally greater than the upper threaded segment (segment 2)
possibly because of the greater confining stress. The valtieskpbf the lower tapexdsegmen

(segment 5)yare smaller than the upper tapersegment(segment 4), perhaps because of the
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presence o& cavity near the lower taper. Notably, the magnitud& gresumably depends on
shaft shape, soil characteristiggstical confining stress and sa.dHence, it mayot bea good
practiceto compare the magnitude kofof all segmentgxplicitly.

The value ofk increass significantlyin the tapeed segmentas shown in Figure 4.16a
and this explains the increasethe K, of test pile P1 withthe increasingnumber of cycle (Fig
4.8). The tapered segment shthe greatest increase kn whereas the smooth and threaded
segmergexhibit a small increada k. The increasa ki at the smooth segmeistlikely attributed

to the dilative behavior afompact sand during cyclic loading.
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Figure 4.5. (a) Segment loading stiffness and (b) segment equivalent damping ratios of test pile

P1l

The curves of equivalent damping ratg) for the individual segments were obtained in a
similar way as in Equatiof+11 but based othegs vs.w/D hysteress of test pile P1. Figure 4h
shows the progress afvs. the number of cycles. The valueshs z of the tapered segmerdse
the gratest, whereathe zof the smooth segmeatre the least.The valuesndicatethat more
energyis dissipated through the sqile interaction around the tapered and threaded segments.
The amount of dissipated energy may be due to the densification ofasaunttl the tapered
segment, as mentioned previously. The valub®f of the lower tapered segmastsmaller than
the upper tapered segment. Overtéig z of theindividual segments remaminchanged withhe
increasingiumber of cycles, whicils alsoshown in the piléheadxhistory. This fact suggests that

the piles provide a great energy dissipation capabilityiaithe piles undeyo a largew.
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4.4.Conclusions

Six axial cyclic loadfield tests onmicro screw pilewvere conducted éandpit The following

conclusions may be drawn.

1. The piles @ not develop plunging failure or exhibit a reduction in axial capacity. The piles
reach the serviceability limit state by accumulating a displacement during the cyclic load. The
value ofwc increass with an increasinghumber of cycles in a nearlyear pattern. The final
wc ranges from 5 mm to 35 mmAll piles may be considered unstable based on the normalized
cyclic stability interaction diagram

2. The initial FS haa significant effect on cyclic behaviok pile loaded to lower FS exhibia
greatemv; and a loweK/Ky ratio, where the cyclic response included more plastic deformation
andis more unstable.

3. The loading stiffnesk of all piles increasewith anincreasinghumber of cycles, anihe K|
of the short piles increasenuch more than the long piles because of the effecsycater
taper lengthto total length proportianThe unloading stiffnesky remairs steady withan
increasingnumber of cycles. The damping ratikaemairs more or less unchanged wigm
increasiig number of cycles. The valuestbk x of test piles P1 and P&resmaller than other
piles because these pilasloaded to a greater FS.

4. The value othegs of the individual segment +@istributes during the cyclic loadingthe gs of
the smooth and threaded segments in compact sand seumaimanged withan increasing
number of cyclesthe gs of the threaded segment in loose sand degrhdeause of the
contractive behavior of loose sand ahd gsof the tapered segment in loose sand incease
significantly.

5. The values othek; of the tapered segmeartethe greatest, whilthek; of the smooth segment

arethe least. The tapered segmé&nexhibits the greatest increase, which means the taper
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contribues the most to the overall increagethestiffness ottheentire pile.The values othe
z of the individual segments remain unchanged wathincreasing number ofycles. The
values othez of thetapered segmenésethegreatest, whil¢hez of thesmooth andhreaded
segmerd arethe least.

The following limitationsshouldbe noted if the results are to be used in practice. First,
more tests at a variety afqx and FS are needed to establish the comprehensive cyclic behavior
of piles subjectedot a large spectrum of cyclic loads (e.g., earthgsiakend and wavs).
Secondly, the loading scheme is psestdic instead of dynamiand hence the effects tfe

loading rates were neglected.
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5. Lateral Load Field Tests ofMicro Screw Piles

5.1.Introduction

Piles are often subjected to lateral load from the superstructure due to earthquakes, wind, lateral
soil spreading and so on. The design of piles sudgjieotlateral load considers the requirements

for both the ultimate limit stateand the serviceability limit state. The ultimate limit state
corresponds to the situation where the applied lateral load exeébdsthe pilgs structural
capacity ottheadjacent soik capacity. The structural capacity of the pié& be exceeded ledr

in bending or sheaihe ®rviceability limit state corresponds ¢éxceedingan allowablelateral
displacement that causesn-structuraldamage to the superstructure. Therefore, it is necessary to
obtain both the lateral load versus displacement respof the pile and the capacity of the pile.

The lateral capacity of the pile is governecelifiertheshort pile failure or long pile failure mosle
Meyerhof and Yalcin (1984) suggested that the lateral capacity of a long pile could be estimated
by treding the effective length ahepile as a short pile. Several studies/eprovided methods

to estimate thdateral capacity of conventionalpiles based on fulscale, modetcale and
theoretical studies (Broms 1964a, b, Meyerhof and Ranjan 1972, P@&d0s NMeyerhof et al.

1981, Meyerhof et al. 1983, Meyerhof and Yalcin 1984, Meyerhof and Sastry 388by et al.

1986). A more comprehensive solution to the lateratmtsl interaction can be obtained by
utilizing numerical simulations based on tBeam-on-NonlinearWinkler-Foundation(BNWF)
method.

Although adequate researbhas been performeah the lateral response of conventional
piles such as cash-place and driven steel piles, researchtlalateral performance ahicro
screw pileshas beenlzsent. In the present study, a lateral test programi@b screw pile was
carried out in the field at three test sites. The objectives datialload fieldtest progranwere
to 1) investigate the lateral capacity, p#haft responseand failure mode 2) assess the
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effectiveness of Bron@smethod in predicting thiateral capacitiesf piles 3) evaluate the effect
of thread and taper on the lateral responsmiofo screw pilesand 4) gather field test data that
could be used fahefurther numeical modelling of lateral sciinicro screw pilenteraction.

For this research, six piles at Sherwood P&&kpiles at South Campus ai@ piles at
Sandpit were tested. These piles, with two shaft lengths and three shaft diameters, were selected
to examne the effects of the pile geometry on the lateral behaviour of piles. Selected piles were
instrumented with fulbridge SGs for measuring bendingnoments. Site characterizatjon
including cone penetration tes&PTs and laboratory testaas carried ouat each site to obtain
the soil profile and properties. The lateral load vs. displacement curves at the threesites
obtained. Thelistributiors of thebending moment along the instrumented piles at Sherwood Park
and South Campus were obtained and caoatgpavith the bending moment capacities of the pile
shaft in order to derive the failure mode of the test piles. The effectiveness of the Broms method

was examined by compiling the measured and estimated capacities of all piles.

5.2. Literature Review andBackground

This section reviews two criteria for lateral pile failurecluding the Broms criterion to define
short pile failure and Meyerhof and Yilé@ngl984) criterion for flexible pilebased on pile relative
stiffness (Poulos and Davis 1980). A suamgn of the typical values of allowable lateral
displacements reported. Thereafter, the method provided by Broms (1964a, b) to estimate the
ultimate capacity of a long pile installed in cohesionless and cohesive soils loaded urdeadree
conditionsis reviewed. Finally, the effects of helical plates and tapering on the lateral capacity of

the pilesarereviewed.
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5.2.1.Relative Stiffnessof Piles

The response of a laterally loaded pile dependberelative stiffnesslk) of the pile, whichis a
function of the bending stiffnes®f the pile, solil stiffness, pile length, pile fixity and base fixity
(Banerjee and Davis 1978, Poulos and Davis 19Bi8. response an exhibit either a rigid
responsgas in a short pile failure mogder a flexible responsas in a long pile failure mode. A

long pile has sufficient length embedded in the ground, where deformation and movement are
minimal ear the pile base. On the contrary, a short pile with insufficient embedment length moves
as a rigid body and experiena@small deformation. Therefore, the soil adjacent to the short pile
fails. Broms (1964a, b) defined short piles that met the following critesbiown herein
Equatiors 5-1 and 52:

% ¢ 2 for sandy soils (5-1)

% ¢ 2 for clayey soils (5-2)

where L is the length of the pilend the valugof T andR areas defined in Equatieb-3 and 5

4.
< I 1/5
T=5"92 for sandy soils (5-3)
k H
N 1/4
El @ _
R=¢&—  for clayey soils (5-4)
ek U

whereE is the pile Youn@ modulus] is the pile crossectional moment of inerti&,is the initial
modulus ofthe subgrade reaction of sand akads the modulus ofhe subgrade reaction of clay.
The value okg as a function of relative densitip{) was adapted from API (1993s shown in

Figure 5.1. Thevalueko was defined as in Equatior®
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- pult _
% =56D (55)

whereD is the pile diametepur is the ultimate soil lateral stress agglis the straircorresponding

to half of the undrained shear strength. The valupwefs equal to Bs.. The value ofeo was

provided by Matlock (1970).
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Figure 5.1. Initial modulus of subgrade reaction versus relative density (adapted from APl 1993)

The elative stiffnessK:s) of the pile in sandy soil is defined as in Equatiosé §Banerjee and

Davis 1978; Poulos and Davis 1980):

Krs = (5'6)

whereE; is the horizontal soil modulusf sand The elative stiffnessKc) of the pile in clayey

soils is defined as in Equatior7/5(Poulos and Davis 1980):
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K. = (5-7)
whereEs is the average horizontal soil modubfsclay.

5.2.2. Criteria for the Lateral Capacities of Piles

The lateral capacity ahe pile is based on either the ultimateserviceability limit state. The
ultimate limit state corresponds to the structural failurénefile or the failure of the soil. The
serviceability limit state corresponds to a lateral displacement that causesctaratdamage to
the superstructure. However, there iswidely accepted allowable lateral displacement. The
allowable lateral displacement for buildings and other structures is often dbfireedtructural
engineer or the owner for each projeBbzozok(1978) provided a graph dfie horizontal and
vertical movement of bridge foundat®that could cause visible structural damage. A summary
of the ultimate lateral capacity criteria based on allowable lateral displacement is shown in Table
5.1. Typical dbwable lateral displacemenéaries from 5 to 50 mm. In thesearch, the ultimate
lateral capacity corresponding to a lateral displacement of 12.5Yiwih (vhichis alsoadopted

by USACE (1991), Elkasaby and El Naggar (2015) and ICC (2013).

98



Table5.1. Summary of ultimate lateral capacity criteria basetthelateral displacement or tilting

of piles
Reference Criteria
OdNeill and Reese (1999) 5% of the shaft diameter
Li (2016) 10% of the pile diameter

Prakash and Sharma (1999) a 6.25 mm
Sakr (2009)

US-ACE (1991) and Elkasaby an 6.25t0 12.5 mm
El Naggar (2015)

Al-Baghdadi (2018) 0.25¢ tilt of the pile at the ground

ICC (2013) for helical pile Half of the load required to mobilize 25.4 mm (1 inch)

ICC (2012) formicro screw pils Half of the load required to mobilize 19.1 mm (3/4 inch

When it is difficult to find a trend in the lateral loddsplacement curvéheDeBeer (1968)
method of logarithmic linearityanbe used by plotting the load and displacement in a logarithmic
scale.Two straight tangent lines can be drawn on the curvelrenditimate capacity corresponds
to the intersection of these two lines. This method is linked to the initiairygedd the soitpile
system when subjected to lateral loads. Therefore, this methisth adopted in the present study
to obtain the ultimate lateral capacity of testew piles.

Pile lateral capacitiesanalso be defined depending on eitttexshort or longpile failure
mode. Broms (1964 provided a method to estimate thlémate lateral capacity of a long pile in
cohesionless soil under the freead condition. Thdistributions of deflections, soil reactions and
bending moments of a long pile c@hesionless soil under the freead conditiorareshown in
Figure 5.2 A long pile subjecedto lateral loadunderthefree-head condition fails by developing
a plastic hinge (at the location of the maximum bending moment) at a distancetegraund

surface.The maximum bending momen¥{ay) and the distancd | to the location warethe
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plastic hinge formaredetermined by assuming the lateral earth pressure as three times the passive
Rankine earth pressure. On the basisttiatotal shear forcen the pile shaft to theepth off is

equal to zerdf is determinedy:

f:OBZ/ P (5-8)
gDK,

whereP is the lateral capacity of the pilendK; is thecoefficient ofpassive earth pressure. The

correspondig maximum positive bending momentyax, Was determinedas in Equation ®:
I\/lmax = P(e {)67 f) Mapplied (5'

9)

wheree is the pile stickugength Mappiedis the moment applied at the pile heddhe valus of P
andf can be determineftom Equations 5.8 and 5.9 by settiMmaxequal to thefully plastic
bending moment capacity of piléf), whereM, can be determined from the cres=ctional

propertiesof thepile.

P qMapplied

deflection soil reaction bending moment

Figure 5.2.Distributions of @flection, soil reaction and bending momeht long freeheaded

pile in cohesionless soil (adapted from Broms 1964a)
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Broms (1964 alsoprovided a method to estimate the ultimiatterd capacity of a long
pile installed in cohesive soil undére free-head condition. Thdistributions of deflections, soil
reactions and bending momeuwfsa long pile in cohesive soil undéire free-head conditiorare
shown in Figure 5.3A long pile withthefree-head condition fails when a plastic hinge is formed
at some distancebelowthe ground surface. It was assumed that a full passive resistance of soil
was mobilized tahedepth corresponding to the locatiortlod maximum bending moment. Based

on therule of equilibriumf andMmaxwere determined as in Equatiori6 and 511, respectively:

f=—— (5-10)

M., =P(e £.5D @.5f] (5-11)
wheres, is the undrained shear strength. The valuézafdf can be determined using Equations
5.10 and 5.11ypsettingMmax equal toMp.

p

Plastic
hinge

deflection soil reaction  bending moment

Figure 5.3.Distributions of @flection, soil reaction and bending momeht long freeheaded

pile in cohesive sofladapted from Broms 1964b)
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5.23. Reviewof the Effects of Helical Plates and apering on Lateral Capacity

The equations for lateral capacities in Broms (1964a, b) were developed for conventionat straight
shaft piles such as driven piles or bored shaft$ie mcro screw pilesare different from
conventional pilesn thatthe shaftis modified to enhance the axial resistarared the piles are
installed by torque. Although the lateral smiicro screw pilenteraction has not been investigated

in the literature, researdonductedn other screw pile typesuch as helical piles wke shaft is
modified with helical plates, may give us insight into the anticipated lateral behavimicrof

screw piles

A limited number of studiebasinvestigatedhe lateral response of helical piles. Zhang
(1999) performed lateral lodteld tests & four instrumented helical piles with thréelicesin
clay and sandl'he lateral resistance of the pile was observed to increase with the thickness of the
pile, and the contribution @helix that was located at a large depth was minimal. El Aziz (2012)
calibratedthe results of a numerical model using thélle software with lateral loafield tests
on hollow bar micropiles and reported that pileseral response was mainly influenced by soil to
a depth of 1D. Sakr (2009) noted that the ultimateelat! capacities of singlend doublehelix
piles were similar. The lateral response of helical piles, evaluate®ile lsoftware without taking
the contribution of the helixs comparablevith the measured curve of singland doublehelix
piles. The evaluation repo” ICC (2012) formicro screw pils and ICC (2013) for helical pite
recommended that the lateral capacity consider sbsiitancenly andthatthe lateral capacity
of thethreads and helighouldnot permitted.

Elkasabgy and El Nagga2@15) conducted lateral lodigld tests on two largdiameter
helical piles with double heles andvith the same lead sect®but different extension length
and observed that long psldnad a higher lateral load capacity than shortspiRrasad and
Narasimha Rao (1996) experimentally investigatieellateral behaviour of rigid helical model
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piles havingwo andfour helices relative to a straight pile in soft to medium stiff clayey soils. It
was observed that lateral capacity was increased with embéedeyeth and soil shear strength.
The capacity of helical piles was 1.2 to 1.5 tirttescapacity of straight pilewhere pile capacity
increased witlthe number ofhelices El Shernouby (2012) suggested thatdiféering results of
previous research caliberelated tahe helix location relative ttheactive zone. It was observed
that helix resistance was mobilized for short piles thatlhelix resistance was not mobilized for
piles where the helix was situated in a zone where there was no rotation.

Tapered piles have a better lateral performance than straight piles because the pile material
is distributed more efficientiyWei and ElI Naggar (1999) conducted numerous lateral load tests
on instrumented largecale model piles installed in cohesionless isothe laboratory. They
observed that tapered piles had a lateral capacity that was 77% more than straight pikes with
same average diamete3ince the crosssectional area of tapered pilesthe location of the
maximum moment was more than theigapile, lower stress was developed. Sakr et al. (2004)
investigatedhe lateral response of composite tapered piles driven in dense sand. Tapesed pile
having the same volume as straightgilead a lateral capacity that wag/eéore. Fahmy and El
Naggar (2015) conducted lateral load tests on gmst ductile iron helical and helical tapered
piles. It was observed that helical plates incrediselhteral capacity otheshort pile.In addition
tapered piles had a higher ultimate capacity and stiéfigponse than straight shaft piles due to
greater pile diameter and stiffness at the upper portion.

In summary, several researchbaveconducted smatcale laboratory and futicale field
tests of various helical piles in conjunction with theoretical aumerical analyses. Based on this
limited research, itanbe concluded thahainlythepile shaft affectshelateral response of helical
piles. The contribution of helices to pile lateral behaviour dependhe location of the helices.

In fact, ICC(2012) formicro screw pilsand ICC (2013) for helical pis’ecommended that lateral
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capacity consider shafesistanceonly andthat thelateral capacity of thread and helix rime
permitted although there was no prior evidence on the contributite @fireads ofthe micro
screw piles. In the present study, the lateral capacity of the micro screw pile was estimated using
the Brom method and neglecting consideration of the threads. A numerical model further

investigats the lateral sotpile interactiorof this pile in the next chapter.

5.3. FieldTest Program
5.3.1. Test setup
There are many types aficro screw pile that are suitable for various applicatiohke nicro
screw pilevaries in diameter, lengtithe length and location afhe thread, angd and tapering.
Regardless otfheir differences, they are similain that they have a relatively small diameter
114 mm) andghort lengtl{< 3 m) compared to conventional pilesd they havéhread and tapered
segments. Therefore, six out of the avddd3 M-seriesmicro screw pile (PX P6) were laterally
loaded at three sites. There is a need to study the lateral respémsenafro screw pileand the
effects of such pile variation on the lateral respongh@imicro screw pilenstalled in various
soils.

The details of the test pseand the results of the site investigation program conducted at
each site were elaborated in Chapter 3. The lateralfieladtest setup is shown in Figure 5.4.
Initially, four micro screw pils, eachwith a diameter ©b140 mm and a length of 2.1 m, were
installed in a square grid. The spacing betw&emicro screw pilesvas0.75 m which wasfive
timestheshaft diameterds) of the largest pile. The reaction system was specifically designed and
fabricated for the msent field test program. Four steel frames were laid out and bolted on the pile
cap to form a rigid reaction pile group cap. The hydraulic jack, equipped with two special adapters,

was lowered on top of a lumber block between the rigid reaction pile gralifhe test pile. One
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adapter was designed and built to connect the piston of the hydraulic jack with the pile cap of the
test pile, and another adapter was designed and built to connect the load cell and the rigid reaction
pile group cap. Each adapteasvequipped with a hinge that eliminated the possibility of moment
and vertical load development at the pile cap. Initially, the adapter was bolted to the rigid reaction
pile group capThen the piston was slowly extended until the other adapter wasdbatt¢op of

the pile cap. This setup was generally stahbleng the field testsThe lateral displacement of the
reaction pile group was observed to be negligibkeshown irthe lateral load field test result

examplein Appendix C

load cell

hydraulic
(a) jgck
reference

te_lst
: : ile
reaction piles P

(b)

Figure 5.4. Schematic of the lateral test setup: (a) top view; (b) side view and (c).a photo
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Figure 5.5. The layout of the test piles dhd CPT logs at Sandpifhe layouts at the other two

sites are similar.

5.3.2. Instrumentation

The hydraulic jack was equipped with a load cell of 900 kN capacity to measure the applied lateral
load. Two linear potentiometers were positioned horizontally adjacent to the hydraulic jack and
along the applied load. The linear potentioneteereattached tahe hydraulic jack using a
magnet and a clamp, and ttie of linearpotentiometer was bolted into the leading edge of the
hydraulic pistonAnotherlinear potentiometer was connecteat@ferencsteel frame to measure

the movement of the reaction pdeoup.Thepile P6at Sherwood Parkpile P1, P3 and P5 were
instrumented witlseveralSG stations along the pile depth. The schematic of the instrumented
piles is shown in Figure 5.6. A PoissB®was applied to the outer shaft of the pile. A small hole
was drilled adjacent to the SG station. The electric wires, attached to the SG, were pulled from the
pile hollow shaft and through the pile cap holde SG station was covered by epoxy and
aluminum foil, which provided waterproofing beldlhe GWT. A metalsheet casing was welded

on top of these layers to protect the SG stations during pile installation. The load cell and two

linear potentiometers and SG readings were recorded at a time interval of 1 to 2 sec.
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Figure 5.6. Schedatic of instrumented pile®ote: Black strips = bendin§G stations; the indices

of SGstations are labelled beside the instrumented pile.

5.3.3. TestProcedure
The lateral loadield test procedure wagenerallyconducted in accordance with ASTM standard
D 3966 (ASTM 2073. Procedure A and Procedure B of the ASTM standards were modified and
adopted. Initially, the load was increased at 121596to 75% anticipatedcapacity. After an
increase of 10%, the load was increased at an increment of 5% of ittipad®d capacity until
ultimate lateral pile capacity was reached. The first two load stemaintained for 15 minutes,
andthe remaining load step was maintained for 10 minutethe unloading stagehé load was
decreased by 25% of the anticipategbacity and each load step was maintainefiierminutes.
The piles in Sherwood Park and South Campus were tested at least three days after the piles were
installed. The piles in Sandpit were tested without considering pile setup.

The layout of the t& piles, SPT tests and CR&t Sandpit arshown in Figure 5.5The

layout of the test piles, SPT tests and €BT Sherwood Park and South Campus are shown in
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Appendix CA summary of the piles tested at Sherwood Park, South Campus and Sandpit is shown
in Table 5.2. Each of the six piles was tested a minimum of three times at South Campus and
Sandpit to improve the reliability of the test data. Each of the six piles was tested once at Sherwood
Park. In total, 46 piles were testéthe tests were performexh the piles that were not laterally

loaced As anexample of a test identificatipR1-L1 corresponds to the first lateral test of pile P1.

5.4. Field TestResults

5.4.1. LateralLoad vs. Displacement Behaviour

The lateral load vs. displacement cur@y$. Y curve) of the piles @hethree sites are shown in
Figure 5.7.The raw P vs. Y curves of the piles had fluctuations dubeddydraulic jack fluid
heating and cooling and delayed soil respofidee curve was smoothed by selectingthe
stabilizedlateral loadvs. displacementAn example of the smoothening of the curve for pile P1
L1 is shown in Appendix CThe loaddisplacement curvis highly nonlinear. In this research, two
ultimate lateral loadsere defined for the convenience of use and carispa. The first ultimate
lateral load (termeé@y.v herein)is defined as the load corresponding to a lateral displacement of
12.5 mm. It adoptthe allowable lateral load defined by ICC (2012)tfee micro screw pile. It
hasalso been used by USACE (1199Elkasaby and El Naggar (2015) and ICC (2013) for helical
piles. The second ultimate lateral lode.0g) is definedbased on the DeBeer (1968) criterion.
When plotting theP vs. Y curve in a doubkogarithmic diagram, two approximate Isweill
appearone before and one after the ultimate lateral load. The intersection of these twis lines
defined as the second ultimate lateral loRdpg). An example of this method is shown in
Appendix C.The ultimate laterdloads Py.y andPy.ps arelabelled on tke loaddisplacement curve

in Figure 5.7 A summary ofP..y, Pu.os and the lateral displacement correspondinth&P-os
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(Yung) Of the piles tested at Sherwood Park, South, Campus and Sastipitvn in Table 5.2nd

Figure 5.8.
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Figure 5.7. Laterdbadlateral displacement of the test piles at the three gédg$o (c) Sherwood
Park, (d) to (f) South Campus and (g) to (i) Sandpit. Lateral capaciti¢slat5 mm and the

capacities by DeBeé& method are marked in the figure.
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Figure 5.8. Summargf ultimate lateral loads and ultimate lateral displacen(@rthe Py.y and
Puoe of the piles at Sherwood Park, the Yups of the piles at Sherwodegark, (c)the P,y and
Puog of the piles at South Campus, (b Yuos of the piles at South Campys) the Py.y andPy.

ps Of the piles at Sandpit and (fe Yu.os of the piles at Sandpit.
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Table 5.2. Summary dhe test matrix and lateral capacities tok test piles according to two

criteria
Site Pile | Test Pu-v Pu-pB Instrumented | Soil type
(kN) (kN)
P1 L1 11.1 26.0 No
P2 L1 15.9 25.0 No
Sherwood| P3 L1 11.5 17.9 No clav il
Park | P4 | L1 75 13.7 No y
P5 L1 9.4 13.0 No
P6 L1 12.5 14.3 L1 only
P1 | L1iL3 12.8,13.9,13.4| N.A., 22.1, 15.2 L1 only
P2 L17 L3 95,13.9,13.4| 11.4, 13.1, 18.1 No
P3 | L1iL3 49,8.6,7.3 | 10.3,14.5, 16.2 L2 only Glacio
South P4 | L1iL3 10.0,6.9,6.8 | 15.2,11.0,11.0 No lacustrine
Campus | P5 | L1iL6 | 4.6,4.8,4.85.7,4 8.1,6.6,7.5, L4 only clay
5,7.0 7.3,11.7,10.7
P6 | L11L4 | 5.2,8.8,5.8,11.7 24.4, 19.0, 28.0 No
152
P1 | L17L3 5.4,8.4,4.8 13.7,17.6, 15.0 No
P2 | L1iL3 9.1,8.1,4.1 N.A. No
Sandpit P3 | L1iL3 3.0,45,3.8 11.0, 12.6, 13.6 No Eolian
P4 | L17L3 4.0,5.1,3.8 N.A. No sand
P5 | L1iL3 3.1,17.7,1.2 -,8.5,8.4 No
P6 | L17L3 3.2,3.8,3.7 N.A. No

Note P& L1 at Sherwood Park, PL1l, P3L2 and P5L4 wereinstrumented with SG. The
location of maximum curvature of pd®1, P3 and P5 was measured.

Generally, these pilesere loaded corresponding to a large displacement in excess of the
lateral displacemd of 25 mm and 19 mm needed to mobilize the ultimate lateral capacithes of
helical andhemicro screw pilg, respectively. The-Y curves of piles P1, P3 and P4 at Sherwood
Parkhavea ductile feature, where the loadebsincreasing withoutichievirg a peak loadThis
can perhapsbe due to a long pile failure aride mobilization of deep soitesistanceOn the
contrary, a short pilevould likely have failedabruptly as the soil fails due to pile rotatidine P-

Y curves of piles P2, P5 and P6 (referFig. 5.7a and Fig5.7c) havea brittle featurewith a

plunging failurewhere the load decreasafter reaching a peak loakiles P2 and P@&reshorter
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than the other pileThe P-Y of all the piles at South Campus and Sandpstehductile feature,
which indicate thathe piles at these sites also failed as longpile

The measured capacitiPsy andPy.os and withtheirmears and coefficiers of variatiors
of the piles at Sherwood Park, South Campus and Saarégiiown in Table 5.2 and Figure 5.8.
It is seen thalP,.y andPy.ps generally increase with pile diameter and not so much with pile length.
Therefore, thé-Y curves of these piles are shown in the same figure. It is possible that the effective
lengths of piles P1 and P2, P3 and P4 and P5 &&dat Sherwood Park and South Camges
identical.It is observd that pile P6 haa higherPy.y andPy.ps than pile P5 even though pile P6
is shorter than pile P5. Thiarthe causee@itherby soil heterogeneitygy variation in pile stickup
andthe presence ofa cavity system oby the factthat pile P6 had thread at shallow depfrhe
variation ofthe pile capacitieof the piles at Sandpiis relatively smaller than the pdat South
Campus because the soil susceptibility to develop a cavity aeffé¢iceof pile setupvith a sandy
soil areless. Thevalue oftheY.pg of the pile tested at Sherwood Park increagth pile diameter.

However, thevalue ofthe Y,.os Of the piles tested at Sandpit decrsasih pile diameter.

5.4.2 Distribution of the Bending Moment

The ple P6 at Sherwood Padadpiles P1, P3 and P5 were instrumented wéheralSG stations
along the pile deptthatmeasurd thedistribution ofthebending moment. The longitudinal strain
(8 was calculated from the measured vadtagtio {/;) using Equation 823 and the bending

moment M) was calculated using Equatiofil3b:

e="2M (5-12a)
GF(v+1)

eEl
M :r— (5-12hb)

0
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whereGF is the gauge factor of the $Séndr, andv arethe outer shaft radius and Pois&ratio
of the pileshaft material Examples othetime histories ofeare shown in Figure 5.9he main
form of deformation along the pile length is bendfighe pile shaft due tlateral loadhg. Along
the direction of the applied load, a maximum pesiand negative longitudinal stramith a
corresponding Poiss@ negative and positive latitudinal strain is developed on thés mleer

circumference at each SG statiarhich is shown in Figure 5.9b.
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Figure 5.9. (a) Example results of longitdli strain at six locations along pile P1 during lateral
loading at South Campus; (thle location of the SGs far full Wheatstone bridge for measuring
thebending moment at one cressctional plane of pile shaft watlauges are placed at opposite
sidesof the wall.SGs a to & were placedat different pile depthfrom the pile top to the pile toe.
In order to determine whether the pile shaft experienced any plastic bending, Mgstic (
andfully plastic Mp) bending momentarecalculated using Equatis 513 and 514 (Beer et al.

2006):

Sy P - 1)
M =Yoo 17 5-13
Yoo, 4 -13)
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(5-14)

wheresy is the yieldstrength of the pile steel material (=24i®a), andri is the inner shaft radius
of the pile The parametey is the bending moment when the pile shaft ciesgion begins to
yield atthe exterior edgesandMp, is the bending moment whéime pileshaftyields fully.

The measuredistributiors of thebending momentDBMSs) of the instrumented pile P6 at
Sherwood Parkand P1, P3 and P5 at South Campus are shown in Figures 5.10 and 5.11,
respectively.The bending moment at the SG locations also shown in these figures as to
compare with the measured DBMBhe measuredBMs of these piles ha the qualitative
representative shape of a long pile unitherfree-head condition. Théistributionsare minimal
near the pile head. Timeasured/maxof pile P6 at Sherwood PaakdP1 and P3 at South Campus
aremeasured a depth of 0.55 m [@s), 0.84 m (Ds) and 0.89 m (1Ds), respectivelyThe SG at
the location of the maximum moment of pile P5 at South Campus could have been damaged due
to excessie deformation given that p8eP1 and P3, with a larger diameter, had yielddue
measuredv of pile P6 at Sherwood PadndP1, P3 and P5 at South Campusminimal below
the deptkof 0.91 (1Ds), 2.5 m (2Ds), 1.8 m (2Ms) and 1.8 m (2Bs), respectiely. The measured
Mmax Of pile P6 (Fig. 5.10)s less tharMy, indicating that the pile ls@apparentlynot yielded.
However, it should be noted thdtwas measured at discrete locatiarsd so the location &fimax
may be uncertain. The pileaphave yiele&d at some location where the SG was not instdlled.
measuredMmax of pile P1, P3 and P5 at South Campus exdégthdicating that the pike have
yielded.

Another method of inferring the pile failure mode from limitddeadings is to check the

ratio ofthe change i ($ M) to the change in the lateral displacem&n)( As shownin Figure

5.10, this ratiocs M/$Y is large when the pile shafieformselastically. Once the pile lateral
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displacement reaelsinto the vicinity of Yo,y andYups, $M/$Y decreasgbecause the pile ba

yielded.On the other hand, since the valuedvbare negligible near the tapered segments, the
effect of the taper on the lateral response is negligible. The valbdsua the greatest along the
uniform (smooth and threaded) segns where the pile diameter are the greatest. Therefore, a
higher pile shaft capacity and soil resistance are mobilized along the uniform segments. The

observation indicates that the distribution of pile material is efficient for pile to provide trad later

resistance.
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Figure 5.10Distribution ofthebending moment along the instrumented pile P6 at Sherwood Park
Note: fmin andfmaxis the range of the location of the maximum moment as estimated from Broms

(1964b) from seeral CPT readings.
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Figure 5.11 Distribution ofthe bending moment along the instrumented piles at selected lateral
displacements at South Camp(s) P1 (b) P3and (c) P5Note: fmin andfmax is the range of the
location of maximum moment as estimated from Broms (1964b) from several CPT readings.
Uponcompletingthelateral tests at Sandpihetest piles were removed from the saihd
the permanentieformed bapes of the piles were carefudyamined Photos of thgpermanently
deformed pileswith the locations of maximum curvature and permanent displacements of the pile
headsare shown in Figure 5.12. The distance between the pile head and bent plangeratdzk
asf. Themeasuredatios f/Ds of pilesP1, P3 and Pkterally loaded undehefree-head condition
are8Ds, 10Ds and 910Ds, respectively. The measured distanckecreasewith decreamg pile
diameter. In addition, the pile deformation cleargicatesthat the pile fag as a long pile.
Notably, since these pilesre not laterally loaded to an excesdivdarge displacement, the

locations of the maximum curvatureagbe changed as the loadntinues
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Figure 5.12The permanent deformed sleapf selected pileat Sandpit(a) and (b) P1; (c) and
(d) P3; and (e) and (f) PBHote: The arrows show the locations of maximum curvaiure symbol

Y, denoteghe permanent displacement of the pile head.

5.43. Pile Failure Mode

In the present sectip thepile failure modewas approximatedising Bromé $1964a, b) and
Meyerhof and Yilcid §€1984) criteria. It was compared with the observed failure mode based on
the distribution ofthe bending moment ofthe piles at Sherwood Park and South Campus and
photos of the deformed pile with the location of maximum curvature. Thereafter, the lateral
capacity of the pile was obtained using an appropriate failure nib@esoil parameters were
interpreted from CPT readings. Given that the lateral capacity wasynrafluenced by the pile

shaftresistancend the soil to ahallowdepthsuch asl0Ds(El Aziz 2012) the pile was assumed
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to have a uniform shafand the effect of the thread was neglectedally, the estimated lateral
capacity of the pile was comygal with the measurde.ps to assess its effectiveness.

Based on Broms (1964a, b), the ratidtué L/R of the piles tested at Sherwood Park and
South Campus and the ratiotbk L/T of the piles tested at Sandpit are shown in Table 5.3 and
Figure 5.13aThe required soil parameggsuch adr andsy, wereinterpreted from CPT readings.
It can be seen that the ratiotbéL/R of thepiles tested at Sherwood Park and South Campus and
Sandpitaregreater than the value of @hichsuggest that all thesgilesmet the criteria ofong
piles. The suggested failure mode consistent with the observed failure mode basethen
distribution ofthebending moment of pile P1 at Sherwood P&k, P3 and P5 at South Camypus
and photos of the deformed piles wilkte location of maximum curvature. These piles generally
have small shaft thickness and diametanpared taheirlength. It can be seen that there are two
linear trendswherepilesP1, P3 and Pfarm one tren@ndpilesP2, P4 and P®rm anotheitrend
The ratiosL/R andL/T of piles P1, P3 and Paregreater than pieP2, P4 and P6. The rasiof
L/R andL/T increase with decremg pile diameter for piles with similar lengths. The relative
stiffnesgsof the piles tested at Sherwood Park, South Casrgmd Sandpit were obtained using
the equations provided by Benerjee and Davis (1978) and Poulos and Davis (1980). The required
soil parametey such as horizontal soil modulus.) and soil modulusHg), wereinterpreted from
CPT readings. The relativel@stiffnesgs(K:) of the piles tested at Sherwood Park, South Campus
and Sandpiareshown in Table 5.3 and Figure 5.13b. Kaef all thepiles tested at the three sites
is smaller than the 1Hto 102 thatmeets Meyerhof and Yalang1984) criterionsuggested for a
long pile. TheK; of pile P2 tested at Sherwood Park and South Camspaisthe margin of these
criteria.Pile P2 hathe largest diameter and a shorter lerigémother pilesAs noted previously,
two linear trendsreobservedwherepiles P1, P3 and Fbrm one trendand P2, P4 and H6rm
another trendThe value oK decreases with decreasing diameter, which means the pile behave
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morelike a long pile.The values othe K; of P1, P3 and P&reless than piles P2, P4 and P6

becaus&; decreasewith decreasing pile diameter for piles with similar lengths.
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Figure 5.13. (a) Ratios &fR andL/T and (b)therelative stiffnesssof thepiles tested ahethree

sites.Note: LP denotes long piland SP denotes short pile.

Table 5.3 Sumnary of pile relative stiffness anbderatio of L/R andL/T andthefailure modes of

all test piles
Pile | Ds L Sherwood Park South Campus Sandpit

(mm) (m) Krc L/R FM | Krc L/R FM Krs L/T FM
Pl | 114.3| 3.04|53e4| 81 | LP |79e4| 7.4 LP | 94e5| 83 | LP
P2 |1143| 1.55| 0.011| 3.8 TP | 0.011| 3.8 TP | 9.1e4 | 4.4 LP
P3 | 889 | 3.09|23e4| 101 | LP |34e4| 9.1 LP | 41e5| 98 | LP
P4 88.9 | 1.58 | 0.005| 4.7 LP | 0.005| 4.7 LP | 3.9e4 5.2 LP
P5 | 76.1 | 3.08| 1.4e4 | 11.3 | LP |2.1e4 | 10.2 | LP | 25e5| 10.8 | LP
P6 | 76.1 | 1.57| 0.003| 53 | LP | 0.003| 5.3 LP | 24e4| 58 | LP

Note: Failure modg-M;, long pile failure modd_P;, short pile failurenode SP, and transitional

pile failuremode,TP.
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5.4.4. Estimation of the Ultimate Lateral Capacity Using theBroms Method
Theultimatelateral capaciesof thesix pilesat Sherwood Parlkhe?22 piles at South Campus and
the 18 piles at Sandpit ereestimated using the Broms methedh the followingassumptions:
1) The pile faif asalong pile becauséne measured DBM of pile P6 at Sherwood Ppiles P1,
P3 and P5 a@outh Campusand the permanent deformed shape o, P3 and P5 at Sandpit
resembledong piles. In addition, all the piles met Brodingl964a, b) and Meyerhof and Yiléns
(1984) critera for long piles. 2) The pile was assumed to have a unifornftshad the effect of
the thread was neglected because the top thread of this pile is located siofiéftl), 5 (P2),
10 (P3), 7 (P4), 24 (P5) and 8 (P6) timibs pile diameter. El Aziz (2012) observed that pile
response was mainly influenced by doila depth of 1Ds. Puri et al. (1984) and Sakr (2009)
reported that the lateral capacity of a helical pile was mainly influenced by shaft resistance and
thatthe influence of thread was minimal. In addition, the evaluation report ICC (2013) for micro
screw piles and ICC (2013) for helical piterecommended that lateral capacity should only
consider shaft resistance ahdt thdateral capacity of threads and leelsshould not be permitted.
3) The pile issubjecedto lateralloaded undethe free-head ondition with negligible moment
because there was a hinge between the pile head and the hydraulic jack and another hinge between
the hydraulic jack and the reaction pilé$.The required soil parametéine s, of cohesive soils
andthe g 79 of cohesimless soils were interpreted from the CPT readiagshown in Chapter
2. 5) The value oMmaxwas setisMp.

The use oBrom® §1964b)methodto estimate the ultimate lateral capacky)(of a long
pile in cohesive soils unddée freeehead condition mabe an appropriateethod This method
assumethat a plastic hingeMmax) would develop in the pile as some distarfyarid full passive
earth pressure would develop above this distaftoeP, of the six piles tested at Sherwood Park

andthe 22 piles ested atSouth Campus were estimated as a functios,,0pile stickup, pile
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diameter andmax(0r Mp). The required soil parametgrwas interpreted from two CPT readings
at Sherwood Park and seven CPT readings at South Campus.

The estimated and measdi@, of the piles tested at Sherwood Park and South Campus
are shown in Figuse5.14a and 5.14b, respectively. The estimdbedf the piles tested at
Sherwood Park is 28 lessthan the measurd®,on average. It can be seen that the mea$uresl
of thesix piles is marginally underestimatachich can be due to neglecting the thi@aeffect on
the pilegs lateral capacity. Fdhe piles at South Campus, it can be seen that the meaBudd
the 22 piles is generally within the margin of the estimd®edThe estimated, is 34% greater
than the measurd@, on averageThis overestimation caperhapse due to the development of
the cavity (Guo and Deng 2018) and soil disturbance after pile installation (Puri et al. 1984
Bagheri and El Naggar 2013)

Theuse ofBrom® €19648) methodto estimate th®, of a long pile in cohesionless soils
underthefree-head condition was used. The metiglosed on the assumption that a plastic hinge
would develop at some distance below the ground surfacthahthelateral earth pressure was
three times the passive Rankine earth pressure. The required soil pasayaetdrf® were
interpreted from four CPT readings. The valueghaf P, of the piles tested at Sandpit were
estimated as a function gff° pile stickup, pile diameter ardmax (or Mp). The estimated and
measuredP, of the piles tested at Sandpieshown in Figure 5.14c. The estimat@d of the pile
is 16% lessthan the measurd®.. It can be seen that the measuPedf theninepiles is marginally
underestimateddverall, the Broms method provides a reasonable estimate of the mdasafed
micro scrav piles without considering the effect of the thread. Therefore, the contribution of the

thread to the lateral capacity of pile may be insignificant.
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Figure 5.14.Comparison of the estimated and measuedf the piles at the thresites (a)
SherwoodPark, (b) South Campus and (c) Sandpit. Note. The minimum and maxnwere

obtained from CPT readings available on each site.

5.5. Conclusions and Limitations

1. Generallythe pilePyincreasswith diameter and not with length because the effectivaheng
of the piles with the same diametarethe same. The value die Py of pile P6 is slightly
greater than pile PBecause pile P6 bthe thread situated at a shallower depth.

2. TheDBM of the instrumented pile P6 at Sherwood ParllP1, P3 and P5 ato8th Campus
exhibits the representative shape of a long pile unithexfree-head condition, where the pile
deformationis minimal near the pile base. Furthermore, the ratbMf$ Y decreasein the
vicinity of Yups andYu.y, which suggestthatthe pile has failed structurally. The deformed
shaps of the piles at Sandpit clearly demonstiskeng pile failure.

3. Consistent with the observed failure mode, Broms (1964a, b) and Meyerhof and Yalcin (1984)

criteria suggest that all these piles behave as |dag @i these sites.
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4. Bromso6s met hod und e, efshe pilesat SheswoadPark amkeSarsdpitr e d
Perhaps, the underestimation could be due to neglecting the thread when estim&iraf the
the piles. The values &% of the piles at South @@pus are significantly overestimated by this
method which can be due to the development of cavity and soil disturbance after the pile
installation.

5. The effect of the threads on the valuesRafare minimal as the estimatdel without
considering the effé®f thread are comparable with the measiedf the piles.

6. The placement of the tapered segment at the bottom of the pile is efficient. The values of M
are the greatest along the uniform (smooth and threaded) segments, where the pile diameter
are the geatest. Therefore, a higher pile shaft capacity and soil resistance are mobilized along
the uniform segments. The distribution of pile material is efficient for pile to provide the lateral

resistance.

The following limitatiors of this research should lbeted:

1 The pile was loaded laterally undee free-head condition. The hydraulic jack was equipped
with two hinges, one adjacent to the load cell and one adjacent to the hydraulic jack piston.
However, some moment could have developed at the pile head.

1 The smoothened lateral loallsplacement curve was accurdie within a couple of
kilonewtonsbecause the load fluctuated dughtehydraulic fluid heating and cooling.

1 The ultimate lateral capacity was obtained using DeB&&068) method. There is some
subjective error introduced by using this approximate method.

1 The distributions ofthe bending momeistof selected pile were obtained. The bending
moment was obtained at discrete locati@ong the pile. The actudistribution ofthebending

moment cold be obtained by installing additional SG
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1 The ultimate lateral load was obtained by using the soil properties interpreted from CPT

readings. The effect of pile installation on soil disturbance was not considered.
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6. Numerical Modelling of Micro ScrewPiles Subjecedto Lateral Loading using the BNWF

Method

6.1.Introduction
The current chapter presentse numerical modelling of micro screw piles subgztto lateral
loading in cohesive and cohesionless sdilere are many methods to obtain therdteesponse
of pile. Theory of elasticity, where a single value is assigned to soil parameter is not accurate.
Methodsuch as theory of subgrade reaction have simple assumptions, such as assigning subgrade
modulus that increase with depth and assuriimgar elastic soil. However, tls®lution to this
methodhave significant errors. Moreoveng lateral soibile interaction of micro screw piles with
varying pile diameters and shaft modifications is compldserefore, a complementary to field
tests offull-scale piles, numerical modelling provides a powerful tool for understanding such a
complex problem. Inhe numerical modelling of laterally loaded piles reported in the literature,
soils were modelled as either continuum media (e.g., Papadopoulo2@t4 Kurian and Shah
2009, Fahmy and El Naggar 2017 -Béghdadi 2018) or discrete soil reaction springs using the
BNWF method (e.g., El Naggar et al. 2015, Li 2016).

Micro screw piles are different from other conventional piles in terms of theizlosbape
and installation method. However, they are similar to helical piles because they both have helix or
thread and are torqued into the ground. There have been several numerical studies on the lateral
soil-pile interactions of helical pileshowingthat deeplyembedied helical plates had a minimum
contribution to helical pilgslateral stiffnesesand load capacities (Kurian and Shah 2009, Al
Baghdadi 2018, Fahmy and ElI Naggar 2012016). Nevertheless, the lateral behaviour of micro
screw piledhas not been studied numerically. Micro screw piles differ from helical piles regarding
their overall geometry and shape. Specifically, micro screw piles have continuous threads welded
along the pilé lower portion with unique width, thickness, lengthcipi embedment depths and
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spacing. Henget is necessary to examine the sagile interactions of the micro screw pile in
detail.

In the present research, numerical models based oBehmon-NonlinearWinkler-
Foundation(BNWF) method were developed ngi an opersource finite element software
framework, OpenSEES (PEER 2016), to simulate the lateral behaviour of the micro screw piles
installed at three sites. In these numerical models, the lateral shaft resistance, the vertical shaft
resistance, the thae bearing resistance and the lateral thread resistance were represgryed by
t-z, g-z andty-y (similarto t-z) springs, respectively, each of which was characterized by uniaxial
load-displacement curves. They spring materials for cohesive and cadbatess soils were
approximated by Matlock (1970) and API (1993), respectively. fFhespring materials for
cohesive and cohesionless soils were approximated by the equation provided by Boulanger et al.
(2003) with soil parameters from Reese aniNéll (1987) and Mosher (1984), respectively.
Furthermore, the}-z spring materials for cohesive and cohesionless soils were defined by the
equation provided by Boulanger et al. (2003) with soil parameters from Reesé@\silll (2987)
and Vijayvergiya (1990). Tdrequired soil parameters for defining the spring material were taken
from the continuous CPT readings. The numerical models developed were validated against the
field tests of the micro screw piles conducted at the three test sites.

Compared to other ndels based on the BNWF method in the literaterg.(Guo et al.

2014, Li 2016, El Naggar et al. 2005), the present numerical models incorporated two techniques
as follows: 1) the hollow pipe shaft was simulated by bealamn elements with fiber sectigns
andthe Giuffre-MenegottePinto steel material model (Carreno et al. 2020) was assigned to each
fiber with an appropriate pegteld strain hardening ratiand 2) the thread bearing resistance was
modelled by a series of zelength section elemeswvith fiber sectionsand theg-zuniaxial spring
material was assigned to each fiber. The objectives of the numerical modelling of the micro screw
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piles are to 1) propose a tool to predict the lateral behaviour and load capacity of the micro screw
piles, 2) investigate the pile shaft deformation and displacement characteristics andniaiige
3) quantify the contribution of various sqile interactions to the lateral load capacity of the micro
screw piles and 4) examine the effects of the threads angrgpérties via sensitivity analyses.
Different pile shaft and soil responses are obtained from numerical analyses, including the
distributions of lateral displacement, crasctional plane rotation, bending moment, shear force
and the lateral soil streslong the pile depth direction. To examine the pile and the adjacent soil
failure, the distributions othe bending moment and lateral soil stress are compared with the
distribution of the bending moment capacity and the ultimate lateral soil stregstadquile depth
direction, respectively. Furthermore, the mobilization of the lateral shaft resistance, the vertical
shaft resistance, the thread bearing resistance and the lateral thread resistance at the middle of the
individual pile segments are exarathto assess their contributions. Finally, a sensitivity analysis
was conducted to evaluate how the lateral behaviour of piles changes as the pile geometry and soil

properties vary.

6.2. Literature Review and Background

6.2.1. Numerical Analyses of SimilaPiles

There have been a limited number of numerical studies on the lateral behaviour of piles with
similarity to micro screw piles. The smooth segment of a micro screw pile may be similar to driven
piles and the central shaft of helical piles. The theead micro screw pileanbe understood by
observing the effect of helical plates on helical piles. On the other hand, the tapered pile has been
reported to have efficient material distribution when subgtict lateral load. Therefore, a review

of theresearch on these relevant piles can aid our understanding of the lateral behavior of micro

screw piles.
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Papadopoulos et al. (2014) evaluated the lateral response of helical micropiles by
conducting a continuum finite element analysis in the Plaxis prograhiullscale insitu tests.

The soil was modelled adinear elasteperfectly plastic material according to the M&@wulomb
criterion. The numerical model underestimated the failure load but accurately predicted the load
at a lateral displacement dd 2am. The lateral load capacity of micropiles, which behaved as long
piles, did not increase after a certain pile length. Kurian and Shah (2009) conducted a finite element
analysis and compared the simulation results with experimental results from Nar&ambt al.
(1991). The soil was modelled as a continuum with a DruBkager constitutive model in that
study. The lateral response of the pile with two different blade diam®&@rezgs compared with

the counterpart of the pile with no blade. It waarfd that the ultimate lateral load capacity was
increased by 325% with the inclusion of blades wheiblades were embedded at a depth between
1.1 and 1.6 timeshe pile shaft diameter¥s), which represents a relatively shallow blade
embedment. The ratiof pile helix to shaft diameteb{/Ds) varied between 2 and 3, representing

a relatively large blade compared to the shaft diameter.

Usingthe ABAQUS progranto performfinite element analysis, Fahmy and ElI Naggar
(2017) investigated the lateral behawiof spunRcast ductile iron tapered piles with a single helix
installed in clay. The lateral load capacity of the pile was increased by 5% with the addition of a
helix (the ratio ofDw/Ds was 2), which was embedded to a degthetween Ds and 1®s. The
helix acted as a restraiat the bottom of a short pile. The lateral load capacity of a long pile was
increased by 40% due to tapering, whereas the lateral load capacity of a short pile was increased
by 28% due to tapering. Al Baghdadi (2018) investigétedateral performance of helical piles
with a single helix that varied in core diameter and embedment depth installed in sand using
centrifuge model tests and finite element analysis. The lateral load capacity of piles was improved
by 5 7.5% witha Dn/Ds of 2.5 3.3 anda helix embedment of 90% of the critical depth (where
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plastic bending occurs). The lateral load capacity was improvedild2%bata helix embedment
of 10% of the critical depthMoreover the lateral load capacity was improved marginaly
increasinghe Dn/Ds from 2.5 to 3.3.

El Naggar et al. (2005) modelled the response of offshore piles subjected to earthquake
load using the BNWF method in the OpenSEES program. The procedure proposed by Matlock
(1970), Reese and Welch (1975) an@N@élll and Murchison (1983) was used to generatepthie
springs for piles in soft clay, stiff clay and sand layers. The result from the numerical model
compared reasonably well with centrifuge model tests. Guo et al. (2014) simulated the lateral soil
pile interaction of an Hpile in sandy soil in the OpenSEES program using the BNWF method.
The soil resistance along the pile was modelleg-yandt-z springs, and the soil resistance at
the base was modelled byga spring. Thep-y spring from API (1993) an&eese et al. (1974)
provided a reasonable lodisplacement curve. However, the lateral stiffness and the ultimate
load capacity were slightly underestimated. Li (2016) investigated the laterpllgaiiteraction
of helical piles using field testing arlde BNWF method. The soil resistances, including lateral,
shaft and overturning, were representegyyspringst-z springs andj-z springs. The numerical
model was calibrated against the experimental tests in Sakr (2009) and Prasad and Narasimha Rao
(1996). A chart of the lateral load capacity improvement as a function of helix embedment was
provided. The lateral load capacity improvement for piles in cohesionless soil increased with helix
embedment. It peaked ahelix embedment up to 36% tfe pile length and it was negligible
belowadepth equivalent to 90% of the pile length. The lateral load capacity improvement of piles
in cohesive soil wasghe highest ata helix embedment of about 6% of the pile lengihd it
decreased with embedment depthe Thle of overburden stress was noted in the case okkeli
embedded in cohesionless soil. Also, the lateral load capacity improved by embedding the helix at
adepth where the bending moment was high. It was noted that the lateral load capacity could be

129



improved by increasing the helix diameter up to the point where the torsional strength of the pile
shaft is not exceeded (Tsuha et al. 2007).

Overall, the previous research using numerical models of helical piles suggests that the
lateral load capacity cabe improved by embedding the helix at a shallow depth, where the
bending moment along the pile shaft is typically the greatest. The lateral load capacity can also be
improved by increasing the helix diameter relative to the shaft diameter. However, the
improvement may only be observed at a large displacement. Although the previous research can
aid our understanding of the lateral behavior of micro screw piles, there is still a need to investigate
the lateral behavior of micro screw piles because the owgzathetry and shape of the pile is
different. Moreover, a numerical study that consideess/arious soHpile interactions, including
the lateral shaft, the vertical shaft, the thread bearing and the lateral shaft interactions, of micro

screw pileshasnot been conducted.

6.2.2. Soilpile Interactions and Soil Springs

In the present research, nuncatimodels that consider#duevarious soHpile interactions of screw
micropiles subje@dto lateral load were developed in the OpenSEES program usimijiNW4-

method. Specifically, the lateral shaft resistance, the vertical shaft resistance and the lateral thread
resistance were represented by a series ofleagih elements with lateraty, verticalt-z and

vertical t-z uniaxial springmaterial modelsrespectively. The thread bearing resistance was
represented by a series of z&gagth section elements with nonlinear filseictions to generate

the thread bearing or overturning reaction withdfeuniaxial spring material model assigned to

each fiber.The vertical shaft resistance and the lateral thread resistance were modeHed by
uniaxial spring materials. It should be noted that the lateral thread resistance is denloédgt by

y spring material in the next section for the convenience of shatndirection of the resistance;
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however,it wasin principle represented usiriegg spring materials in the OpenSEES program.

Details about these soil springs are provided as follows.

6.2.2.1. The Lateral Shaft Resistanci p-y spring
The lateral shaft mstance of piles in cohesive soils was represented by a sepigsspfings as

described by Equation5 as per Matlock (1970):

o 1/8
P o5 5 (6-1)
Pui c Yoo =+
where
Yso = 2.965d (6-2)

wherep andy are the lateral shaft stress and displacematjs the ultimate lateral shaft
resistanceyso is the lateral displacement corresponding to half of the ultimate lateral resistance,
&o is the strain of the clay corresponding to halso&ndd is the diameter of the pile shaft. The
recommended valued eo, as a function of, are shown in Table 6.1. The ultimate lateral shaft

resistance was defined in Equatio3:6
Puc =Ny g d (6-3)

where the coefficient, for wedge failure close tthe ground surface was defined as in Equation

6-4:

N, =3 %z %z 9 (6-4)

p

wherez is the depth below the ground surfaggis the effective unit weight of soil anblis a
constant equal to 0.5 for soft clays (Matlock 1970) and 1.5 for stiff clays (Bhushan et al. 1979) and
was interpolated for clays of different consistency. The coeffibigrg equal to 9 for flow failure

at great depth (Matlock 1970).
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Table 6.1. Straimo corresponding to half af, (Matlock 1970)

Su &0
Or 24 0.02
241 48 0.01
48/ 96 0.007
961 192 0.005
192384 0.004
> 384 0.001996

For piles in cohesionless soils, the lateral shaft resistanceepaesented bg-y springs

as described in EquationsbGand 66 (APl 1993):

p=Anp, tanh& y) (6-5)
A Dy
A=(3 0.82/d) ®.C (6-6)

where’ is theadjustment coefficient for static loading conditjandk is the initial subgrade
modulus (refer to API 1993). The ultimate lateral shaft resistances based on wedgepfgibmd (

flow failure (psg) were defined as follows:

P.=(C @ G 9P : (6-
7)
py=C 0gCr (6-8)

K tan( )sin(H  tarf (b)tan(7/2)
' tan(b- Acos( 12) tan( b)Ff

K, tan(® )(tan(f)sin( § tan( 2 (6-9)

=_an®) (6-10)
tan@- H °
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C, =K, tan( )tarf () K (tan( & - (6-11)

whereb =45+fp92, Ko is the horizontal coefficient of earth pressure at restKaisithe horizontal

coefficient of earth pressure at active condition. The valugoofias calclated from Equation

6.5. The value opur is the smaller opst andpse. The backbone curves of tpey springs for the

lateral shaft resistances in sand and clay are shown in Figure 6.1a.

1.2 . 1.2 r 12
104 @ - - 10 ®© 1.04
0-8-. 0.8+
§0 6o 50.64
= 1™

—— Sand - API (1993)
— — Clay - Matlock (1970)

Sand - Reese and O'Neill (1987)
— =Clay - Vijayvergiya (1977)

0.4+

0.2+

— =Clay - Mosher (1984)
1

Sand - Reese and O'Neill (1987) =

5
yly.,

5
zlz
50

0.5
z/d

1.0

Figure 6.1. Backbone curve of the springs:pi&)spring, (b)t-z spring and (cj-z spring

6.2.2.2. The Vertical Shaft Resistance anthe Lateral Thread Resistancd t-z springs
For piles in cohesive soils, the vertical shaft and the lateral thread resistances of soils were
represented btz springs as per Equatis 612 and 613 (Boulanger et al. 2003):

t

t®=C, -t z° (6-12)
Zy
e c, |
tP=t, t, )eé= 0 l (6-13)
VG, 2B)

where tyt is the ultimate vertical shaft resistanagy (or zsoy) is the vertical displacement
corresponding to half of the ultimate vertical shaft resistafiemdt® are the elastic @hplastic

components of the shaft strei8andz are the plastic componextf the shaft stress and vertical
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displacement at the start of the current plastic loadimfjz® and zZ° are the elastic and plastic
componerg of the vertical displacement,sectively. For piles in clay, Boulanger et al. (2003)

used a value of 0.5 fay 1.5 forn and 0.708 foCebased on Reese andN&ill (1987).

The ultimate vertical shaft resistance was defined as in Equafidn 6
by =25, (6-14)
where a is the adhesion coefficient provided by Tomlinson (1957). Coyle and Reese (1966)
provided the normalized shaft stressuiavith vertical displacemenpas shown in Figure 6.2. The
value ofzsot was selected from curve which represented seplile interaction from the ground

surface to 3 m below. Curve Il represents-pd#é interaction from 3 m to 6 yrand curve Il

represens soil pile interaction below 6 m of the ground surface.

1.0
0.9k
0.8F
0.7F
0.6F
0.5F
0.4F
0.3}
0.2}
0.1
0.0

t/J[ult

Curvel |
Curve ll
Curve Il 1

o 1 2 3 4 5 6 7
z (mm)

Figure 6.2. Normalized shaft stress vs. axial displacement in clay (after Coyle and Reese 1996)
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For piles in cohesionless soils, the vertical shaft and lateral thread resistancesasrsoils
represented asz springs based on Mosher (1984). Trespring was defined as in Equation 6
15:

t:;
1/k; +z/t,

(6-15)
wheret andz are the vertical shaft stress and displacenaelk; is related to sar@ friction angle
(Mosher and Dawkins 2000). The valuekoés a function of the friction angle of sand based on

Mosher and Dawkins (2000) is shown in Table 6.2. Uhienate vertical shaft resistance was

obtained as in Equation15:

t,=s K. tan(d (6-16)
where dis the soipile interface fiction angle taken as 0.8 timég, and Ks is obtained from
Castello (1980). The value afo: was backcalculated from Equation-865. The backbone curves

of thet-z springs for the vertical shaft and the lateral thread resistances in sand and clayare sh

in Figure 6.1b.

Table 6.2. Values d& versusthefriction angle of sand (Mosher and Dawkins 2000)

Friction Angle (°) | ks (kPa/mm)
28 31 11119
32/ 34 19i 26
35 38 261 34

6.2.2.3. The Thread Bearing Resistandeq-z spring
For piles in cohesive dsi Boulanger et al. (2003) used 0.35dpf.2 forn and 0.2 forCe based
on Reese and @eill (1987). The ultimate thread bearing resistargg) (was defined as in

Equation 617:

Ay = NS (6-17)
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whereNc is the enebearing capacity factor that is equal to 9. The vertical displacemggt (
corresponding to half of the ultimate thread bearing resistasoecommended to be 0.8% of the
pile thread diameter by Reese aniNéill (1987).

The thread bearing resistance in cohesionless soils was represetited-bgpring as in

Equation 618 (Vijayvergiya 1990):

o 1L3

q_az o0
q__geZ: 6 (6-18)

ult -

wherezeqis thevertical displacement corresponding to when the stress starts to maintain a constant
valug and it is equal to 3 to% of the pile diameter (Vijayvergiya 1977). The ultimate thread

bearing resistance was defined in Equatici®6
qult = Nqs\‘/ (6'19)

whereNy is the bearing capacity factor (Meyerhoff 1976). Baekbone curves of thggz springs

for piles in sand and clay are shown in Figure 6.1c.

6.3. Development of the NumericaModels
The numerical models were developed to simulate teealdbehavior of micro screw piles in the
OpenSEES program using the BNWF method. This approach used existing structural elements
(e.g., displacemertiased fiber bearnolumn elements to model shafts) to model the pile and some
special elements (e.g., zdength element or ze#ength section elements to model well
established solil springs) to model the soil springs. Additionally, the required uniaxial material
models for the pile shaft and wastablished soil springs were available in the OpenSEES
progran. Further modelling details are provided in the sections below.

The lateral responsestbiesix pilestested in Sherwood Patke?22 piles in South Campus

andthe 18 piles in Sandpit were obtained from numerical simulations. The lateral loading of th
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micro screw pile was simulated by performing displacersentrolled static analyses. The lateral
displacement was applied at an increment of 0.1 mm to the maximum displacement that was

measured in the field.

6.3.1. Pile Shaft

The pile shaft was modetleusing displacemetitased fiber bearoolumn elements, which were
defined with two nodes, each havitigeedegrees of freedom (DOF) in the twlomensional FE

model: one horizontal, one vertical and one rotational DOF. This element follows standard finite
element procedures where the displacement field was interpolated using classical Hermitian
polynomials An example oftiesecond order classical Hermitian polynomial with 3 corresponding
nodeds shown in Appendix EAs shown in Figure 6.3, the pile shafis discretized into a number

of beam elements with a length of 50 mm. Three Ghagendre integration points were used for

each element, and each integration point was assigned a nonlinear fiber section. Each fiber section
was discretized intaine subdvisions (fibers) in the radial direction and 36 subdivisions (fibers)

in the circumferential direction. All the fibers were assigned a uniaxial GikféeegottePinto

steel material model (Carreno et al. 2020) with Yaamgodulus of 210 GPa,yield strangth of

248 MPa ana postyield isotropic strain hardening ratio of 0.1. The tapered shaft was modelled

as a series of discrete uniform shafts with progressively decreasing diameters. Compared to other
models for piles based on the BNWF method in thedlitee (Li 2016, Guo et al. 2004, Kurian

and Shah 2009, El Naggar et al. 2005), the present models used fibecdleam elements

which allowconsideration othe nonlinearity of material fibers over the craggtion. By doing

so, the models were able tapture the pile shait yielding more accurately than the common

method used in the literature.
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Figure 6.3. Configuration of the selle interactions in the numerical models developed in

OpenSEES prograniNote:w, = width of threadsp =

the number of fiber in radial direction and

nc = the number of fibers in circumferential direction. The drawing is not to scale.
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6.3.2. SoHpile Interactions

The different soHpile interaction mechanisms for micro screw piles arevshia Figure 6.4. The
lateral shaft reaction, the vertical shaft reaction, the thread bearing reaction and the lateral thread
reactions were represented by a series of-lsgrgth elements witp-y, t-z, g-z andt-z (or ts-y,
whereh andy stand for the liral direction) uniaxial springs materials. The thread bearing reaction
was represented by a series of Zergyth section elements with fibeesd theg-z uniaxial spring
material was assigned to each fiber. Each-lsmngth element was connected tooaresponding

pile shaft node via a slave node on one,sadé it was connected to a corresponding soil side on
the other side via a node that was fixed again&i@H (see Fig6.3). These elements had a virtual
zero length as the slave, pile and fixeodes were defined to have the same location (or
coordinates).

The lateral shaft reaction was defined based on a series elength elements placed
horizontally along the pile shaft. They spring materials assigned to the zkmogth elements
were defned based on Matlock (1970) for piles in cohesive soils. The recommesed a
function ofs,, are shown in Table 6.1. The paraméteras setat0.5 for soft clays (Matlock 1970)
andat 1.5 for stiff clays (Bhushan et al. 1979). Tng spring materials were defined based on
API (1993) for piles in cohesionless soils. Tihdial subgrade modulus was provided by API
(1993). The values ofso were calculated from the equation provided in API (1993) for the p
springs. The mechanism of the lateral shaft reaction is shown in Figure 6.4a.

The vertical shaft reaction was defthbased on a series of zéeagth elements placed
vertically along the pile shaft. Thez spring materials assigned to zdemgth elements were
defined based Boulanger et al. (2003) for piles in cohesive soils. The ultimate vertical shaft
resistances are defined based on the adhesion coefficient provided by Tomlinson (1957).
Boulanger et al. (2003) used a value of 0.5dot.5 forn and 0.708 foiCe to construct the-z

139



springs based on Reese aniN@ill (1987). The parameteto: was selected fronhé normalized
shaft stress vs. axial displacement provided by Coyle and Reese 1996z Jjpreng materials
were defined using the relationship provided by Mosher (1984). The recommended v&tues of
as a function of the friction angle of sand were givgiMosher and Dawkins (2000). The ultimate
vertical shaft resistances were defined baseds@movided by Castello (1980and the values of

Zsot were backcalculated from the relationship provided by Mosher (1984). The mechanism of
vertical shaft reaatin is shown in Figure 6.4b.

The thread bearing reaction was defined based on a series-#rzgifosectional elements
placed vertically along the pile shaft. The continuous thread was modelled by a series of flat discs,
which is a common convenience foles with helices (e.g., Knappet et al. 2014 andBaghdadi
2018). AlBaghdadi (2018) showed that the inclination of the helix has a minor effect on the lateral
behaviour othescrew pile. The zertengthsection elements had inner radii equal to thequiter
radii and outer radii equal to the pile outer radii plus the width of the thread, which is 12 mm. The
elements were assigned fiber sections, which were discretizednesubdivisions (fibers) in the
radial direction and 36 subdivisions (fibprs the circumferential direction. The-z spring
materials were assigned to each subdivision. qHaespring materials were defined based on
Boulanger (2003) for piles in cohesive soils. The parameterandCe were set to 0.35, 1.2 and
0.2 based on &se and eill (1987). Theg-z spring materials were defined based on
Vijayvergiya (1990) for piles in cohesionless soils. The paramgteras equal to 3 t0% of the
pile diameter (Vijayvergiya 1977). The parametgrwas defined by Meyerhoff (1976).he
mechanism of the thread bearing reaction where soil stress could develop at individsiapbber
pile rotation or axial movement is shown in Figure 6.4c. This method to model the thread bearing

reaction is innovative.

140



The lateral thread reaction wakefined by a series of zetength elements placed
horizontally along the pile shaft. The spring materials assigned to zdength elements were
defined using the same method used for the vertical shaft reactiortyTlvas obtained by
multiplying the lateral thread stress with the actual thigéap and bottom surface area for each
pile depth interval. The mechanism tife lateral thread reaction is shown in Figure 6.4b.
Furthermore, this mechanism has not been modelled previously based on tiéx liteature

review.

il

N/

Earth pressure Earth pressure
distribution before distribution after
lateral loading lateral loading

(@)

et

Figure 6.4. Schematics of sqille interaction mechanisms during lateral loadif&) the lateral
shaft resistance, (b) the vertical shaft resistance and the lateral thread resistance and (c) the thread
bearing resistance.

The $ring materials were defined in the OpenSEES program by assigning appropriate soil
type (clay or sand) and input parameserch as the ultimate soil loagsi, tur anddur in terms of
force) and displacement corresponding to half of the ultimate.ld&@sultimate soil resistances
(or stress)such aur, tur andqui, were multiplied by the surface area of the shaft and thread,
respectively. The required soil parametetschg s, for clayey andg Dr and 7% for sandy soil
were interpreted from the CPT readin§sveral CP$were conducted at each sitecludingtwo
CPTs at Sherwood ParksevenCPTs at South Campus andur CPTs at Sandpit. At South

Campusthe CPT-7 readig was selected as it was least affected by tree roots. The average of
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CPT-1 and CPT2 was used for soils at Sherwood Park as the two CPT readings were identical.

At Sandpitthe CPT-3 reading was used because it was least affected by ground frost.

6.33. Verification of the Pile Shaft Model using ElasticSolution
A simple numerical model was deleped in the OpenSEES program to simulate the response of
a uniform and smooth pile shafts shown in Figure 6.%ile P1 was modelled as described in
Section 63.1 without any soil reaction springshd pile shaft was modelled by a series of discrete
displacemenbased fiber bearnolumn elements. The pile shaft was discretized into a number of
beam elements with a length of 50 mm. For each element, three IGaesslre integration poisit
wereassigned a nonlinear fiber section. Each fiber section was discretizednesubdivisions
(fibers) in the radial direction and 36 subdivisions (fibers) in the circumferential direction. Each
fiber was assigned a uniakiGiuffreeMenegottePinto steematerialwith isotropic hardening. The
pile shaft was fixed at one erahd a transverse loaR)(was applied at the free end.

To verify the pile shaft model, the numerical model results were compared with analytical
calcdation. Based on the elastic solution, the deflection at the freeY¥@rahd deflectiony(x)

along the pile shaftverecalculated using Equations2® and 621 (Beer et al. 2006):

PL i
3El (6-20)
P
=— 3 -2 6-21
y(X) 6EI((L X® BE(L X-2L) (6-21)

The graphs oP vs. Y andy vs. L obtained from the numieal model and analytical
calculation are shown in Figure 6.6. It seems that the result of the numerical model is comparable
with the analytical calculation. Therefore, the numerical model accurately predicts the pile

response at least within the elasaoge.
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Figure 6.5. A uniform, smooth pile shaft in the OpenSEES program with the same diameter and

thickness as pile P1.
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Figure 6.6. Comparing the uniform smooth pile displacement results obtained using the numerical
model and analytical methoh) P vs.Y at the free end and (b) deflectipuistribution along the

pile shaft.

6.4. Results of the Numerical Models
The numerical models were built to simulate the lateral resporibe ik piles tested at the three
sites. In totalthe six piles testedt Sherwood Parkhe 22 piles tested at South Campus dhe

18 piles tested at Sandpit were simulated. In the following sections, the results and findings of
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selected piles are shown. The lateral vs. displacement curve of each pile type at the shiee site
presented. The pile shaft and soil response of the instrumented pile P6 at SherwguitePRdk
P3 and P5 at South Campasad P1 and P4 at Sandpit are presemiiges P1 and P4 were selected

as they have different diameters and lengths.

6.4.1.Load versus Displacement Curves
The predicted and measured lateral load vs. displacement cBrvesY(curve) ofthe six piles
tested at Sherwood Park are shown in Figure 6.7. The predicted and mé&agsir¥dturves of
the piles at this site are relatly comparable. The measured initial stiffnesses of piles P2, P5 and
P6 are predictedelatively accurately. The measured initial stiffnesses of piles P1 and P4 are
smaller than the predicted initial stiffnesses. The measured initial stiffness of pgeuR@er
predicted. The small measured initial stiffnesses of piles P1 and P4 can be due to the presence of
asoil cavity near the piktaead which was observed for some piles after pile installation. However,
the postyield stiffnesgsof all piles, excepP5 and P6, are predicted relatively accurately because
the soil cavity was closed upon lateral loading. The meagukedY curves of piles P5 and P6
exhibit a slightlysoftening load with increasing displacememliich can be due to either soil or
pile failure resulting in the yielding of the sqlle interaction mechanisms. Perhaps this is
expected as piles P5 and P6 are slenderer than the other piles. Alternatively, it can be due to the
strainsoftening behaviour of the stiff clay fill layer. Howeytre predictedP vs.Y curves of piles
P5 and P@&lo not exhibit a slightlysoftening load with increasing displacement because the soll
was modelled based on Matlock (1970), which does not consider this.

To verify the accuracy of the numerical models predicted and measurBgy andPy.
pe Of the six test piles at Sherwood Park, wh&xer andPy.pg has been defined in Chapter 5, are

summarized and compared in Figure 6.10a. The prediiteds 18% greater than the measured
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Puy on average. Howevethe predictedPups is 20% less than the measuicbs on average.
This means that the numerical models generally overpredict the med&weshd underpredict

the measure®,ps. On the other hand, the numerical models reasonably predict the unloading

response of the pile at this site.
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Figure 6.7. Lateral load vs. displacement curves of piggo (f) for P1 to P&t Sherwood Park

obtained from the numerical models and field tests
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The predicted and measureds.Y curves of the piles at Soutrafpus are in substantial
agreement aside from minor deviatipas shown by thB-Y curves of selected piles in Figure 6.8.
The predicted and measured initial and posid stiffnesgsof theP vs.Y curves of the piles are
similar. The predicted and mesedP,.y andPups of the22 test piles are shown in Figure 6.10a.
The predictedP..y is 17% greater than the measuRed: on averageand the predicte®ps is
only 4% greater than the measufchs on average. The numerical models overpredict tree pil
response at a small displacement and predict quite accurately at a larger displacement. It should
be noted that Guo and Deng (2018) reported an adhesion coefficient significantly smaller than the
adhesion coefficient suggested by Randolph and Murphyb§i&&1 Tomlinson (1957). This was
associated wittheexpansion and disturbancetbésoil surrounding the smooth segment because
of the torsional installatigrand the smooth segment had a smaller external diameter than the
threaded segment. The annwdavity was also observed in the field following the pile installation.
This loss of contact between the soil and pile along the smooth segment can be the reason that the
measured.y is smaller than the predictd®l.y. Puri et al. (1984) and Bagheri andl aggar
(2013 2015) reportean thesoilés slicing by the helix of the helical pile during pile installation.
This reduced the s@d shear strength and the pgidateral load capacity. However, Jeffrey et al.
(2016) reported an increase in radial $rasoundhe pile asit was installed to compensate for
this reduction. Notably, the numerical models predictRhes accurately as the soil cavity was
closing upon lateral displacement at a later stage. The other reason that the numerical models
predictthe measureBy.os Of the test piles at South Campus better than Sherwood Park is because
the soil at South Campus is made of Glacier Lake Edmonton lacustrinewdiah can be

represented by Matlock (1970).
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Generally, there is some agreement between the predicted and the mBasuxeclirves
of piles at Sandpitas shown by th® vs.Y curves of skected piles in Figure 6.9. The numerical
models overpredict the initial stiffnesses of all the piles except for P2. The small measured initial
stiffnesses can be due to the presenaesaind cavity around the pile. Althougltavity in sand
is not usualf considered because sand may slip and slough in the cavity, it is possible in compact
sand due to sand arch. The numerical models predict the measurgeelobstiffnesgsof piles
P1, P3and P5 (3 m long) relatively accurately and ungeedict the mesured posyield
stiffnes®sof piles P2, P4 and P6 (1.5 m long). The predi®ad. Y curves of these piles has
plateauedbut the measure® vs. Y curve has notThe reason could be that the piles in the
numerical modelsadfailed as short piles earti¢han they shouldl'he flattening of thé® vs.Y
curve is due to the yielding of soil reactions springs as the pile rotates. The predicted and measured
Puy andPy.pg of the 18 test piles are summarized in Figure 6.10b. The predictedf the 18
pilesis 32% greater than the measuRed on average. The predict®d.ps of the ninelong piles
is 25% less than the measufbs on average. The numerical models also predict the unloading

response of the pile at this site quite accurately.
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Figure 6.10. Summary dfieultimate lateral load capacities of piles obtained using the numerical

modelling and fieldests athethree sites(a) Sherwood Park and South Campus and (b) Sandpit

lateral load capacity of the piles at the three sites, the following conclusions ae mad

Based on the comparison of the predicted and the med3usell curves and the ultimate

1 The numerical models predict the measuPeds. Y curves of the piles relatively accurately.

T

The measured initial stiffnesses of some piles are smaller than the predicted initial stiffnessess

due to the presence &dil cavities. However, the postield stiffnessess ar@,.ps of all piles

are reasonably predicted once the soil cavities have closed.

Therefore, the numerical models predict the measieast much better tharP,y. The

numerical models predidhe Pypg of the piles at South Campus bettean the piles at

Sherwood Park because the soil at South Campus is made of Glacier Lake Edmonton lacustrine

clay, whichcan be better represented by Matlock (1970).

151



1 The numerical models predict the unloadihgs. Y curves of the piles at Sherwood Parkia
South Campus accurategnd the prediction of the unloadifgvs. Y curves of the piles at
Sherwood park is also similar.

1 In general, the numerical models suitably simulated the lateral responsenaictbescrew

piles, especially at larger lateraisplacement.

6.4.2. Pile Shaft and Soil Responses

This section shows the pile shaft and soil responses of selected piles of different lengths (1.5 and
3 m long) tested at the three sites. The pile shaft and soil responses include the lateral displacement
(y), crosssectional plane rotation of the shafy/@k), bending moment\{), shear force long pile

shaft ) and lateral soithaft stressp). The bending momem is compared witlthe My andMp

of the pile shaftand lateral soikhaft stress is compad with ultimate lateral seghaft stresgi)

to assess failure mode. The valuepg@fare calculated using Matlock (1970) for cohesive soils

and API (1993) for cohesionless soils. The soil parameters are interpreted from the CPT readings.
The distrbutions of the pile shaft and soil responses along pile P6 at SherwoodPPaB3 and

P5 at South Campuand P1 and P4 at Sandpit are shown in FebiEL to 6.16.

The predicted deformation of the pile has the qualitative representative shapeggpidelon
underthe free-head condition. The predicted and measured distributiahedf! of pile P6 at
Sherwood Park and P1, P3 and P5 at South Campus are shown in Figure 6.11 and Figure 6.12c
6.14c. The bending moment is zero at the pile head. The preaiatechum moment\imax along
pile P6 at Sherwood Padndpiles P1, P3 and P5 at South Campus exchgdsnd M, at pile
deptts of 0.6 m (=Ds) and 0.8 m (IDs), corresponding toYupe, which is the displacement
corresponding to the lateral load capacityhefpile according to DeBe®rmethod. This is another

way that shows that the pile has yielded, especially for pile P6 at SherwooadvRar&Mmax is
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lower thanMy. The measurelmax of pile P6 at Sherwood PadndP1 and P3 at South Campus
is reached apile deptls of 0.55 m (Ds), 0.84 m (Ds) and 0.89 m (1Ds), respectively. The
predictedMmax0f piles P1 and P3 at South Campus is 7% and 1% greater than the mbasured
The measured and predictédat a certain pile depth increases rapidly ughexorrespondingy-

pe as the pile was deforming elastically. Later, the predidedcreases slowly because the pile
was Yyielding. The predicteM reaches a minimal value at a pile depth of 1.2 nD{L6The
predictedM of piles P1, P3 and P5 reaches a mativalue at pile depthef 1.95 m (1Ds), 1.85

m (21Ds) and 1.8 m (2Bs), respectively. The measurbtireached a minimum value at pile depth
of 0.91 (1Ds), 2.5m (2Ds), 1.8 (2Ms) and 1.8 m (2Bs), respectively. Generally, the numerical
models accuratglpredict theMmax and location othe Mmax of the piles at South Campus quite
accuratelyascan beseen by similarities between the measured and predicted distribufibn of
There is some divergence between the predicted and the measured distribMtiohpile P6 at
Sherwood Park.

The predicted displacement of pile and soil response can be used to assess the pile failure
mode. The mechanism of long pile failure for a fneaded pile in cohesive soils is shown in
Figure 5.3. A long pile withhe free-head condition fails when a plastic hinge is formed at some
distancef below the ground surface. A short pile untexfree-head condition generally rotates
as a rigid body with minimal deformation. As shown in Figld 1l 6.14, the distributions of
ard dy/dx are the highest near the pile head and are minimal near the pile base. In addition, it can
be seen that either the soil does not fail at athat thesoil located within a small pile depth
interval has failed by examining tlyeandp with yut and put. Therefore, it can be seen that the
piles fail as long piles (or flexibly pile) as the pile deformation and displacement resemble the

gualitative representative shape of long piles and that the soil failed within a small depth interval.
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Figure 611. The distributions athe (a) lateral displacement, (b) pile shaft crgsstional plane
rotation, (c) bending moment, (d) shear force, and (e) lateradtsait stress of pile P6 at Sherwood

Park.Note: The pile exhibited a long pile failure mode.
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The predicted distribution tfieM of the instrumented pile P1 at Sandpit has the qualitative
representative shape of a long pile unierfree-head conditionas shown in Figure 6.15c. The
predictedM is zero at the pile head; gachesghe Mmax that exceedd/, at a pile depth of 1.1 m
(9Ds) and a minimaM at a pile depth of 2.35 m (Bg). It can be seen that the pile has yielded.
The distance t®max (f) is measured in the field to be used for numerical model verification. The
distancef was measured to be 0.9 nDdB, andit appears that the numerical model predicts the
distancef quite accuratelyas shown in Figure 6.15c. Also, the distributiony @ind d/dx are
highest near the pile head and are minimal near the pile basever, from the distribution qf,
it seems that almost all of the soil has failed excepthisoil at a pile depth ranging from 1.4 m
to 1.7 m, wherg was nearero. Therefore, pile P1 at Sandpit can also be classified as a transitional
pile with mixed behavior as both the pile and $wilefailed.

The predicted pile shaft and soil response of pilen&4ethe qualitative representative
shape of a short pile undérefree-head condition. As shown in Figure 6.18treachedMmax at
a pile depth of @ m (Ds) and reaches a minimil at a pile depth of 1.5 m (Dé). The predicted
Mmax is less tharMy, indicating that the pile did not fail. Thigstributions ofy and d/dx are the
highest near the pile head but are significant near the pilevidaish shows that the pile is rotating.
Although the pile experiences some bending, it has not fdlased orthe distribution ofp, it
seems that almost all the sspringshave reachedpur except forthe soil at a pile depth ranging
between 1.1 m and 1R, wherey is nearzero. Therefore, pile P4 at Sandpit can be classified as a

short pile because the pile rotates without yieldargl the soil fails throughout the pile depth.
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Based on the pile shaft and soil responses of the selatgethp following conclusions

are drawn:

1 The numerical models predidimax and the location of Mmax and the failure mode of the
instrumented piles P1 and P3 at South Campus quite accurately. There is a significant
divergence in the predicted and measutistfibution ofthe M of pile P6 at Sherwood Park.
This couldperhapde due to a thin layer of stiff clay fill.

1 FPFile P6 at Sherwood PadndP1, P3 and P5 at South Campus exhibit the characteristic of a
long pile loaded unddhe free-head condition. Thelistribution ofM is small near the pile
head. It increases to a maximum valua pile depth of7Ds. It decreases to a minimal value
at a pile depth of 1Bs along the pile at Sherwood Park and at a pile depth ranging frBa 17
to 24Ds along the piles abouth Campugespectively. The piles at Sherwood Park and South
Campus fail structurally as tihvmaxexceeddy. The predicted distribution & is comparable
to the measured distribution bf.

1 The numerical models predict the distahoépile P1 at Sadpit measured in the fiel@ile P1
exhibits a mixed behaviour of long pile and short pile as both the pile and soil failed.

1 PFile P4 exhibits the characteristic of a short pile because the pile rotates without yeehding
the soil failed throughout thale depth.

1 In general, the numerical models suitably simulate the pile shaft and soil responsmicfdhe

screw pileghat are consistent with the lateral load field test results.

6.4.3. Mobilization of the Various SoHpile Interactions
In this seadbn, the lateral shaft, the vertical shaft, the thread bearing and the lateral thread reactions
in the middleof each segment type, including smooth, threaded and tapered seghpiie P6

at Sherwood Park, P1 at South Campus and P1 and P4 at Saedpteramined to show the
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mobilization of various soipile interactions. These piles are selected as they have different lengths
(1.5 mand 3 m) and are installed in different sites.

The mobilization of the lateral shaft, the vertical shaft, the threadrig and the lateral
thread reactions at the middle of each segment type of pile P6 at Sherwood Park are shown in
Figure 6.17. At the middle of the smooth segmalatteral thread stress df4 kPa/mm, just below
the ultimate stress 616 kPa/mm, is deeloped corresponding to a lateral displacement of 6 mm.
Although the lateral displacements at the middle of the thregdeed(5 mm) and the tapered (
= -0.1 mm)segmerd are small, the lateral thread stresses in the middle of the threaded (21
kPa/mm)and the tapered (8 kPa/msg@gmerg are significant. As the pile is mainly displaced
laterally, the vertical displacement of the pile is minimal even though the pile is suliject
bending. Therefore, a negligible downward vertical shaft stress is gedeio the middle of the
smooth segment@.3 kPa) and a negligible upward vertical shaft stress is developed in the middle
of the threaded (0.1 kPa) and the tapered (0.1 kPa) segments. Also, the thread bearing reactions at
the middle of the threaded arftettapered segments are small because thesgosenal plane
rotations are minimal ¢ddx = 0.01). Minor lateral thread stresof 8 kPa and 2 kPa are developed
at the middle of the threaded and the tapered segmentesponding te0.5 mm and0.1 mm,
respectively. These stresses are equivalent to 0.65 kN and 0.04 kN over the entire threaded and
tapered segments. Aside from the threaded and tapered ssgmwrpatiencing small lateral
displacemers the surface area of the thread is also small. Theexethe lateral shaft reaction has
the most significant contribution to the lateral response of this pile. A minor contribution comes
from the lateral thread reactions and the contribution of the vertical ahdfthe thread bearing

reactions are negliigie.
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Figure 6.17. Te lateral shaft reaction, the vertical the shaft reaction, the thread bearing reaction

and the lateral thread reactiohpile P6 installed at Sherwood Park

The lateral shaft, the vertical shaft, the thread bearing and the latega teactions at the
middle of each segment type of pile P1 at South Campus are shown in Figure 6.18. As pile P6
(Fig. 6.17) at Sherwood Park and pile P1 (FdL8) at South Campus both behave as long pile
and the sod in which it they wereembeddedhave similar strength, the contribution of the
individual reactions to the overall pile response is similar. Except that the tapered segment of pile
P1 at South Campus is situated at a greater pile depth (2.65 m), the contribution of lateral shaft
reactiors (-0.9 kPa) at the middle of the tapered segment is minor as the lateral displacement is

very small (0.02 mm).
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Figure 6.18. The lateral shaft reaction, the vertical shaft reaction, the thread bearing reaction and

the lateral thread reaction of pile Ristalled at South Campus.

The lateral shaft, the vertical shaft, the thread bearing and the lateral thread reactions at the
middle of each segment type of pile P1 at Sandpit are shown in Figuré\@dt@ral shaft stress
of -12 kPa/mm is developed at theddle of the smooth segment that is laterally displaced by 26
mm that had reached ultimate stress of 12 kPa/mm. All other components exhibit linear stress vs.
displacement behavior, indicating that pile P1 exhibits the long pile failure, rsiogiéar tothe

piles shown in Figures 6.17 and 6.18.
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Figure 6.19. The lateral shaft reaction, the vertical shaft reaction, the thread bearing reaction and

the lateral thread reaction of pile P1 installed at Sandpit.

The lateral shaft, the vertical shaft, the tirbaaring and the lateral thread reactions at the
middle of each segment type of pile P4 at Sandpit are shown in Figure. 6.19. The lateral shaft stress
along the pile reaches the ultimate stress. As discussgatiion 6.4.2, pile P4 tested at Sandpit
behavesas a short pile. Therefore, the soil is displaced sufficiently along the pile length except
near the rotational axis. The lateral thread st®ssthe middle of the threaded and tapered
segments ared kPa and 16 kRaorresponding to 3 mm an8 m, respectively. A greater lateral
thread reaction is mobilized along pile P4 compared to the other pile because the pile experiences
greater lateral displacement near the pile base. Although the lateral thread stress over the threaded

and tapered segmernssequivalent to 0.9 kN and 0.3 kN, it is minor because of its short length.
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Figure 6.20. The lateral shaft reaction, the vertical shaft reaction, the thread bearing reaction and

the lateral thread reaction of pile P4 installed at Sandpit.

Based on he predicted mobilization of various sgile interactions, the following

conclusions may be drawn:

1 Generally, large lateral shaft stress is developed along the piles. The largest lateral shaft stress
is developed near the pile head, where thédig¢eral displacement is the largest. Significant
lateral shaft stress is also developed near the base of the short pile.

1 As the piles are mainly displaced laterally, the vertical shaft and the thread bearing reactions
are negligible.

1 Minor lateral thread steses are developed at the threaded and the tapered segments. Greater

lateral thread reactions are developed at the threaded and the taperedssaghmeeshort pile
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because the pile experiences greater lateral displacement near the pile base. Al#ough th
lateral thread stress is significant, it translates to minor force due to the small surface area of
the thread.

1 Therefore, the lateral response of the pile is mainly influenced by the lateral shaft reaction. The
lateral response is slightly affected ttne lateral thread reactiorend the contribution of the

vertical shaft and the thread bearing reactions are negligible.

6.5. Sensitivity Analyses

A sensitivity analysis of pile P3 in clayey soil and sandy soil was carried out using the numerical
model b examine the effect of the soil properties, the thread and the pile stickup on the lateral
response. Initially, the lateral response of pile P3 in soil with benchmark soil properties, original
thread and pile stickup was obtained. Then, the soil propexiee varied to some commonly
occurring ranges to examine which parameter hadytbatesteffect on the lateral response.
Similarly, the effects of increasing the threadltviandthe addition of thread along the smooth
segment were evaluated. Given tha test piles were embedded in the ground with different
stickups, the effect of different stickups had to be verified. Then, the lateral response of the pile
was obtained by changing the soil properties to certain commmegyrring values. The
sensitivty, in terms ofthe percentage difference, of the ultimate lateral load capacity was defined
as follows:

“Pw How (6-22)
¢ Rovwo =

wherePy.yo is the benchmarPy.y. The results of the sensitivity analysis including Ehes. Y
curves andP,.y of pile P3 in clayey soil are shown in Figure 6.21a and TableP8e8P,.y is
reduced by 40.2% whexis decreased to 50 kRand it is increased 48.5% whers, is increased

to 100 kPa. Th®,.v does not change whepis decreased to 16 kNAor increased to 20 kN/n
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It can be seen that the lateral load capacity of the micro screw pile is significantly changed when
suis decreased to 50 kPa or ieased to 200 kPa.

Theresultsof thesensitivity analyses, including tievs. Y curves andhe P,y of pile P3
in sandy soil, are shown in Figure 6.21b and Table 6.4 Pl halecreases by 34.8% whéais
decreased to 30and it is increased by 55.9%hen f0is increased to 50 Thevalue ofPyy
changes minimally with the changesgiand it does not change with the changBinit should
be noted thagbhas more effect on piR,.y in sandy soils because of its role in increasing confining

stressalong the pile.

25 r . 6 — -
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Figure 6.21. Results dihe sensitivity analyssi Lateral loaddisplacement of pile P3 in (a) clay

and (b) sand.
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Table 6.3. Summary ghesensitivity analyses of pile P3 in clayey soil

g (KN/md) su(kPa) | Puy (KN) h (%)

Benchnark 18 100 13.9 N.A.
Change irsy 18 50 8.3 -40.2
18 200 20.7 +48.5

Change ingd 16 100 13.9 -0.02
20 100 13.9 +0.02

Table 6.4. Summary ahesensitivity analyses of pile P3 in sandy soil

D Dr 7o Pu-v h
(kNm?) | (kPa) ) (kN) (%)
Benchmark 18 70 40 3.3 N.A.
Change indg 16 70 40 3.1 -5.9
20 70 40 3.5 +5.3
Change irD; 18 50 40 3.3 0
18 90 40 3.3 0
Change info 18 70 30 2.2 -34.8
18 70 50 5.2 +55.9

The sensitivity of the lateral load capacity of pile P3 in a clayey soil and sandy soil
change inregard tothe pile geometry and embedment was investigated. The sefulhe
sensitivity analyses includirigvs. Y curves andPy.y are shown in Figure 6.22 and Table 6.5. The
Puy of pile P3 in a clayey soil is significantly affected (+%.)8by the addition of thread at the
smooth segmenand it is not affected (0.05%) by increasing the width of the thread to 24 mm.
Therefore, it is evident that the lateral response of the pile can be enhanced by adding thread at the
smooth location wherthe lateral displacement and the cresstional plane rotation are highest.
Moreover the lateral response of the pile is not enhanced by increasing the thread width as the
lateral displacement and cressctional plane rotation are very small at thekedepths.

However theP,.y of pile P3 in sandy soil is affected (+2.4% and +3.9%) by increasing the
threads width andheaddition of thread at the smooth segment. Perhaps the lateral displacement

of pile P3 in the sandy soil is large enough to afteetlateral thread reaction. Also, the lateral
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response of the pile is significantly sensitive to pile stickup. Given that the diameter of this pile is
small, even a small change in pile stickup can result in a significant change in the lateral response.

Therefore, it is recommended that this pile be installed in the ground with a very small stickup.

20 T T S
Wy, =12 mm — =12 mm
Wy, =24 mm Wy, =24 mm
- — +thread - — +thread
15¢ stickup=0.1m RSN stickup = 0.1 m
— - stickup=0.3m —~ - stickup=0.3m _ =
3 53
o 10} (Al

5t
/ (b)
0 N N
0 5 10
Y (mm) Y (mm)
20 3
m— V=12 MM — =12 mm
Wy, =24 mm W, =24 mm
15 -~ + thread o — — +thread
~ 2} e 17
pd
<
o
(d)
0 5 10 0 5 10
Y (mm) Y (mm)

Figure 6.22. Results @he sensitivity analyssi Lateral load vs. displacement of piles (a) P3 in

clayey soil and (b) P3 in sandy saiid(c) P4 in clayg soil and (d) P4 in sandy soil
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Table 6.5. Summary @dhegeometrical sensitivity analyses of pile.P3

Pile P3 in a clayey soil | Pile P3 in a sandy soil
Pu-v (kN) h (%) Pu-y (KN) | A (%)
Benchmark 13.9 N.A. 3.3 N.A.
Wih = 24 mm 14.1 +0.05 3.4 +2.4
Addition of thread at the smooj 15.1 +6.80 3.4 +3.9
segment
Pile stickup of 0.1 m 18.3 +29.1 3.8 +14.9
Pile stickup of 0.3 m 10.9 -22.6 2.9 -12.9

6.6. Conclusionsand Limitations

The lateral responsef the piles tested at the three sites wereionbtaby numerical modelling in

the OpenSEES program. The predicted and meashred. Y curves are compared. The
distributions of lateral displacemen) (with lateral displacement corresponding to the ultimate
lateral soitshaft stressy(it), the crosssectional plane rotation of the shafty(dk), the bending
moment M) with theelastic bending momentA) and plastic bending momemi{) andtheshear

force alonghepile shaft ¥) and lateral soikhaft ) with the ultimate lateral seghaft stresgxi)

are obtained. The mobilization of the lateral shaft reaction, the vertical shaft reaction, the thread
bearing reaction and the lateral thread reaction at the middle of each segment type along the pile
are obtained. The lateral response sensitivitthefpile in a clayey and sandy soil to changes in

soil properties and pile geometry is examined using the numerical model. Based on the numerical

modelling, the following observatiomsedrawn:

1. The numerical models provide a reasonable prediction of dasuned response of the piles at
the three sites. The measufeds. Y curves of the piles at the early loading steayesmaller
thanthepredictedP vs.Y curves, which can be due to the presence of cajiitiesnear the pile
head observed after thdeinstallation. However, thié vs.Y curves of the piles are improved

as the annular soil cavities were closed upon lateral loading.
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2.

4.

Generally, the predicted and measured distributionh@bending moment are relatively
comparable to each other. Thetdbutions othey, dy/dx, M, V andp of the piles at Sherwood
Park and South Campus have the qualitative representative shape of a long piie fnetia

head condition. Furthermore, the predidi&ghx of piles P3 and P5 exceedls,, and thep only

at ecific small pile depths exceegds:. Therefore, it is shown thale piles failed as long
piles (or flexible piles) as plastic hinges were formed at some distance below the ground
surface without the failure of a significant portion of the soil.

The pedicted distributiorthe pile shaft of pile P1 at Sandpit has the qualitative representative
shape of a long pile witthe free-head condition. However, almost all of the soil reached the
pui €xcept near the rotational axis. The pile can be classifiadrassitional pile with mixed
behaviour as both the pile and soil failed. The distribution of pile P4 has the qualitative
representative shape of a short pile witafree-head condition. Almost athe soil reached

the purt, which further validates thghort pile failure mode.

An examination of the sepile reactions shows that the lateral shaft reaction contributes the
most to the lateral pile response oftak piles. The contribution of the lateral thread reaction

is minor, and the contributions dhe vertical shaft reaction and the thread bearing reaction are
negligible. One pile at Sandpit behaves as a shoripileatthe lateral soishaft reaction near

the pile base also yielded.

The lateral load capacity of a pile in clayey soil is sigatiiitty affected byachange irs.. The
lateral load capacity of a pile in sandy solil is significantly affected lbjiange infa In
contrast, it is minimally affected bgpand notvery much byD,. The lateral load capacity of a
pile in clayey soil is significantly enhanced by the addition of thread along the smooth segment

because the lateral displacement and esestionalplanerotation is the greatest ashallow
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pile depth. The lateral load capacity is not improved even when the thread width is doubled
along the lower portion of the pile.

6. The lateral load capacity is affected by the addition of thread along the smooiknsemd
doubling the width of the existing thread in sandy soil. The lateral response of a pile is

substantially affected by stickup because the pile diametelaisvelysmall and slender.

The lateral shaft resistance of pile in cohesive soils wassepted by-y springs as defined by
Matlock (1970). Matlock (1970) defingdy spring for a soft, submerged clay deposit. Field tests
were conducted on fully instrumented, flexible, driven pipe giles 320 mm)at Lake Austine

and Sabine under statind cyclic loadingThe lateral shaft resistance of pile in cohesionless soils
was represented lpyy spring as defined by API (1993). This method was originally presented by
Parker et al. (1970) from the research of ssd&meter pipe pilesanditwasthe f i ed by OO0
and Murchison (1983). They curves was correlated from measured soil properties and response
of instrumented, driven pipe pil®(= 50.8 mm). It should be noted that g springs alsot-z
springs andj-zspringsused in this reseehn were initially developed for specific piles and specific
soils. The micro screw piles are installed at the three sites using the torque ritiveder, these

p-y springs which wereused in the current research, provide a relatively accpratictionof

pile response.
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7. Conclusionsand Limitation s
This researclcharacterizethe axial and lateral performancenoicro screw pils based orfield

tests at three sites and numerical models.

7.1.Axial Performance of Micro Screw Piles in Sand

An axial loadfield test program was undertaken to develop the axial responserofscrew pils

in sand. In total41 tests including 21 compressioniestsand 18 tension tes were performed.
Eight piles were instrumented to obtain the axial load trarR&devantdesign parametsfor the

micro screw pilevereobtainedfor the CPTFbased method, effective stress method and empirical
torque factormethodby correlatingthe distributions ofinit shaft resistance and appropriate soil
parametes. The theoretical tque model was adopted for piles in sand. Based on the field test

program, the following conclusignveredrawn:

1 Mostly the compressive but also the ten§jleof the piles is significantly affected by the
tapered segment, especially for tapers in loosd.sHnme pile desnot experience plunging
failure during compression t@sg. Substantial displacemei#t requiredo achieveheultimate
state. The soipile interfacs of the smooth segment atltethreaded segments in dense sand
exhibit dilative behavio The interface of the threaded segment in loose sandsshow
contractive behavior.

1 The cylindrical shearing mode govethefailure of the threaded segmenit$e valus of gsu
along the uniform (smooth and threajleggmerg are not visibly affected byhe loading
direction. Thevalues ofgsu along the tapered segmsiatre estimated using CSM using the
equivalent cylinder aredhe averagesu along the tapered segmsing 7.1 times that of the

value at the threaded segment.

171



1 A correlation between the digoution of gs and cone tip resistancg was developed for the
CPT-based prediction method for pile capacities. The meagyradd gc along the smooth
segments comparable to Curve 2 reported by Bustamante and Gianeselli (1983). The median
value ofa along the threaded segmestess than that of the smooth segmand the median
value ofa along the tapered segmestsubstantially less than that of the uniform segment.

1 The median value dfs along the uniform segment aompactsandis near the @ssivestate
pressure coefficient. The median valu&eglong the uniform segments in loose sendear
2Ko, as suggested by CGS (2006) for driven piles. The average vatualaig the tapered
segments greater than the uniform segment because dditpile failure mechanism along
the tapered segment.

1 Based on the theoretical torque model, the estimated roffile TmaxandTengarecomparable
to the measured pro#s of T, TmaxandTens The empirical torque factdtr is greater fothe
piles inthecompression tests thémetension tests. The proposkd valuesaresimilar to the

values estimated using the empirical equation provided by Perko (2009).

7.2. Axial Cyclic Performance of Micro Screw Pilesin Sand

A field test was performed tovestigate the axial cyclic behaviormicro screw pils at Sandpit.

The axial cyclic load was desigd tosimulate the vertical loads on the pile during an earthquake
Three piles were instrumented wiBGs to measure thee-distribution ofunit shaft restance
during the test. Bottheoverall pile andheindividual pile segment response were examined. Key
stability factos such as pildhead cumulative displacement, stiffness and equivalent damping ratio
were obtainedln addition the stiffness and etalent damping ratio of the unit shaft resistance
hysteresis of the individual pile segments were assessed. Based on the axial cyfiétdltests

of themicro screw pils conducted at Sandpit, the following conclusimeremade:
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1 The piles @ not experience plunging failure or a reduction in axial capacity. The piles reach
the serviceability limit state by accumulatiadarge displacement. The valuewaf increase
with anincreasinghumber of cycles in a nearliynear pattern. The finak; varies between 5
mm and35 mm. All the pilesareconsidered unstable based on the normalized cyclic stability
interaction diagram.

1 The cyclic behavior of pileis affected by the load correspondinghteinitial FS. A pile loaded
to a lower FS experience a greaiv. and a lowerKi/Ky ratio, where the cyclic response
includes more plastic deformation amsimore unstable.

1 The loading stiffnes& of piles increasewith anincreasingnumber of cyclesand theK, of
the short piles increasenuch more than the hg piles because of the effectsagfreater taper
lengthto total length proportianThe unloading stiffneds, remairs steady. The damping ratio
x remairs more or less unchanged with the number of cycles. The valube &bf piles P1
and P3aresmalle than other piles because these paledoadedwith a greater FS.

1 The value othegsof the individual segment+@istributes: thegs of the smooth anthethreaded
segments in compact sand rensainchangedthe gs of the threaded segment in looseda
degrads because of the contractive behavior of loose sandreagi of the tapered segment
in loose sand increassignificantly.

1 The values ofhek of the tapered segmeatethe greatestand thek of the smooth segment
arethe least. The tapatesegmenk; exhibits the greatest increase, which means the taper
contributes the most to the overall increasethestiffness oftheentire pile. The values dtie
zof the individual segment remain unchanged aitincreasing number afycles. The vales
of the z of the tapered segmerasethe greatestandthe values othe z of the smooth and

threaded segmenérethe least.
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7.3 Field Lateral Performance of Micro Screw Piles

A field test program was undertaken to investigate the lateral respbnsiero screw pils in
cohesive and cohesionless soils. Six piles at Sherwood2Pquikes at South Campus ahépiles

at sandpit were tested. Selected piles were instrumentedS®#to measure thdistribution of
the bending moment. The locatisf the maximum curvature othe testpiles at Sandpit were
documentedThe pile failure mode was found using tfistributions ofthe bending momenthe
location of maximum curvature and Broin$1964) and Meyerhof and Yilcin §1984) criteria.
Based oralimited number of smakcaleandfull-scaletests alongvith theoretical and numerical
research, it was concluded that the effe¢hehelix on lateral response was negligible. Therefore,
the lateral capacity of the pile was estimated by only considgréengile shaft and assuming long

pile failure mode. Based on the field test program, the following conchsie@redrawn:

1 Generally, the pilePur increass with increasingdiameter and not witlincreasinglength
because the effective length of slepiles with the same diametesthe same. The value tife
Pur of pile P6 L = 1.5 m ands = 76.1 mm)s slightly greater than pile P& € 3 m andDs =
76.1 mm) becaudhepile P6 threads located at a shallower depth.

1 TheDBM of the instrumented pile@at Sherwood Pa&ndP1, P3 and P5 at South Campus
exhibits the representative shape of a long pile uniterfree-head condition, where the pile
deformationis minimal near the pile bask addition the ratioof giM/ ¥pdecreasgin the
vicinity of Y.y andYu.ps, which suggestthat the piledhavefailed structurally. The deformed
shape othepiles at Sandpit also indicatthatthe piles have failed as long pile

1 The lateral response of pile P6 at Sherwood BackP1 and P3 at South Campaigrobably
mainly affected by the soil #teshallow depthof 7Ds, 10D and 1Ms, respectively. Therefore,

the thread arenot efficient in improving the lateral response of the piles.
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1 Consistentwith the observed failurenode, Brom8 $1964a, b) and Meyerhof and Yiléns
criteria suggesthatall the piles (P1LP6) behave as hg piles at these sites. Brordsmethod
provides a marginally smaller estimate of the meaduwéimate lateral capacity of the piles at
Sherwood P& and Sandpit. Perhaps the underestimasidae to neglecting the thresthen
estimatingthe lateral capacity of the p#eThe capaciés of the piles at South Campuase
significantly overestimated by this method.

1 The effect of the taper on the leikresponse ahepile is negligible inthe sense that the pile
deformationsminimalalong these depths. TBE8M is the greatest along the uniform segment
where the crossectional areés the greatest. Therefore, the placemethefapered segment

at the bottom of the piles anefficient way to increasthe pile and soil capacity.

7.4. Numerical Modelling of the Lateral Behaviour of Micro Screw Piles

Numerical models werdeveloped on the OpenSEES platform to simulate the lateral response of
themicro screw pileA comprehensive methdkdatmodelled the different componemtf soil-pile
reactiors was developed. Aside from the typical spile reactios, thethreadbearingreaction

was modelled by a series of zdemgth fiber sectioswith approprate soil reactios Furthermore,
instead of typical elastic beaoolumn elements, the pile shaft was modelled as fiber sections
which better represestthe pile response. The model was verified against the field test results
obtained at the three siteshd contributios of the individual soilpile reactions wre assessed.
Finally, a sensitivity analysis was conducted to evaluate the effect of soil propertigseaifc

pile geometry. Based on this method, the following conclssaaoedrawn:

1 The model povides a reasonable prediction of the measured response of the phedhate

sites. The lateral responsetbé pile atthe early loading states overestimated because of the
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annular soil cavity development. The lateral response of thespiteprored as the annular
soil cavityis closed.

Generally, thedistribution of the predicted and measured bending momenteasonably
comparable. The distribution tiiey, dy/dx, M, V andp of the piles at Sherwood Park and
South Campus Isathe qualitative req@sentative shape of a long pile withe free-head
condition. Furthermore, the predict®bthax Of piles P3 and P5 excesdWy, and thep only at
specific small depths excesgl.

The distribution of pile P1 at Sandpitsihe qualitative representativesgie of a long pile
with the free-head condition. However, almost #tie soil ha reachedout, except near the
rotational axis. The distribution of pile PAdthe qualitative representative shape of a short
pile where the pile deformation and movemametsignificant near the pile base and all of the
soil had failed.

The lateral capacity dhepile in clayey soils significantly affected by the changesin The
lateral capacity ofhepile in sandy soiis significantly affected by the changeffhwhile itis
minimally affected by and notvery much byD:. The lateral capacity dhe pile in a clayey
soil is significantly enhanced kifie addition of thread along the smooth segment because the
lateral displacement and cressctionalplanerotationis the greatest at shallow deptfihe
lateral capacitys not improved even when the thread widtdoubled along the lower portion
of the pile.

The lateral capacity dhe pile in sandy soils affected by increasing the addition of thread
along the smoth segment and doubling the width of the existing thread. The lateral response
of the pile is substantially affected by stickup because thé&pdemetets relatively small

and slender.
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7.5.Limitations
For the axial cyclic loadfield test results,he following limitatiors shouldbe noted if the results

are to be used in practice:

1 First, more tests atvariety ofaeqx and FS are needed to establish the comprehensive cyclic
behavior of piles subjeetito a large spectrum of cyclic loads (e.g., lequaks, wind and
waves).

1 Secondly, the loading scheme is psesthtic instead of dynami@and hence the effect of

loading ratess neglected.

Forthelateral loadield test results, the following limitatieshould be noted:

1 The pile was laterally loadl underthe free-head condition by equipping the hydraulic jack
with two hinges. However, some momeobuld be developed at the pile head.

1 The smoothened lateral lodisplacement curve was accurdie within a couple of
kilonewtonsbecause the load fituated due tthe hydraulic fluid heating and cooling.

1 There aresome subjective erreassociated with obtaining ultimate lateral capabitysing
DeBeer (1968).

1 The DBM was obtained athe discrete locatios of selected pilesA betterDBM could be
obtained by addig extraSGs.

1 The ultimate lateral capacity was estimated using the soil properties interpreted from CPT

readings. The effect afiepile installation on soil disturbance was not considered.
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Appendix A: Additional Site Characterization Results and Torque Readings

Additional site investigation results at Sandpit inelud

1 photos of boreholes with SResting

1 a schematic of soil stratigraphy Sandpit based on borehole drilling and distribution-of SPT
N160

1 profile of water content

1 Profile of water content

1 Particle size distribution of sand

1 Specific gravity of sand

1 Maximum and minimum void ratio andaximum and minimum dry density of sand

1 Constartvolume friction angle

Furthermore measured continuoustallation torque records dhe piles at South Campus

attached.
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A.2. A schemat of woil stratigraphyat Sandpibased on borehole drilling addstribution ofSPT-

Nz1eoat Sandpit
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