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ABSTRACT

Load Sharing Mechanism of Piled Raft Foundation in Sand

Rouzbeh Vakili, Ph.D.
Concordia University, 2015

The @plication of piled raft foundatian for supporting high rise buildinghas
significantly increasedver the lastfew years The economicbenefits of piled raft
foundationsin comparson with alternativeapproachesiave encouraged thmopularity,
but this comes with additional complexitfor load sharingcalculatiors in a multi
parameter problenThese parameters abait not limited to: soil density, pile length, pile
spacing, raft geometryand pile installation techniqu&he complexity of piled raft

foundation design demands further researchrange oflifferent engineering aspects.

In this study, the load sharing mechanism of a piledfoafbdation in sandy soivas
investigated through small scale testsd three dimensional numerical analyséke
effects ofdensityin homogeneouand layered soil, sand particle sidistribution, pile
installation method and raft width were studied through experimental analyses
Experimentatestswere performed on shallow footing, single pile and single piled raft
unit in cleanSilica sand The results of small scatests reveathat soil density changes
the load sharing mechsm of a displacement piled raftthe pile share increasés
denser soilHowever thisresult does not holoh nondisplacement piled rafiwhereload
sharing § independent of soil densitffurthermore, it is observed thaarficle size

distribution hasnconsiderableffects on piled raftbehavior.

One of he experimental tesbn nonrdisplacement piled raftwasemployedto calibrate
the 3D numerical modelwhich was further expanded int2x2 and 3x3 piled raft



foundations Theload sharingutputs ofthe aforementionednodels were comparddr a

given settlement ratio. This comparison revetiat the number of pileshas an
inconsiderablempacton the load sharing of nowlisplacement piled rafjiven that the

piles are identical in size and a minimum spacing among them is resp&bied.
numerical analysis confirms that the conducted experimental éestsoordisplacement

piled raftsare applicable to predict the load sharing in practical cases. Therefore, an
empirical modelwas developed to achieve this goal under various settlement rdtio an
pile spacing The proposedempirical models were validated against the available

centrifuge and 8ld test resultén the literature

A widely accepted analytical modeh the literature wasmodified based on the
previously conducted experimental results. The proposed model calculates the load
sharing as a function of settlement and pile spacing ratimomogeneousnd layers

soils.
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Chapter 1

Introduction

1.1 General

The piled raft foundation system is a combination of shallow and deep foursd&ligure 11),
which ismainly used undehigh rise buildingsThe conventional design method for this type of
foundation was based on the assumption ti@piles carry the entire external loddhe raft's
contribution was ignored. Burland et al. (19¥}ially suggestedonsidering the contribution of
theraft in bearing capacity and applyitige piles below the raft for controlling the settlement.
This idea hasincebeen studied bynanyother researchers (e.g., Viggiani 2001, Poulos 2001a
and b, Mandolini 2003, Randolph et al. 2004Yyiggiani et al. (2012)divided piled raft
foundationsnto two main categories'small* and "large" piled rafts. Small piled rafire those

in which the raft width (B;) is small in comparison to the pilength(L). In this caseadding
piles not only satisfiesthe appropriatesafetyfactor for bearing capacityput it alsocontrolsthe
settlement. In large piled rafB,/L>1), the raft is usually enougi providethe required bearing
capacityand additional pilesre used taedue bothtotal and differential settlementEither of
these pile raffoundations transfers the superstructure load to the soil by a complstrgoilire
interaction. The interacting mechanism among foundation elements andutieirnding soil is
illustrated schematically in Figure2land could be classified into two categories: (1)-pdig

pile and (2) pilesoil-raft.



Figurel-1 Schematic view o piled raft foundation

Quotal

Figure 12 Schematic view of load sharing mechanism between pile and rafts in a piled raft founddfippile
soil-pile interaction and (2) pilesoil-raft interaction

The pilesoil-pile interaction is the same as the free standing pilepgamd is a function of pile
spacing and pile installation methddhe interactioneffect in the pile group desigs considered

by defining the group efficiency as follows:



Qpe
= 11
" n3Q, (11)
WhereQpg is thepile grougs ultimate loadQp is the ultimate load of a single pile under equal

soil conditiors, andn is thenumber of piles in the group.

Liu et al. (1985) illustrated that for bored @il@ sandy soils, the group efficiency is very close

to unity and isindependent of pile spacin@lfung 1993). Thgroupefficiency of drven piles in
cohessionless soiith the usual values of theile spacing 25¢s/d, ¢3.5) is always greater

than 1 (Viggiani et al. 2012). In the design concept of pile ggoigp typical pile spacing in

loose to denseand (3d, to 3.5,), the efficiency is conservatively assumedeequal to unity.

Pile-soil-raft interaction could have favorable and unfavorable effects on bearing capacity and
the settlementf piled raft, respectively. The pressubetween the cap and the soil favorably
increases the horizontal stress on the pile shaft and consequently imtheasieaft resistance
Whereas, this pressure inducesgative skin frigbn on the piles which increastse settlement.

The pilesoil-raft interaction mainly controls the load sharing mechanism of piled raft

foundatiors when pile spacingS) is more than 3.5d

The behavior of piled raft foundatisin sandhas beerextensivelystuded in the literature
through experimental and numerical anaty$iowever, the effect afaft-soil contact ortheload

sharingmechanism of piled raft footisgs not very well understood.

1.2 Purpose of this study

The parameters that couleshpactthe load sharing mechanism of piled raft foundatoa but
not limited to piled raftsettlementsoil density pile length pile spacingraft geometry andpile
installationtechniqus. Different researchers studied the effetipile length, number fopiles,

3



pile configuration, and cap geometon piled raft behavigrbut less attention has been paid to
the other aforementioned parameterberefore, lhe main goal of this study iavestigating the
effect of soil density, soil stratification, pile installation method, raft width ratio, and piled raft
settlement oroad sharing mechanisbetween piles andgid raft in norrcohesive soiandalso

developing settlement based methtmt estimating the load shag of piled raft foundatios

1.3 Thesis Outline

The present thesis consists of the followimge chapters.

Chapter 2 covers the background pled raft foundatiorbehaviorincluding experimental and

numerical studiesas well as the field observations.

In Chapter 3 theharacteristics ahe experimental set ypest soiland modeledoundations are

explained, in addition to a detailed description of testing procedures.

Chapter 4presents the resuttf eachexperimentatestin the form of loaesettlemat and load
sharingsettlement curvesrhe loadsettlement curves are analyzed and the ultimate capacity is

obtained

In Chapter 5parametric study omhe experimental resultsvas conductedthe effect of each
parameter on load sharing and group efficyeof piled raftfooting is studied.The experimental

observations are compared with previous studies to shows the consistency of the results.

In Chapter 6, the effect gile number orthe shared load betweére piles andtheraftis studied
througha series othree dimensional numerical analyses. The mzdslibratedoy the resultof
a conducte@xperimental tesin anon-displacement piled rafff hevalidatedmodelis employed

to estimate the load sharinfi2x2 and 3x3 nowlisplacement piled feain homogeneousand.



In Chapter7, empiricaldesign charts for estimating the load sharing and group efficiency of non
displacement piled raft are present&@tle propose@mpiricalmodelsare validatedagainstthe

available centrifuge anddi testresultsin the literature

In Chapter8, Randolph(1983s si mpl i fi ed met hod for |l oad st
incorporate the effect of settlement on pidt interaction factor irmomogeneousind layered

soil. The proposed analytical modslvalidated by experiment&sts conducted in this study

Finally, Chapter9 concludes this thesis with some discussion andnpatefuture research

directions



Chapter 2

Literature Review

2.1 General

The concept of piled raft foundati®was originally described bSievert(1957)andencouraged
designers to adopt this approach for higge building foundatiom Conventionally, the pile
groupwas designed to arry thetotal appliedload notwithstandingthe bearing capacityf the

raft. Such design is proven to be overgineereddue tothe fact that the ratio dhe ultimate
bearing capacities gbiled rafs over pile group is always greater than oras illustrated in
Figure 21. ConsequentlyHansonet al. (1973) an@orlandet al. (1977)proposeda new design
philosophyto considerthe raft as thenain bearing element and to apply the pile group as the
settlement reduceFollowing this ideathe implementedpiles below the raftare designed to

operate typicallyat 70-80% of thér ultimate loador even at their full load capacity

6 —
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FOOTING FAILURE Sand: loose to medium dense

—- —r —=1

44 — 1 "_.'.":;/"5""4;' 1 7T 77 Kishido & Meyerhof {1965)
‘ ) LAk steel piles
) +— v sanded oiles
-~ calculoted

Group Efficiency

1 .ex Vesic (1969)

coo Garg (19792), bored piles
1 1 w00 [ju et al. (1985), bored piles
Number adjocent to symbols/lines
indicate numbe of piles in groups

R [~ TR P 16, L Fe
Pile Spacing, S/d

Figure2-1 Group efficiency of piled raft foundatiosin loose to medium denssand, adapted fronPhuong
(1993)



The aforementionedesgn approachvas widely recognizenh the ninetiesvhen the demand for
constructing higkrise buildings rose (Franke 1991Hanson1993; Clancy and Randolph 1993;
Poulson1994 Franke et al. 1994; Ta and Small 1996; and Wang 19®&)Ison(2001b)
illustrated that the adoption of sueldesign approach uttiately resultsn a more economical
solution due taa reduction inthe number of piles pursuant to bearing capacity and settlement
requirements.Figure 22 compares the loasettlement cur of piled rafs under the
conventionaland the aforementionempproach and conveys that the number of piles could be

gradually decreased till an acceptable settlement under a given design load is achieved.

Design
load Load
1
I
I
1" Curve (1
' - / ft only (settlement excessive)
\ | - 1 rall ¢ } SCLLICTIC LRCCSAIVE
Y I No
i vield 2 Curve 1: . )
\u : raft with pile designed for
w oo A { conventional safety factor
=3 Allowable ; ,]"IE,-"‘ )
= settlement 0 yielding Curve 2:
& raft with piles designed for

lower safety factor
/ Curve 3:

Piles & raft raft with piles designed for
ikes & raf full utilization of capacity
vielding

Figure2-2 Load settlement curves for piled rafts according to various design philosoptadapted fromPouln
(2001b)

In the following sectios of this chapter, a comprehensiireerature review is conducted on
experimental and analytical studies on piled raft foundaSarce the main focus of this stuidy
the loadsharing mechanism of piled raft footing in sand, only ¢cbeductednvestigationson
sand soilsare highlightecherein At the end of this chaptethe availablecasestudieson piled

raft footing in sandare presented



2.2 Experimental works

This subsection describes the following three main categories of experimental works: 1g model

test, centrifuge test, and field large test.

2.2.1 19 Model Tests

In the literaturenumerous experiméal resultsare reportedwhich analyze the performance of

pile groups under various loading and soil conditiofesg, Al-Mahdi 2004, Lee and Chung
2005, Al-Mahdi 2006. Furthermore, several small scale tests have been conducted to study the

behavior of piled raft foundati@whichis summarized as follows

Akinmusuru (1980) demonstratethat thebearingcapacity of the piledaft foundations exceeds
the sum of the bearing capacity of &t and pile groupgthrough a series aéxperimentson
shallow footing pile group and piled ratinderidenticalsoil conditiors. It wasfurtherillustrated
that the bearing capacity dfie raft in the piled raft foundation is similar to that afshallow
footing. Based on these observatiortse following correlationwas proposedor the piled raft

bearing capacitgetermiration

Qrr =@Rps +Qr (2.1)

where Q_, is the ultimate capacity of pile groug, istheraftt s ul t i maahdajistlepaci ty
pile sharingfactor which incorporates the effect of pigmil-raft interaction on the pile group

ultimate capacitylt was shown thagi is awaysgreaterthanunity anddecreaseby increasing

the pile length.

Akinmusuru (1980)lso displayed the effect of pile length and raft geometryherpiled raft

load sharingExperimental restd ona single piled raft unit (Figure-3) revealed that the raft



share increases extensively by enlarging the raft width, whereas the pild leagt

inconsiderable impaain theload sharing.

100

Qp /04 (%)

0 5 10 15 20 25100
PILE LENGTH, Ld

Figure2-3 Load sharing between single pile and caulapted fromAkinmusuru(1980)

Cao et al. (2004 )verified the effectiveness of unconnected gile reducingar a fsettiement
by conducting experimental testsphanestrain condition The model raftwas foundedn sand
with relative density of 70%and different parameters such aaft rigidity, pile length, pile
arrangement, andumber ofpiles were variedn this study The experimentakesults revealed

that disconnected pildselow the raftareefficientin reducing settlement argarty around 30%

of theapplied load on the rafit high pressuredgure 24).
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Figure2-4 Fraction of loads taken by plates and piles for 500mm long pitetapted from Cao et al2004)

Lee and Chung (2005executed small scale model testsismlated single pile, singllwaded
pile in apile group, urpiled footing,freestanding pile groumd piledraft. All the pile groups in
this study consisbf nine piles(3x3) driven into a dense sand deposit (FigureS5p The
experimental results illustratedat the contact betwedheraft andthe underlying soil increase
the piles skin friction asa function ofpile spacing and pile position (Figure6®. It was also

observed thatheraft share in piled raft foundatiems similar toun-piled raft behavior
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Figure2-5 Schematic of test setupadapted from Lee and Chun(@005
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Figure2-6 Difference in shaft friction between piles in free standing pile group and piled footing at the
settlement of 3mm or postyield condition, adapted from Lee and Chui@005

El Sawwaf (2010)performedan experimentainvestigationon connected and unconned
displacementpiled raft footing under axial load and overturning momeifEigure 27). The
effects of pile length, numbef piles, relative density of sand, and load eccentricity on the-load
settlement behavior of piled raftere investigatedthroughthis study The experimentatests
were conductedn three different relative densitie35, 55, and 8. The concludingpoints of

this study areas follows the efficiency of theiled raft systemdependon the load eccentity
ratio, pile arrangemenand relative densityincreasingthe number of pils could only lead to
reduction of settlement until reaches a certain vathe greatest improvement in the raft
behavior was observed when the sand is in dense condition and the piles are connextadt to th

(Figure 28).
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Figure2-8 Variation of average bearing pressurgsrsusmaximum settlement for different relative densities of
sand, adapted from Ebawwaf(2010)

El-Garhy et al. (2013)studied the behavior gdiled raft foundatiors in sand by conducting a
series of small scale tests. the test progranthe pile spacing was kept unchanged (S=g.5d

while, the pile length, number of piles, and raft thickness were varteel test results revealed
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that: the raft thicknessand the pile lengtlhave inconsiderableeffects on the piled raft load

sharing (Figure -B and 210); the pile share increases by increasing the number of piles when

the pile spacing anttheraft size are constagfigure 210).
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Figure 29 Variation of raft shareversusraft relative stiffness for piled raft with different number of piles and
slenderress ratios, adapted fronEkGarhy et al. (2013)

PP, PPy,

0 2 4 6 8 10 2
Number of piles

Figure 210 Load sharing o& piled raft with different number of piles and alswarious slenderness ratio
adapted fromEFGarhy et al. (2013)

Supplementary information about the test takd the modelifed rafts in the aforementioned

experimental studies are provided in Table. 2
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Table2-1 The properties of test box, raft, pile, and soil in small scédsts onpiled raft footing in sand

Test Box Raft Pile
Wide Long Height| Dimension  Thickness Size Thickness Length
Reference
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Rec: 8x16d,
Akinmusuru (1980) NR NR NR 16 19 OD NR up to 25d,
Sq: 2.510d,
Cao etal. (2004) 240 1700 800 220x440 5,10,25 | 9.5x9.5 1 350, 500
Lee and Chung (2005)| 1000 1400 2500 365x365 20 320D 1.2 600
El Sawwaf (2010) 900 400 500 398x200 10 12 OD 1 60, 120, 180
El-Garhy et al. (2013) | 1000 1000 1000 300x300 5,10,15 10 0D 15 200,300,500

OD: outer diameterd,: pile diameterNR: not reportedRec.: rectangular, Sq.: square

2.2.2 Centrifuge Model Tests

Geotechnical centrifugenodelingis an accurate technique to tratke behavior of piled raft

footings in sandy soil Althoughthe results of centrifuge tesire more reliabl¢hansmall scale

tess, its inaccessibility andhigh associatedxpensesestrictits applicatiors.

Giretti (2010) performed two series of centrifuge tests to exartteebehavior of rigid raft on

settlement reducing piles subjected to axial loading.

1 Thefirst series ofexperimentakestswas executedon rigid circular raft lying on a bed of
fully saturated loose san@D,=30% and supported by either displacement or -non
displacement pilesThe testing program included tb&periments omaft andpiled raft with
1, 3, 7 and 13 piles (Figure11). The model raft was 88mm in diameter and 15mm in
thickness. The model pgdemployel in these tests were close ended and free headed with the
diameter of 8mm and the length of 160mnie centrifuge test results demonstrated the

settlement reducing effeaif piles and revealed that the number of displacement piles
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required to reduce the eftlement to an acceptable limit is lower than that of-non
displacement piles (Fioravante et al. 2008)e variatios of load sharingrersussettlement
for different piled raft configuratianareillustrated inFigure 212. It is observed that load
sharing varies ncehinearly with settlementatio (W/d) and the pile share increases by

increasing the number of piles.

e 1 !
T f 7 ;
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/\ e ,C D (T
v ‘\ [ ] .jz.in,, 20 mm
4= sxk—/ d,\,
| ! l !
- I 1 [ 1 [
l ] ] §

—»| —|
D, D, D,

Figure2-11 Piled raft configurationsin the centrifuge testsadapted from Giretti (2010)
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Figure2-12 Variation of load sharingrersusraft relative settlement (settlement of piled raft over raft diametg,
adapted from Giretti (2010)

1 The second series of centrifuge tests was perfoumeer two scenarios whererigid raft
was either connected odetachedrom the driven pilesin the dry sanddeposit(Dr=60%)
The testing program included thests onraft, single pile, and piled rafts with 1, 4 and 9
displacement piles (FigureIB). The model raft was a squamgth 115mm widh and 2%nm
height The employedmodel piles were close ended and é&deaded with the diameter of
8mm andthe length of 292nm. The test resultsevealedthat the connectegiles act as
settlement reducers htyansferringthe appliedload on their heads to deepeaoil volume;
whereasthe non-connectediles mainlyperformas soil reinforcementurthermore, it was
concluded thathe pile-soil-raft interaction producesegative skin friction o the upper part
of pile shafts andhe stiffness modulusf connected piled rafteduces by settlement unitil

reaches the raft stiffnesspile group failurepoint (Fioravante 2011).
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Figure2-13 Schematic view of model foundationis the serious#2 of centrifuge tests, adapted fronfrioravante
and Giretti (2010)

2.2.3 Field Large Model Tests
The field large scale test is thmost reliable method for evaluatifigundationperformance

however its associatedostlimits its applications

Liu et al. (1985)executedield test on piled raft foundatiosin sand anatoncluded that block
failure does not occur for grospf bored piles in sand.hE following empirical equationwas

proposed for piled raft bearing capadiigtermination
QPR = n(bsalsts + beE)st) + QR (2-2)
Where o_.=theultimate capacity of piled rafoundation

nis thenumber of piles in the grouj_and g are the shaft and base capacity of single pile, and

Q, Is theraft ultimate capacity.
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Where:dand b are coefficients representthe effects of pile-soil-pile and pilesoil-raft

interactiors, respectively.

Phuong (2010 performed large scale tests simallow footing pile group and piled raft footing

that consisd of a square raft andive displacementpiles (Figure 214). The following
conclusions were drawn frothe analysesThe pilesoil-raft interaction governs the piled raft
behavior througlpile shaft capacity expansipthe recordegbile share in a piled raft footinig

much greater than the carried load by a free standing pile group in identical soil condition; the
pile positiondoesnot have a considerable impact on the amount of the carried load by the pile in
a piled raft systen{Figure 218); prior to the piles failure, the majority of applied load is
absorbed by the pile and it is later transferred to the raft after the failure ffw@ntoad
settlement behavior of the raft in a piled raft footimgimilar to that of a corresmding shallow

foundation.

Figure2-14 Field largemodel tests set up: a) Test on a frestanding pile group; b) Test on a piled footing with the cap in
contact with soil, adapted from Phuong2010)

18



o~
o

Cap

N

== Piles

o
1
]
\
\\
AN
i
A
\
W\

LOAD TAKEN BY CAP & PILES , kN
3 S

0 20 40 60 80 100
TOTAL LOAD, P (kN)

Figure2-15 Load share between cap and individual pile$ien the sand density and pile length are 38% and
2.3mrespectively adapted fromPhuong(1993)

2.3 Analytical Works

Severalanalytical methodshave been prposed for piled raft foundatiorsome of tlosewere
summarized byPoulsonet al. (1997),and Poulson(2001a and b)AIl the analytical methods

could be categorized in four classes:

1 Simplified analysis method, which involves a number of simplifications in relation to
themodelingof the soil profile and the loawy conditions on the raft.
1 Approximate computeri based methodwhich includes the following approaches:

U Strip-on-springs approach, in which the raft is represented by a series of strip
footings, and the piles are represented by sprvitis appropriate stiffnes@oulson
1991,Poulson2001b)

U Plateon-springsapproachin which the raft and the soil are represented by astiel
plate and continuum, respectively ati piles are moded as interacting springs
(Poulson1994,Viggiani 1998 ,Anagrostopoulos and Georgiadi®98).

1 More rigorous computefi based method such as:

U Boundary elementechnique in which both the raft and the piles ar@deledwith

boundary elementSinhal997and Hartmann and Ja@007),
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U Mixed techniquepresentsa method that combines boundary elen{&f) and finite
element(FE) analysis. The raft is modeléby FE as a platsupported by notinear
elastic springs at each node of the mesh. These spollgstively represent the
underlying soil and the pile3he transferred pressure from raft and pile to the soil is
modeled byBE (Franke et al1994).

9 Accurate Numerical Method
U Two-dimensional2D) numericalanalyses

U Threedimensional3D) numericalanalyses.

The simplified and numerical methods are explained in more tefailv.

2.3.1 Simplified Analysis Method

Several simplified solutions have begmposed to analyzgiled raft foundatios (e.g.,Poulson
and Davis 1980, Randol@®94 Van Impe and Cler995, andBorland1995. More recently
Lee et al. (2014) proposed a model for load shadetgrminationwhich took into account the
settlement dependent variation of load sharing beha&ittrough this method is more advanced
the fundamental assumptions of the madeit its applications. Thanost widelyacceptable
simplified techniques thePoulsonDavis-Randolphmethod whichs described in the following

section

Poulsori Davisi Randolph (PDR) method

Randolph (1983) proposed a simplified mettiod estimating the load sharingf a piled raft
foundation.The method was developed for a single piled raft unit with a floating pile which is
attached to a rigid circular cap and resting on an elastic-isémte mass.Based on this

approach, the stiffness of the piled raft is estimated as follows:
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: (2.3)

Where K, Kp, K;, andU, representhe piled raft stiffness the pile groupstifiness the raft

stiffness andraft-pile interaction factqrrespectively.

The raftand pile grougstiffness K, andKy, can be estimated via elastic thearging approaches
such as those described Bgulsonand Davis (1980)Mayne andPoulson(1999) andFleming

et al. (2009).

Thefollowing equation was proposed to determinegh@portion of the total applied loaghich
is carried by the rafin a piled raft system

_ Kl-a,)
K, +K. - 2a,) (2.4)

WhereP; is theload carried by the rafandP; is thetotal applied loadn the piled raftThe pile

X =

U0

raftinteraction factoin Eq. 2.4] , is estimated as follows:

a. =1- _¢7r= (25)
V4

Where q, is theeffective diameter of the raft associated with each pile

dp, is the pile diameteand he parameter is defined by the following equation:

dor @
= 0
z In%dp 9 (2.6)

¢
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Whereiy representshe radius of influence of the pile whidh a function ofY oung sodulus

andPoisso® mtio ofthesoil, as well aghe pile length

It was showrby Clancy and Randolph (19986)atincreasing the number of pilesises the pile
raft interaction factowuntil it reaches the saturation point @85 (Figure 219). They further

concludedthat a,, is independent of slendernesgio, andraft stiffness ratio. Fleming et al.

(2009) confirmed the validityof t h e R a nsinplified me&he®doy comparing the estimated

load sharing values witkhe field measurementesultsreported by Cook et al. (1981).An
important factor was left ouh Randolph’'s model and subsequemtlyFleming et al. (2009) s
study, which was the effect of settlement on load sharinghefpiled raft. Comodromos et al.
(2009) stated that the pilaft interaction factor decreases be increasing the applied lotek on
piled raft foundationTherefore, a settlement based analytical model was developed based on

Randolpts model in this thesis and discussed in chapter 8.

0500 —

0400 TI

Pile spacing sp/dp

B 1 x 1 pile group O 2 x 2 pile group < 3 x 3 pile group O axa pile group
A 5 x5 pile group A 6 x 6 pile group @ 7 x7 pile group O 8 x 8 pile group

X 9x9 pile group > 10x 10 pile group =+ 11x 11 pile group = 12x 12 pile group

Figure2-16+ | £ dzSa 2 F A Y i BMN&riQus diz2 yith Fd, ©25,2NJ 1000 ad ks = 10, adapted from
Clancy and Randolph (1996)

Poulsonand Davisestablishea tri-linear loadsettlement curve for the piled raft footibgsed

on Randol plfgdre 21i)elhelpited raft stiffness wasalculatedaccording taeq. 2.3
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and assumed to bevalid until the pile group capacity is fully mobilized(point A). The

corresponding load at pointi8 determined by the following equation:

R= (l- px) (2.6)

WhereP,; is theultimate load capacity of the piles in the graaupd X is the proportion ofthe

carriedload by theraft (Eq. 2.4).

The stiffness of piled raft system after pile group failuneléntical tothat of the raft alone (i
and this holds until the piled raflystem is no longer able to carry additional I¢point B).

Beyond point B, the loadettlement curve becomstble

Poulsonand Davis(1980) recommended that thdtimate load capacityf a piled raft can

generallybe taken as the lesser of the following two values:

1 The sum of the ultimate capacities of the raft plus all the,piles

1 The ultimate capacity of a block containing the piles and the raft

B

Pile + raft
elastic —

Pile + raft ultimate
capacity reached

Pile capacity fully utilised,
raft elastic

\
\
|

Settlement

Figure 217 Simplified loadsettlement curve for preliminaryanalyss, adapted from Poulus (2001b)
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2.3.2 Numerical Method s

2-dimensional numerical analyss

The piled raft foundation elementye modeled as a plargrain or an axially symmetric
problem througha 2dimensional(2D) numerical analyis. Although 3D modeling is the ideal
choicefor analyzingpiled raft foundatiog, simpler 2D numerical models are widely used in the

literature which is explained briefly in the followirsgction

Prakoso and Kulhawy (2001)analyzed the behavior of vertically loaded piled raft foundation
using elastic and elastmlastic modelsThe effects otheraft and pile group geometries on the
settlementnd raft bending momenmtere investigated through this studihe numerical rasts

revealedthat theratio of pile group to raft widthand pile depth are the most influential

elements

Poulson (2001b) compared the resultsf planestrain analysesvith those obtained fronthe
PDR approach an8D analysis It was concluded th&D analysisover predics settlementsiue

to the implicit assumption of plargtrain in the analysis.

Oh et al. (200&) investigated the performance pfed raftfoundatiors in sandby conducting
finite element analysisThe results of this study revealdtat the raft thickness affects
differential settlement and bending moments, but masor impacton load sharingand
maximum settlemenf parametric study waalso conductedn apiled raftwith 16 piles spaced

in a range o08d, to7d,, while the pile diameter, pile length, and raft thickness weptconstant

The numerical results revealédat the maximum settlement increases by enlarging the pile

spacing
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Omeman (2012)studied the effect of different parameters on load sharing ef piaft
foundationin sang soil by conducting a series @D finite element analgs. Five different pile

group configurationswere consideredas illustrated in Figure 2-18. The numerical results
revealedhat the raft share decreases by increasing the pile diameter, and number of piles (Figure

2-19), while the pile length hainconsiderablempact onpiled raftload sharing (Figure-20).
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Figure 218 The considered pile raft configuration in 2D analyses by Omeman (2012)
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Figure2-19 Variation of raft shareversuspile diameter at a constant load for 5 different piled raft
configurations adapted from Omeman (2012)
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Figure2-20 The load sharing of single piled raft unit at 600kPa in different slenderness ratio reported by
Omeman (2012)

3-dimensional numerical analyss

3D finite elementand finite difference analysesalie the highest level of accuracy and also
complexity among the available analytical methofty studying the piled raftbehavior.
Numerous studies could be found in the literature based on 3D numerical analysistlaad

following a few of them that are related to topic of this study are highlighted.

Oh et al. (2008b)conducteda detaieéd 3D analysison piled raft foundationn sand usinghe
PLAXIS software Soil profile and soil propertiesere kept unchangedhrough the numerical
studyand an extensive parametric stusyasperformedby varying thepile spacingthe number

of piles, the pile diameterthe raft dimension ratio, anthe raft thickness. The results of this
study revead that the maximum settlement of the piled rafts depends on the pile spacing and
number of pilesandis independent athe raft thicknessWhereasthe differential settlemerdf

piled rafts decreaseby increasing the raft thickness.

Sinha (2013) performeda series of3D numerical analyses onon-displacement pilé raft

foundation.The effect of different parameters on settlement, bearing capacity and load sharing of
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piled rafs were studiedthrough this numerical stud¥ror studying the effect of pile spacing on
load sharing mechanism, the length over diameter ratio wasukepaingd (L/d,=15) and the

pile spacing varied fromd} to 7d,. More information about geometry of piled reftprovidedin
Table 2-2. Figure 2-21 shows theeffect of pile spacing on loaskttlement curveand t is
observed that the settlemasftpiled raft increases by increasing the pile spacing. Based on this

observation, Sinha (2013) recommended not using piled raft with pile spacing moregthan 6d
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Figure2-21 Influence of pile spacing on load settlement behaviadapted fromShnha (2013)

Table 22 The geometrical information of piled raft models and the recorded load sharing at 0.5MPa

. Pile Applied Load Share (%)
_ . Raft Size No. of Length of .
Pile Spacing (B s st ) i i Diameter Load

> L3t Piles Pile (m) ) (MPa) Raft Pile
2D 24x24x2m 144 15 1 0.5 14 86
3D 24x24x2m 64 15 1 0.5 15 85
4D 24x24x2n 36 15 1 0.5 37 63
6D 24x24x2n 16 15 1 0.5 66 34
7D 28x28xan 16 15 1 0.5 67 33
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Figure 2-22 shows he variation of load sharingersuspile spacing.This figure illustrates that
the piles carry 90% of the applied load when the pile spacing is less thadfuBtiermore, it is
observed that for pile spacing greater thap ®@ raft share increases uniil reachesthe

saturation poinf70%) at S/g=6.
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Figure 222 Variation of load sharingersuspile spacing, adapted from Sinha (2013)

Neto et al. (2014)applied the finite element method somulatefour case historieavailablein
the literature. The soil was considered elastic in this study and the effecteoéwlifparameters
such asSyd,, L/d,, and stiffness ratio on piled raft behaveere studied through the numerical
analy®s. It was concluded that the relative spacifffdf has a significant effect on load
distribution between the raft and the pilesaddition, t was illustrated that for thgile spacing
of 3dy, the foundation astas a group of pileghich absorb94 to 98% of the totappliedload.

Theamount of carried load by the piles decredsemcreasing theile spacing ratio.

Lv et al. (2014)studied the effect of the pile cross sectional shape on the load sharing
mechanism of piled raft foundation. The behavior of piled raft witseXtion casin-place

concrete pile (XCC) was compared with traditional circular-caglace cowrete (CCC) piled
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raft. It was demonstrated that XCC pilearry more load than circular pil¢66% versus 46%)
for the applied loasn identical piled raft systemis the study The cause of this load sharing

difference ighegreaterside resistancef XCC piles

2.4 Case Studies

In the last decade,ome super highkrise buildings have been constructed upon piled raft
foundationsin noncohesive sof. However most of these structures are not monitored for
settlement and the load sharing between the pilegah¢{Katzenbach et al. 2000, Yamathi
and Yamada 2007)Y.here are only #ew real life casestudiesavailablein the literaturewhich
investigate the behavior of piled raft foundation of higde buildings in sandThese cases
reportedby EI-Mossallamy et al(200§ andYamashita et al. (201 Bre brieflydiscussedn the

following.

2.4.1 Nineteen story residential tower

The geotechnical investigatiaf this project revealethat there isaloose to medium sarldyer

up to 63m in depth lying otop of another layeof medium to dense sarffligure 223). It was
further determined thahé watedevel standsat the depth of 3m from the ground surfakeiled

raft foundation was recommendedor this prgect to reducethe overall and differential
sdtlement. More specifically, 28 castin-place concrete pilesvith a length of 63m, shaft
diameter of 1.2 to 1.3m, and toe diameter of 1.8 to 2.2m were constructed for this project.
liquefiable siltysand layempproximately 10m thickvasfoundin the depth of 8. In order to
eliminate the large shear deformationttod foundation, due to the presenceligtiefiablelayer,

the soil in the depth of 88m was improved bygrid-form soil cement wallsThe recorded
measurement on pile P1 revealedt tthee ratio of pile toe load to the pile head load was 0.42

both atthe end of construction aridd months after the constructiphaseThe ratios of the load
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carried by the piles to the net load on the tributary ewer@0.63 for the pile P1 and 0.66 for the
pile P2 at the end of constructigiigure 223). These ratios increeg to 0.69 and 0.7T 15

months after the construction for the piles P1 anddéxpectively.

2.4.2 Eleven story office building

Figure 224 shows theslevationand foundation plaof the eleven story officéuilding as well
asthe underlyingsoil profile. Piled raft foundation system was adopted for this project to control
the differential settlement. The raft was founded on loose sand witiNSRiluesof about 10

and the pe toeswereembedded in the dense sand and gravel layer. Thénepalsice concrete
piles areemployedfor this project with a shaft diameter of 41155m. The toe diameter of pile is
1.4-1.8m and the length of pile is 27.5m. Thaaatf the pile toe load to the pile head load was
0.25 at the end of construction and slightly decrease tan03 months after the end of
construction.The ratio of the load carried by the piles to tb&l appliedload was 0.54 at the

end of construction and 0.65 at thstobservatior(32 months after constructian)
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Yamashita et al. (201)
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2.4.3 Hadron experimental hall

The foundation planelevation of the foundatigrand thesoil profile below the foundatioare

illustrated in Figure 25. The raft was founded on dense sand and gravel in the oériter

building andrestedon medium to dense sand on the sides. Becauiee giresence dd thick

saturatecdcohesive layer in the depth of 23m, the mat foundation could owider the allowable

settlement and theiled raft foundationwas suggested for this building. 371 boredepast

concrete piles with 0:6.8m in diameteand 2225.7m in lengthwere usedn this project Two

years after the constructiomet ratio of the load carried likie piles to the net load for the pile

P1 andP2 was 0.86 and 0.67, respectively (FiguzbpR
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2.4.4 Forty seven story residential tower

Thefoundation plarand thesoil profile below the forty seven story residential tovaee shown

in Figure2-26. The raft was founded in the depth of 4.3m on medium sand and gra/dle

pile group consised of 50m long casin-place concrete pilesvere embedded in very dense

sand and gravel. Two piles, 5D and 7D, were instrumented by LVDT and strain gages to monitor
the load sharing during and after the constructiefore casting the fouadion slab, the initial

values of displacement were recorded at the reference point (depth of 70m). Then, the variation
of vertical displacement by time was measured at different depth relative to the reference point
(Figure 227). The measured displacenteat the depth of 5.3m is approximately equal to
foundation settlementY@mashita et al. 20)0 The pile share, 8 months after the end of

constructionwas reportedo be0.93 and 0.87 for the pile 5D and 7D, respectively.
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Figure 226 The soil profile and the foundation plan of 47 story residential tower, adapted frofamashita et al.
(2011)
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Figure 227 Variation of vertical displacementersustime, adapted fom Yamashita et al(2010)

Yamashita et al. (20l) usedthe abovereported field measuremerits plot the variation of pile
shareversusthe averagspacingbetweenhe instrumented pile and the adjacentgjegure 2
28). This comparison revealed thhe ratio oftheload carried by piles to the net logdnerally

decreases by increasing pile spacing and bes@ineost constant fds/d, above six
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Figure2-28 Variation of pile shareversuspile spacing in piled raft foundatiopafter Yamashita et al. (201)
2.5 Research objectives
The conducted terature review in thishapterincludesthe studies thahavebeen performed on
piled raftfoundatiors in sand Although, the available information in the literature about piled
raft foundatiors is valuable, its not sufficient for developing @mprehensivenethod for load
sharingestimation For instance, Akinmusuru (1980) and-Garhy et al. (2013) studied the
effect of somelimited parametersuch as pile length and raft thicknessthe piled raft load
sharing EI Sawwaf (2010) and Lee and Chung (200B)ygerformed experimental tests
displacement(driven) piled rafs, and Giretti (2010) andPhuong(2010) mainly focused on
developinga modelfor estimating piled raft settlement in their studies and gave less attention to
piled raft load sharingn adition, the conducted numerical studies on piled raft load sharing are
mostly based on two dimensional analysedich is not a realistic simulation of piled raft
behavior andthe effect of somamportant parameters such a@®undation settlement was

completely neglectenh the available analytical models for piled raft load sharing estimation.
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Besideghe parameters which were studiedtire literature, there arsomeother factorsuch as
subsoil condition, pile installation method, and number leispvhich have notreceivedenough
attention before and their effects on the behavior of piled raft foundatiorere unknown

Therefore, the objectives of this thesis could be listed as follows:

1 Building an experimental setup which is capable of determitieg piled raft load
sharing.
1 Conducting experimental investigat®to examine the effect dhe following factors on

piled raft load sharing:

U Particle size distribution
U Soil relative density
U Piled raft settlement
U Pile installation method
U Raft width rato
U Dissimilarity in soil density (homogeneous and layered sand).
1 Conducting three dimensional numerical analysegudy the effect of number of piles
on load sharing mechanism
1 Developing settlemeriased models for determining the piled raft load sigaiin
homogeneous and layered sand.
1 Presenting a design procedure for piled raft foundatigntakinginto consideratiorthe

contribution of both pile group and raftthe bearing capacity
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Chapter 3

Experimental Investigation

3.1 General

The experimental tests were carried out in the Geotechinadalof Corordia University The
main purpose ofhe small scale testwasto study the effect of different parameters such as soill
density in homogeneousand layered sail particle size distribution, pile spacingnd pile
installation method on load sharing mechanism of piled raft foundation in safde
experimental tests were conducted on single pile, shallow footing and piletbuattation
(Figure 31). Pile numberpile length and pile diameter were kept constant in all tdsts.

following sectionsprovide detailed descriptions tifie sand properties, model pile and model

raft.

(a) (b) (c)

Figure 31 Different types of foundatiorthat are tested in this study (a) single piled raft unit, (b) Single pile, (c)
shallow footing

3.2 Model Pile and Raft

Steel mechanical pipe withn outer diameter of 6mm (d,), 6.35mm thicknessand 290mm

length (L) wasuseal asthe model pile.The pilewas instrumentedith pressure transducers and
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mechanical pistons on the head and the tip. The compressed oil inside the pistons transferred the
applied pressure to the transduggiigure 32). The recorded outputs of the sensors were used to

estimate thepplied pressure according to the initial calibration.

Reduced
diameter W 1
[] __ﬁ Set
B M screws
Sensor —|
™~
) +— Qil
O-Rings —< 1| chamber
] H
Piston — :| — Bleeder
valve

Figure 32 Specifications of designed piston for instrumenting tineodel pile

Square steel platewith 100 and 150mmength (d)) and 25.4mm thickess(t;) were usedto
simulate the modetigid rafts. The raftsoil stiffness ratio K,s) was calculated byg. 3.1 to

confirm the rigidity of raft  _> x5) based on theuggestions oHorikoshi and Randolph

(1997)

n2a t ~3
52% /28 (3.1)

r

E 1l
rs E_
WherekE; is the modulus of elasticity of steel pldz13 10°MPa), Es is soil modulus at depth of

d, /2 (10-50MPa) d; is theraft diametert; is raft thicknessfi;ii s t he soi I(0.2Boi sson

04)and/7, i s steel KB ssonbds ratio
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The head othepile was fitted in the center of the raft and fasten by two screws. Two small holes
were drilled in the raft to pass the pressure transdusfnes. A load cell with a maximum
capacity of 500kgf was mounted on the raft to measure the applied load modbepiled raft.

To measure the settlementtbé piled raft a linear vertical displacement transducer (LVDT) was
used.The recordecexcitation voltage of load cell and LVDWere used taleterminethe total

force and corresponding settlemactording tahe calibrationequationsA schematic view of

theinstrumented piled raft is shown in Figure.3

The surface of the pile and the raft was covered with sand paper (grit 150) to simulate a-concrete
sand interface (Figure-8. Direct shear tests were comtled to determine the friction angle
bet ween soil p ar t atdfferend demsitiedlt issilastrated p &iguee kS thatl )
theratoofsodls and paper fricti on a% wgdsalmogtiequal toaonitys oi |
( GoEl). Seeral tests were conducted to find the appropriate sand paper grit which provides the

desired roughness (Appendhy.

LVDT

Load Cell Rigid Raft

1
25.4 mm

=
—

/— Instrumented

290 mm Pile

—

I

28.6 mm

Figure 33 Schematic view of instrumented pile, raft and measuring devices
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3.3

3.3.1

SANL,

Figure 34 The covered instrumented pile and raftvith sandpapergrit 150
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Figure 35 Variation oft Kk versusrelative density for 4610 and 7030 Silica sand

Test setup

Tank and frame

The size of the tank was chosen by considering the dimensions of the pile and the raft to

minimize the boundary effects the small scale tests. The size of the tank was 500x56@mm

plane and 600mm in height. Two sides of the tank were built with aluminum profiles and other
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sides were made afansparent acrylic plasti®(exiglag which werereinforced with L profile
steelsectionsto minimize deflection(Figure 36). The test tank was placed on a steel frame
which was built with C channel profiles. The general side view of the experimental setup is

shown in Figures-7.

200

500
100

200

500

(b)

Figure3-6 (a) General view andb) top view of test tank (all the dimensions are imm)

ELECTRONIC ACTUATOR

SAND DISTRIBUTION TANK:

STEEL FRAME

Figure 37 Side view of experimental setup
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3.3.2 Sand distribution system

The test tank was filled with 4 layers of sand with a thickness of 150mm per layer. The sand was
distributed into the test tank thrglu a hose at a relatively low height to mitigate the effect of
falling height of soil particles on sadensity.A compaction plate of 500x500mm in dimension
equipped with 7.12kg hammer and a maximum drop height of 20cm was used to compress each
layer (Figure 38). The number of drops on individual layer was varied in order to obtain a
homogeneousr layeredsand deposit. A series of preliminary tests were conducted to determine
the required number of drops to achieve constant relative density of 30%,aA8%60%in
homogeneoupattern and desired densitythme layered soil pattes Three different patterns of
layered soil were examined through this st@@igure 39). In the preliminary compaction tests,

the distribution of relative density in depth walstained by placing density cans with known
weights and volumes at the corner of the tdvadf way through each layer. At the end of each
test, the cans were meticulously retrieved. The unit weight and density of each layer was
determined based on the @kt of the compacted soil inside the céffigiure 38d). A single can

was sufficient to accurately determine the soil density of each layer since the compact plate was
rigid enough to equally distribute the compaction energy on soil sufapaes 3-10 and 311

show the number of drops that were applied to each layer to prégah®mogeneousand

layereddepositsrespectivelyAppendixB providescompactiortest results
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Figure3-8 (a and b)Compaction plates(c) compacton mechanismand (d) unit weight cans anchigh precision
electronic scale
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Figure 39 The pattern of relative density in layered soil (a) loose on medium, (b) loose&ense, and (c)
medium on dense
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Figure3-10 The required number of drops for each layer to reattte desiredrelative densityin homogenous
sand
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Figure3-11 The required number of drops for each layer to reach the desirethtive density in layered soil

3.3.3 Loading system

The implementedoading system in this studyasa TH4Series Electric Cylinder Actuator, a
Servo Drive and a power supply. The Actuator is capable of applying a naximad of 1&N

at 5amp and 60. The Servo Drive transmits the low energy signal from the controllehisn

case being the Data Acquisition System, into a high energy signal to the motor. The driver was
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configured to operate in a voltage control mode which allowed for a strain controlled testing

procedure. The actuator was fixed on reaction beam thatmectad to the steel frame.

3.3.4 Data acquisition system

A Data Acquisition System manufactured by Agilent Technologies was used in this study for
collecting data from S load cell, instrumented pile and LVDT. Several computer programs using
Visual Engineering Bvironment (VEE) were developed in order to control the data acquisition
system and also dictate comands to the loading mechanism. A general view of written
computer program is shown in Appendix Figure 312 shows schematically the connection

between DA and the other experimental instruments.

-

Driver m
e
| &+
n g 2
 Power Supply | °
y DAS — _|_ ] 9| LVDT
% L
' |
Power Supply *—
b 4 Instrumented
) Pile

Figure 312 General view of the connection between instrumented pile, S load cell, LVID@ ,edectronic
actuator with DAS

3.4 Sand properties
Clean Silica sand composed ofjuartzgrains,with two different particle size distribution were
implementedn this study:Silica sand 44L0 and 70-30. Microscopic picturs of sand particles

categorized as suimunded, are shown in Figure 313. Soil properties of Silica sands,
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summarized in Table-3, wee determined by running preliminary soil mechanics tests such as
sieve analysis, specific gravity, and maximum and minimum densities. Figi#dl3strates

the particles size distribution curves for both sands.

(a) (b)

Figure 313 Microscopic picture of sand particles (a) 4® Silica sand, (b) 780 Silica sand
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Figure 314 Particle size distribution of 40 and 7630 Silica sand
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Table 31 Basic soil mechanics properties $ilica sand 400 and Silica sand 780

Soil Property

Silica sand 4010

Silica sand70-30

Dio(mm)

D3o(mm)

Dso(mm)

Deo(mm)

Coefficient of uniformity (G)
Coefficient of curvature (§

Soil Classification (USCS)
MaximumDry Unit Weight kN/m°)
Minimum Dry Unit Weight (kN/m)
Minimum Void Ratio (&)

Maximum Void Ratio (gay)

Specific Gravity (@

0.155

0.213

0.26

0.291

1.88

1.01

SP

17.16

13.98

0.4978

0.8385

2.62

0.105

0.162

0.21

0.224

2.133

1.116

SP

17.22

13.64

0.5097

0.9060

2.65

Direct shear tests were conducted to determine the internal friction angles of testdstbdsent

densities.The tests were performed in 4 different densities to show the rangeakfriction

angle g9 from loose to very dense condition. The valogdriction angle and void ratio in

different relative densities are presented in Take 3

Table 32 Void ratio and friction angle of 400 and 7630 Silica sanat different densities

Silica sand 4010

Silica sand 7030

o

e

o

D, (%) e

30.00 0.74
45.00 0.69
60.00 0.63
75.00 0.58

32.96
34.93
36.80
38.79

0.79
0.73
0.67
0.61

33.21
37.59
40.06
41.22
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3.5 Test procedure

3.4.1 Shallow footing

The shallow footing tests were executed on 100x10Canch 150x150mnrafts foundedon

sandy soil with 30, 45, and 60éensities(Figure 315). After the sand deposfirepaation, the

raft was placereciselyin the center of the tank and the S load astl LVDT weremounted on

top of the raft. The point load was applied by the electronic actuator to the attached connection
on the top of the Soad cell. The tests wenductedn strain control condition and continued

until the displacement reached 25mihe appliedloads and corresponding settlemenwere

recorded as the test outputs.

(b)

Figure 315 Experimentaltests on 100x100mm shallow footinga) beforerunningtest, (b) after running test

3.4.2 Displacement pile and displacement piled raft

Upon completion of soil deposit, the modele was connected to the actuator and inserted
vertically into the soil mass till the embedded lengthhefpile reached 290mnThe center of

the raft was fasten to the pile's head through the designated salkes. The pressure
transducers' wires were passed through the holes in the raft. The S load cell and the LVDT were

mounted on top of the raft to measure the applied load and piled raft displacement, respectively.
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The tests were commenced by applyiingload through the actuator to the S load cell in a strain
control condition. The VEE program in conjunction with the data acquisition system was used to
control the actuator and collect the following outpower constantdisplacementntervals: the
amount ofthe total applied load on piled raft, the applied load on pile head and pile tip, as well
as the corresponding settlement. The test was completed once the displacetmeptl@fraft
reached 25mm. A general view thle experimerdl procedure is shown iRigure 3-16. Besides
driving the pile for 285mm and running the test for maximum settlement of 18ramrest of the

procedure was the same for tests on displacement pile.

(d)

(e ®
Figure 316 Step by step test procedure on displacement piled raft
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3.4.3 Non-displacement pile and non-displacement piled raft

The test procedure began by filling and compacting the first two sand layers. In order to fix the
position of the nosdisplacement pile in the nute ofthetest tank, the pile was connected to the
actuator and founded on the surface of the second layer. Prior to connecting the pile to the
actuator, the compacting plate wasgon top of the tankwith the actuator passing through an
opening in themiddle of the plate. Upon filling and compacting the remaining two layers, the
actuator was disconnected and the compaction plate was removed in order to place the raft on the
pile. Finally, the actuator was connected to the S load cell and the testsowdveted similar to

the displacement piled raft procedure. The step by step test procedure is illustrated i8-Figure

17. The pile load test was executed for 15mm and the same procedure was followed for running

it.
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Figure 317 Step by step test procedure on nedisplacement piled raft

3.6 Testing program

Tables 33 and 34 present the testing programe followed in this study. The experimental tests
were divided into twamain categories; the tests (iomogeneousand(Table 33) andthe tests

on layered san(lTable 34). Five series of small scale tests were performed ohairyogeneous
sand; shallow footing (R), displacement pile (DR)nrdisplacement pile (NDPYisplacement
piled raft (DPR) and nordisplacement piled raft (NDPR). Each series consists of 3 tests, which
were conducted on different densitiesthe aforementioned tablebgttests werabelledbased

on thefoundationtype followed bythe soil relative density and soil tyfd0-10 or 7630 Silica
sand) The experimental tests dmomogeneousand were conducted on -40 Silica sand

moreover, lhetestson the nondisplacement piled raftereexecutedn 7630 Silica sand.
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The conducted testen layered sand include two series; ftbsplacement pile (NDP) and non
displacement piled raft (NDPRS$ince three different patterns of layered soil were examined in
this study, ach series consists of 3 te§table 34). In Table 34, thetests are specified by the
foundation symbol followed by the relative density of the tow top and two bottom |adie

3-5 presents the list of threpeatedests to ensure the repeatabilitytiod test results

51



Table3-3 Test program on drjnomogeneoussoil

Testname Sand type Relative Density
R10-30-40-10 30
s R10-45-40-10 40-10 Silica Sand 45
—
R10-60-40-10 60
R15-30-40-10 30
§ R15-45-40-10 40-10 Silica Sand 45
_'
R15-60-40-10 60
S DP3040-10 30
z 9
5% DP4540-10 40-10 Silica Sand 45
T
m % DP6040-10 60
o NDP30640-10 30
el 5 NDP4540-10 40-10 Silica Sand 45
m 3 » 2
a NDP6G-40-10 60
. DPR3040-10-R10 30
2 f e DPR4540-10-R10 40-10 Silica Sand 45
T8
T O DPR60640-10-R10 60
o NDPR3640-10-R10 30
=3
o8 & NDPR4540-10-R10 40-10 Silica Sand 45
227
ullu
Z NDPR6040-10-R10 60
o NDPR3040-10-R15 30
=i
° § § NDPR4540-10-R15 40-10 Silica Sand 45
Z NDPR6640-10-R15 60
o NDPR3670-30-R10 30
Z 3
o3 & NDPR4570-30-R10 70-30 Silica Sand 45
227
il
Z NDPR6670-30-R10 60

R10: 10x10cm raftR15: 15x15cm raftpP: Displacement pile, NDP: Nettisplacement pile,
DPR: Displacement piled raft, NDPR: Ndiisplacement piledaft.
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Table3-4 Test program on dryayered sand

Thickness of Density of Density of
Testname Sand type each layer upper layer lower layer
(mm) (%) (%)
o NDP30/4540-10 300 30 45
n
2 § g NDP30/6640-10 40-10 Silica Sand 300 30 60
m m Z
é NDP45/6040-10 300 45 60
o NDPR30/4540-10-R10 300 30 45
T w0
E § § NDPR30/6340-10-R10  40-10 Silica Sand 300 30 60
o m
72 NDPRAS/6040-10R10 300 45 60
o NDPR30/4540-10-R15 300 30 45
T w0
E § § NDPR30/6340-10-R15 40-10 Silica Sand 300 30 60
o m
E é NDPR45/6040-10-R15 300 45 60

NDP: Nondisplacement pileNDPR: Nonrdisplacement piled raft.

Table3-5 Test program for stugl the repeatability of the test results

Test name Sand type Relative Density
NDPR4540-10-R10 40-10 Silica Sand 45
NDP6040-10 40-10 Silica Sand 60

NDP: Nondisplacement pile, NDPR: Nedisplacement piled raft.
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Chapter 4

Experimental Tests Results

4.1 General

The results of the experimental tests homogeneousind layered sandre presenteth this
chapter As mentioned previously, the amount of the total applied load on piled raft, the applied
load onthe pile head and pile tip, as well as the corresponding settlement were recorded during
the tests.The result of each test is presented he form of loadsettlement curvesind the
derived ultimatecapacites are summarizedn tabular fornat The ultimate load was defined at

the point thakitherthe curve suddenly turns downwafthe plunging poin} or a small increase

of load produces a large amount of settlement. In theafageneral shear failure, the peak point

of loadsettlement curve defidethe ultimate bearing capacitfhe alteration of load sharing

with settlement is also illustrated for the teststlom rigid piled raft footing.To determine the
amount of the raft share, the pile head measurement was subtracted from the applied load on the
S load cell. For this purpose¢he best fit nosinear equations, based on the coefficient of
determination (B, were used to represent the collected data on the total load and pile head
pressure. The same strategy was implemetttateterminethe frictional resistance dhe pile

where he besffit non-linear equatiorof the pile tipmeasurement&as subtracted from that of

the pile headlata

The load setdment curves of shallow footingingle pile and piled raft are compared herein to
show the efficiency othe piled raft in controllingthe settlementBased on the experimental
results,the piled raft efficiencywas determineds the ratioof piled raftbearing capacityver

single pileultimate load
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4.2 Homogeneous Sand

The experimental results dmomogeneousand are categorizeahd presented in this section

based on the soil relative density

4.2.1 Loose sand(Dr=30%)

R10-30-40-10

The load settlement curve of shallow footifgigure 41) illustrates that the foundation
experienced punching shear failure, masiked by the steepness of the curve beyond the ultimate

point (85kgf).

Load (Kgf)
0 20 40 60 80 100 120 140

: —

[
o

[y
9]

Displacement (mm)

20
—0-Dr=30% \

25

Figure 41 Testresultson the shallow footingR10-30-40-10 (loadsettlement curve)
R1530-40-10

Comparng the performance of R130-40-10 (Figure 42) with R1030-40-10 (Figure 41)
clearly shows thatncreasing theraft width increases the ultimate capacity and reduces the

settlementvithout making any changes in the failure mechanism
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Figure 42 Test results on the shallow footing RBR-40-10 (loadsettlement curve)

DP30-40-10

The test results (Figure -8) illustrate thatthe displacement pilefailed at 96.4gf and the

measured skin friction at tHailure pointwas around 8kgf.

Load (Kgf)
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0
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£ |
o
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g
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I
I
12 |
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: o Pile Tip
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Figure 43 Test results on single displacement pile DP8B10 (loadsettlement curve)
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NDP30-40-10

The resuls of theteston nondisplacement pilaredemonstrate¢h Figure 44. The skin friction

of nondisplacement pilevas fully mobilized at a small settlement andecreased as more

settlement took place
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Figure 44 Test results on single nedisplacement pile NDP3@0-10 (loadsettlement curve)

DPR30-40-10-R10

The loadsettlement curves othe displacement piled raft are presented in Figw® 4he
variation of skin frictionat various stages dfettlement Figure 4-5) shows that the frictional
resistance increasewith greater settlement which isa consequence othe pile-soil-raft
interaction.Figure 46 illustrates the variatios of the pile and raffoad shaing by settlementthe
pile takesmost of the loadt a small settlemenandthe raft share increasgraduallywith more

settlementFigure 47 illustratesthe efficiency of piled raft footing in controlling the settlement
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Figure 45 Test results ordisplacementpiled raft DPR3810-10-R10 (loadsettlement curve)
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Figure 46 Test results ordisplacementpiled raft DPR3&0-10-R10 (load sharingettiement cuwve)
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Figure 47 The loadsettlement curves of shallow footing F0-30-40-10, single displacement pilBP3040-10, and
displacenent piled raft DPR3&40-10-R10

NDPR30-40-10-R10

The behavior of nowlisplacement piled raft isimilar to that ofdisplacement piled raft;

however the amounts of measured load sharing are different.
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Figure 48 Test results on nordisplacement piled raft NDPR380-10-R10 (loadsettlement curve)
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Figure 49 Test results on nosdisplacement piled raft NDPR380-10-R10 (load sharingettlement curve)
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Figure 410 The loadsettlement curves of shallow footing F0-30-40-10, single nordisplacement pile NDP3a0-
10, and nondisplacenent piled raft NDPR3@0-10-R10

NDPR30-40-10-R15

Figure 411 illustrates that the raft mainly provides the bearing capatitye foundationin this

testdue to the fact thahe raft wdth is muchlarge thanthe pile diameter (g5.2d). Whena

large portion of the load transfeis the underlyingsoil by the raft, the effect of pHsoil-raft

60



interactionis more significant. As a resulthe recorded skin friction in this test is more than the
skin friction InNDPR30G40-10-R10(Figure 48).
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Figure 411 Test results on nosdisplacement piled raft NDPR380-10-R15 (loadsettlement curve)

Figure 412 Test results on nordisplacement plied raft NDPR3@10-10-R15(load sharingsettlement curve)
NDPR30-70-30-R10

The following figures show the behavior of ndisplacement piled raft in 780 Silica sand.
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