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ARSTRACT

toad transfar machanism of ﬁilas has bean studied in"
this research, Model piles of wvarious dilametars have bean
instaliad in uniformly baddad sand deposits and ware tasted in
comprassian  for twé differant sand dansities and under various

installation conditions.

Vvartical leoad carriad by the pila shaft wara measured at
various depths by alectric strain gaugaes. This snablad tha total
locad carrisad by thae pilé to be separatad inte skin frictional
rasistance and end bearing. The rasults ware analysed in order to
establish ralations batwesn skin friction at different pile
depths for differant placement conditions and pile'diameters- Aan
empirical model of skin friction 1s proposed which incorporata

reduction in stress dua to sand arching.

+ Coefficient af ‘lateral earth prassures have baan
calculatad for both densities of sand used 1n the expariment and
for tha type of installation mathod followed. Variations in the
coafficient of earth pressure have besn explained in tarms of

installation conditions.

Bearing capacity faétor, Ng for the modal pilas has baan
datermined and compared with valuas suggestad by various authors.
£ffect of 1installation on the bearing capacity factor at
diffefant blacament conditions ars aléo raported.

Finally, finite elamant analysis of the pile model test
was carriad ocut assuming linaar elastic beﬁaviour of s011 and tha
.results waras compared with thosa obtainad from exparimant. The

results showad good correlation batween FEM compu tad and

axparimantal wvaluas.
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araa of pile point;.

araa of pila shaft;

pile diamater (or, for noncircular piles, the
diamatar of aicircle Wwith tha samévarea as the
pila cross section);

cohesion of soil;

depth of pila panatration;

diamatar of plla sagmant;

pile diamatar at the bhase; 7 o

ralativa dansity of sand;

ralative dapth;

Young’s modulus of mlasticity;
modulus of melasticity of pile ;
modﬁius of mlasticity of soil;

factor of éafety; |

ulﬁimate Qnit sidé rasistancs;

pradicted skin ~fiction;

thaoratical(Kg) skin friction;

shaar modulus of so1lj;

displacament influenca factor;’
rigidity 1indax;
reducad rigidity index;

lateral sarth prassurse coafficient;

coafficiant of activa sarth pressurs;

coafficient of passive esarth prassura;
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coafficiant of earth prassure at rest;
avarage dapth ratio of point or tip;

critical depth of pile balow which point

bearing becomas constant;

SPT wvalue;

bearing capacity factors

ovar consolidation ratio;

affactive ovarburdan pressure;

affactive vartical overburdgn prassurs at piie_
point laveal;

tha point rasistance;

T

ultimate load carriad by the pils p&int;
ultimata load carriad by pilé shaft;

total axial lead on pila;

Uitimate totzal axial load on pilme;

computad 1gad for tﬁa pila;

ultimate unit peint rasistancs;

canA point resistancé;

empirical reduction factor for thas ultimata
unit poinﬁ reasistance;

shapa factors;

shear strangthj;

a coafficient for skin friction datermination;
a factor for skin friction'daterminatiop;

pila iop displacament;

a small tip movement;
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effactive unit weight of soilj;

angia of friction ﬁetwéan pile and so1l;

péak friction angle of soil based on affactiva
strassas;

rasidhal friction angla of séil, bhasad on
sffactive Strassés_

normal stress;

volumatric strain;

~adhasion factor;

a coéfficignt pﬁoposed bry ijayvargifa(l?f?);
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CHOSPTER 1

: INTRODUCTION

1.1 Ganeral

Filas éra tha oldest foun&atidn Blameﬁt usad 'bvar. tLha
canturisas te build foundation on soils. Tha purposa of any
foundation is to transmit loads or forces to the' around .without
éxcessive sattlamant,., £ pilad foundation is usaq whare 1t 1is
nacessary to‘carry tha 1oad to an undarlying stratum 'through a

" layar of waeak or comprassible matarial or‘through watar .

Essantially  a pila' 18 an alongatad or columnar body
installad in the ground for thaupurpése of transmitting load to- a
firm strata. Whan a pile carrias most of its axial load by . tha
s011 reaaction of Ttha bottom or tip it is called a tip baaring
pilai Wharaas, if it carrias most of its axial® load by mobiliziﬁg
skin friction from thes surrounding soil, the pille isv called =

friction pila.

The dasign of a pila foundation rasts upon thras aqually

important. tasic considarations: first a knowlados of tha gaology

. \
of tha sita is raqguired, sacondly tha typa of pila and 1its

installation procaduras o be followad and thirdly tha study of

pila capacity pasad on "its transfar- machanism is to ba

'




considarad.

- Thae prasant résearch is ralatad ‘to tha third
consideratio% i.a. tha transfar machanism and pila-capacity. Pila-
capac{ty dependé on tha load transfar machanism of a ‘'pile. So tha
procass of 1oad.transfar mechaﬁism in ordar té avaluata pille loaq
capacity Bas éeen inva%tigated hera. 1n tha subsaquant érticlas

_tha scopa and the main arsa of this raesearch are briafly

outlined.
1.2 Load Transfer Mechanism of Piles

L.oad transfar machanism 1is tha most intrigufng
question in tha dasign principlés of pilad foundation. Capacity.
of.a pila largaly depands on the load transfar. pattarhs of tha
pila. Pile. may transfar its load through skin friction anq/or tip
bearing. Contribution éf skin friction/tip baaring. to axial pile

capacity is controlled by many intsracting parametars.

Normally load-transfer pattarn of a pile at a sita is
invastigatad by constructing-a-load—trahsfer curva wWhich shows

tha dissipation of total load along with pile dapth.

toad transfer pattarn . howevar depands on many factor
such as depth of pila, pila diamatar and pila installation
procadura . Load transfar péttarn aisa wvaries with loading

condition and displacement mobilization.




1.5 Tha Araa of Rasaarch

A pila mlemant transfars its load by skin- friction
and tip bsarinag. Although thars is an astablishad practica for
daéign af p{las for load transfar, the datails of' the transfar
mechanism is not.cyaariy undarstood. This rassarch is, theréfo?a,
aimad at the study of lbad transfar machanism in pilés.

Tests . wara carriad out with'model pilas on uniform
sand bads for various pilse gaomatry, plécamenfucondition and so0id
dansity. In this sStudy matarial propértiag of scil and modal
pilas weras axparimantally datarmined.’ o fully thrag—dimeﬁsional
finite alamant analysis was also parformad and the finipa elémang

rasults ware comparad with tha axparimantal findings.

1




CHASPTER 2

LITERATURE REVIEW

2.1 Introduction

As load transftfar machanism comprisas skin frictioen and
and bearing, thasa hava formad tha major portion of this review.
Othar phanomena which inflﬁanca tha: load transfar machanism ara'
alsoe raviawad. Outstanding design principlas are discussed. A
chronological davalopmant 6f analytical mathods for estimating

piia load capacity 1s also prasanted in this chaptar.

' 2.2 toad-transfar Machanism

The following static formula is commonly usad to

datarmine the ultimata axial baaring capacity of a pila.

Qu = Bp + Q; = Qol-_ﬂp + f:.A; . (2.1)
in which G, = Ultimate axial baaring capacity
t Qo = ulttimate unit point resistanca
f: = Ultimata unit sida rasistance
Ap = area of pila point

- ' and A: = area of pila sha¥ft




Tha aguation is schematically shown in Fig. 2.1. Tha
above equation 1is the outcome of limit state dasign. This doaes
ndt axplain claarly the_differahp strass components 1in é warking
pila. Tharafora, to avaluata. the sirass componants working in a
pila, .the load transfer mechanism of the plila should ba proparly
undarstood. Main componants of léad transfar machanism éfa

1. Side strgass aor, unit sidas frictieonal rasistanca.

2. Point stress or, unit point resistanca.

The 1lcad 'actiné‘ an 2 pille is rasistad by those two strassas:'
Initially load is tranasfarrad by skin friction or unit sida

rasistancs
2.2.1 Skin friction

Tha thaoratical datarmination of sida or shaft
resistance for piles in sands has raceived littla attantion of
the rasearchars . Oonly Mayarhof (1959) and Nordlund(1963)

considarad "this portion of bearing capacity of piles . with

adaquata attention.

Tha 1nteraction betwesan the seil ang tha-pils is varf
complax and poorly undarstood_‘.The datarmination of tha ultimata
unit side reasistancae, f.o, is based on tha laws of machanics
considering frictign batwasn two diffarent surfacas. Figura 2.2
shows the aystam of stressas considarad. Tha magnitude of fs is

commonly detarminad using

fz = K.P_tanlg) - _ (2.2)




|
j
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Fig. 2.1 Schemetic .Representation of Equation 2.
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is the - ‘ . is the
in which K. Jlateral  earth prassura coafficient ; P aavarage
affactiva ovarburdaen 'pressura along tha sagmant of pila baing
considerad; and tan(§) coafficiant of frigtion batw=an pils and
soi1l .

Potyondy (1981) datarmined 1in tha  laboratory  tha
ceatficients of friction batwesan various construction materials

and cohasionleass soils,uéing diract shear tasts.In addition to

tha detarmination of tha ceoafficient of frictian tan(§), batwasn
tha se1l and the pile material, the angla of friction af tha
sanag, § , wWas also datarminad. Consequantly, 1t was possible to

~davelop a ralationship batwean ¢ and § .

vesic {(1977) proposed a differént approach for the
ﬁétarminétioﬁ of tan{ § ). Tha sand locatad aft thahrintarfaca
between the soil and the'pile‘is considarad to be at a stata of
nltimata failuré for determination  of sida rasistanca.
Consaquently tha angle af friction bhatween thae pila and thae 50113
g, is indapgndent of tha initial spil dansity and pile material.
Tharefore it can ba considefed-equal to tha rasidual friction
anglla of the Sanﬁ Pres- Tha diffarance betwasen the values
datarminad by Potyondf'(lgél) and thosa suggastadl by Vasié

(1977) did not saam to ba significant.

Mavarhof(1959) and Nordlund(1963) daalt thamoraetically
with tha problam of tha getermination aof the lataral aarth

orassure coefficient, K. Assumption mada 1n both studies was

i




that the pile displaces the sand in a horizontal diraction,
without any wvartical daformation. This displacemant inched
compaction in the surrounding Soil which is maximum ét the_ pila-
soil 1intarface. S3Sinca the wall pushes against thé sand and tha
horizontal hévemant 1s larga fagqual to tha pile rédius), itr 15

thecrsatically possibla for tha magnituda of thae lataral sarth

prassura coafficisnt, ¥ to bhe as high as the passive 8arth

prassura coafficient.

*

A list aof . typical ‘values of lataral earth prassuras
coafficiants for pilae foundations, compilad by Kgédi (1972) .on
the basis of many author’s findings arsa prasantad i1n Tablas 2.1
It should bé notaed that with the excaption of Irefand(ﬂezdl,i??SJ
who prasantéd a ranga of Qaluas, anly  a singla valua was
suggRsted by . sach author and no‘cbnsidaration was givaen Lo

parameter defining tha soi}—pile systam such as- pila panatration,

effact of driving or mathod of placament.

2.2_.2 End bsaring

Tha thaoratical detarmindtion of tha peint load (Qs) 1n
Fig. 2.1 has ?eceived axtansive attantion through tha yaars.
According'ﬂo Vasic (1967) tha Lhaoreticél approach tao solva this
- problam -was étarted by Prandti(1920) and Reissnar(1§24).l Thay
~initiatad with thae assumptions that soil is .alasto-plastic

matarial and thea failure is punching faillurs.




TABLE 2.1 Iypical valuas of Earth Pressure Coafficiaents (Coyle
and Castella, 1981) ..

o

Basis of ralationship valuas of K 

" (1958)

] 1] 1] T

L} ? ¥ 1

'  Authar |} ! 5611 type |

b 0 ] ' .
! Bringh ! ' ' J
! Hansan = | thaory ' sand ! ‘cosZ ¢ !
y ; ' ) \
! Lundgran | : : !
Vo (1960) pila tast A sand ! 0.8 '
i i i i |
1 1 ] ! 1
! Hanry ! thaotry . ! sand ! Kp - !
— \ ; i —
! Ireland |} . ' . ! : A
Vo(19s7) pulling tasts ' sand H 1.7% to 3 |
1 i i [ M- i |
T - 1 [] i i
! mavarnof | analysis of field }loosa sand | 0.5 H
oo (1951) data jdansa sand | 1.0 :
i i ] \ t
! Mansur- ! ! ! H
' Kaufman, | analysis of field | silt ' Q.3{(Comp_)!
V. (1958) ) data ! silt ! ‘'0.4{Ten.) ;
| o ! : '.
' Lambe- H ) ! ! !
! whitman ! guass / ! : 2 '
L (1969) | - ! : :
1] ] ! ] i
! Kazdl ' thacry ! granular| Kp '
' ' ) ) ;
! : H h ;




Soil Element
(Undisturbed) -

Fig,2.2 Side Resistance Along Pile {Coyle atat 1981} ' ¥

14

. ' |

Sitress

- a— — e —-— -

o o il — - — -

——» Strain

.Fig. 2.3(a) Stress - Strain Diagram
for Elasto Plastic Material .

Fig. 2.3(b) Punching Failure Pattern.
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Fig. .2_3(a) Shows thé mslasto-plastic.bahaviour of soi}.
Fig_ 2_3(b)_ shows how punching failura deﬁelops_ Ma&n
charactaristics of a punching failure 1is thét tharea will-ba'no
wall dafinad shaar zonas at tha sides of the footing and ﬁo_haava
will oaccurs. Terzaghi{1943) axtandad tha ciassical wark on

punching failura done by Prandtl and Reissnar.

Following tha sam= basic apprdach {mlasto-plastic s01l

modal), sevaral differant solutions wara subsaguantly prasantad
with differant assumption concerning tha failursa pattarn.
" Mayarnof(1953) prasantad naw analysas considaring tha failura

'pattarﬁ shown 1n Fl1g. 2.4,

Ha proposed rigid-plastic s011 modeal (shouwn in‘Fig_ 2.59)
which means that therse are no strains at any point u;til tha
failura conditian is fulfilled.  On thé otharnand RBishop,
Cellingridge and 0’sullivan (1948) andg Vasic {1977) considared
the s0il to ba comprassibla  wWwhich was more realistic and shown

in Fig. 2.6.

A differant approach was takan by vasic(1972) and he
donsidared - tha soil failure 1induced by tha pile point as a

spRcial casa of tha axpansion of 2 cavity insidae a solid mass.

‘Fig. 2.7 illustratas the cavity axpanhsion thaory. Soill
mass 1s assumad homogansocus and under an isotropic effactiva

stress, thare axists a spharical cavity of radius R1 (dashed

P
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I = Elastic Zone

IL = Plastic Zone

Il =Elastic Zone

Fig. 2.4 Terzaghi's (1943) Faijyre Pattern,
/

+ *‘
:
- . 2
in n
[ | . 0
L@ @
) =
——Strain (g, - —=Sftain (¢,
Fig. 2.5 Stress - Sttain Curve Fig. 2.6 Stress -Strain Curve for
~fof ‘Plastic Material. for Compressive Meterial.

-

-~
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Plastic Zone

{Elosﬁc Zone

_ Fig. 2.7 Expansion of a Spherical Cavity

/——Conicol Wedg‘e

‘Soil In Plastic Range

Fig. 2.8 Vesic Model of Pile Behaviour.
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lina) within ﬁha sc1l mass. Soil behaviour in tha alastic rangsa
can ba dasgribed by a2 modulus of qgformatien; E and poiééon’sl
ratio, vg - In tha plésti? ranga, 1t can ba dascribad by tha Mohr
- coulomb shaar strength paramatars, ¢ - ¢ .. AL a particular
intarnal prassure Py, tha cavity has a radius R, and tha limit of

A\

‘tha annulus 1n tha plastic ranga is definad by Rp .

Cavity 'axpangion concapts wWas again applied to pilé
foundation by vasic [1977). Ha comparad tha failura pattarns of
and bhaaring pilles 1n modal tasﬁs and of the field with tha
failura pattarns devalopad by cavity sxpansion theory in  an  aim

’

te pradict the =and bsearing capacity by using cavity axpansion

concapts. Fig. 2.8 indicates a highly compressad conical waedga [
of sei1l. This wedge forces its way through. loose sand without
forming slip surfaces. Tha pile advancas by' comprassion along

zonas I1 and I and by expansion along tha boundaryv - AB. It 1s than
assumad that the avaraga normal strass along AR 1= aqual to tha
prassura neaded Lo axpand the cavity in tha infinita =011 mass

around it.

In 211 thaaratical <solutions tha ultimata unit point
resistance, gp 1s usually eaxpressad 1in the form {(Covla and

Castalla, 1981) :

Qo :YSDNY - Sy + CNC B Sc +- pONq - Sq ' ‘ (2-3)

: . i . _ : :
1N which '% snfggfactlva unit waight of tha soi1l at the-
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. . is : . . _ is the E

Pila point; (2% AtQSast foundation dimensicon;. Pp A affactiva
: is the

ovarburdan prassure at tha pile point laval; C -Acohesion of the

S011; SY’ S¢c, Sgaleshapa factors and N Me, MNg are bearing

Y?

capacity factors usually depanding upon tha soil fricticn angla,

and the assumad pattern or machanism of failurse. In angineafing
practica Equation. 2.3 is usually madse simplifiad. In tha first
place, since tha study - 18 rastricted to sands.  f[cohesionlass

s0olls), tha sacond tarm of the -esguation can ba aliminated.
Jacondly, whan comparing‘thé twe ramaining tarmg, 1t seeaems that
the first tarm is rélativaly =mall and can ba naglacted. Tha
final simpli%ication concarns the form of .tha remaining term.
:Sinca MosSt pilas have circular or sguare c%oss sactions and the
Sshaps facfor 1s tha sama, it 1s reasonable to usa tha onty

bearing capacity factor, Ng, that 1incorporatas this canstant

shapea factor. Tharafaorsa, tha commonly usad form of Equation 2.3
bacomas

3o = PoNgq (2.4)

In most of the thaorias the basic paramaetars. in’

addition to tha pila gaomatry, ‘are the friction angle, ¢ which is
usad to determina the bearing capacity féctor, Neg, and tha

affactiva confining.pressure of thae soil.

All of tha bearing capacity theorias raguira the
avaluation cf Ny for tha usea 1in Equatien (2.4) should ba

considerad. A summary of the rangas of values of Ng according to

¥

the diffarent thaories is prasantad in Tabla 2.2. It 1s avidaent
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that thara are majok daviatiaon .from rona . theery to anathar,
leading to tha conclusion that tha .true failure machanism is not.
danarally wall undarstood. Vesic(1977) statad: " Computation of

the ultimate 1load 1s quite difficuwlt and a. genaral solytion is

not vyet available". and addad " In. view of tha . many
uncertaintias involved 1in analysis of pile foundations, 1t has
bacome customary, and in many cases mandatory te parform a

certain number of full-scals pilé load tests at sita of mora.
important projacts'”.

.

2.3 Exparimantal wWorks on Bearing Capacity and SKin Friction

.

It has baean shown that tha variation of pradictad vidluas
-of Braring capacity factor, ~Ng and lataral earth prassﬁra
coafficiant, K isv S0 wide that tha choice of ona thaory over
anothar 14 a difficult exarcisa in anginaering judghent. The naad
for pattar undarstanding of failurs machanisms and develépmeﬁt of
an acceaptabla thaory has resulted in  a nﬂmber of exparimantal

investigations.

Hayar and L’Harminier (1953) raportad a work dons by
othars and racognized thras distinct patterns for sand failurae
according tp 'depth of penatraﬁion- " Thasa patterhs ara for é
ganeral shear failura for vary shéllow foundations, a ;ocalized
shaar faitlurae for desp foundationsf and a Hayerhgf tvpa failure

(a failura, whaere plastic-flow occurs in upward diraction, is

shown 1n Fig. ?-4) for intarmediate panatrations. Thasa failura
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patterns, with soil baing displacad upwards and away from . ths
pila, 1indicatad a tendency ta form a gap bstwaaen tha pile shaft
ang tha sol1l. ‘Cansequently, . the active cass of lataral sarth

prassura could daevelop.

Meyerhof(i?E?) indicated that, 1in cahesionlass solls,
tha affact of pile driving 1s general compaction resulting from
parmanant rearrangamant and soms crushing of tha'soillparticlas.
“In additién, tha driving of pile in‘the‘ s011 mass alters 1ts
stata. of stress. . Subsequantly, Brohs(l?éé) reportad -that 1in
cohasionlass soilg pila driving alters 1ts original stafa of
Stress and the soil.mass undargo ganeral compaction.

‘

Measurementé ‘mada by Szachy'(lqél), using 1aboratory
modal tests indicated that tha idea of genaral sand compactjon 1s
no£ valid. Szachy found that—-- “tﬁe highly compreséed
concantration areas ara( surrounded with éreas of strass-ralief
balow the pile toé as Qell as arocund the tha pile"shaft.“
Robinskg and Horrison(l?édﬁ.with maore éophisticated meésuremaﬁts
mada on 1odsé and madium dansé sands in the laboratory, confir&ad
tha findings of Szachy (1961). According to Robinsky and Morrison
ﬁha'overall process of sand compaction rasﬁlts in a saesmingly
-arratic accumulation of high and low danﬁity arsas. A ﬁhin sleava
. of loosa sand 1s craatad around tha pjla wall,'which 1s encirclead
by a cylinqar of dansa sand. Tﬁis cylindar{(Fig. 2;9) by
arching, pravents the davalopmant of full lataral aarth pressdre

oen the pille. Alsce, Robinsky and Morrison(1964) reaportad an
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agaitional axpearimantation which 1indicatad Lhat., with pila
panatration the "arches" around areas of loosenad sand could ha
Pullt up and brokan down,linducing continuous changes in mobilized

side rasistance.

Karisel{1941) published a notawdrthy papar concarning
laboratory axperiments in sand. It was observad that diffarent
size plles in the sama sand attainad a &aximum valuye of unit load
resistanca  (both point and side) which ramained donStant with
increasing panatration. The dapth? whara the constant valua was

‘attained varied with the piie diamater.

Av—

Vaéic(l??O) confirmed,. with fiald tésts, the tandancy
fbr unit rasistances {both sids and point) ‘to 1ncreasae with daepth
Lo som&a limitling value. vaesic noted that avan though the rate of
1NCrease sharply decrazsas at soma depth callad “critical dapth”,
thare was an additional inéraase Qith furthar ﬁenatration_ This
“critical" agepth was dafined as baing betw=an 10 pile diamaters

for loosae sands and 20 for denser sands.

éiarez and Greasillan{i1972) raported ' a laboratory
axparimant parformad at Granopla, France. Pile modals of various
diametars ware panatrated intolmetallic roliers (a bidimansional
-ﬁroblam), into glass spharas of =sama diameteaer, éurcha}ges appliad
by means of air prassure (with mambranes covering the sand). Onca

again limiting unit reasistance (both side and point) were

obtainadg.
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2.4. Design Considarations

In pila dasign lgad carrying capacity of a pile is the
main problam to bs solwad.. Load carrying capacity of a pile is
attributad to two component of rasistancas offarad by a pila 1.=.

[1) skin friction and (2) boint bearing.

Point or tip bearing of a pila can be computad by
-wariaty of ways ' dapending on the estimatiaon of tha bearing
capacity factors. Mayerhdf (1951, 1976) proposad tha following

ralation:

if L/B < Le/B and ¢ > 0 - [cohAasionless soil)

il

Ppuy A q Ng T ' ’ S L2.58)

if L/B > Lo/BR (bearing strass cannot exceed -a limiting valua

as bhalow)

N
[n 8
Sar

Peu = Ap Q@ Ng < Ap(S0ONg) tan(d) " (

Peu = Tip bearing
L = Embadded langth of the pile
Ap = Tip area of bila
q = Effactiva.vartical stress at pila point;
Ng = bearing capacity factar (can ba obtained féom-
Fig. 2.10)

.Le = critical dapth of pile balow which point baaring
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hacomas constant.

E-= Diametar or, width of pile.

vasic (1975) proposad a naw formuta far tha
detarmination' cf bearing capacity factor Ng depending on tha

cavity expansion thaory.

B - asin{¢ )
NgzZ-———————= {expl{(r/2-¢dtaniglltanz(45+y/2) X lpy———————-

3-s1nlg ) . 3{1-s1n(¢ )}
12.7)

Tha reduced rigidity indax I,. in this esquaticn can ha

computed as I.r = I./(1+ I,)

Agalin, - tha rigidity indax, 1, can bhe computad using tha shear

modulus Gz and shear streangth, s of tha soil as

2 ' Ir.= Gs/{ctqtan(¢)) = Gs/S
He further proposad that tha bearing capacity term for

cohasion can be computaed similar to spread footings as

Ne = (Ng — 1) cot(p) ﬂ?.aﬁ

According to Janbu{1976) Ng can ba computéd as follows:

Ng = (tan( ) +J 1+tan2(y ))2 exp(2y x te;n(Cb)) (2.9)

wnara ¥ 1is tha anglé snown 1n Fig. 2.11 and varias from
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600 1n soft compressibla scil to 1050 in,dense_‘soils_' Analyzing
" large wvalue of Standard Pénetration Tast ‘(ASTH D158&) data -

Meyarnof (1956, 1976) proposed that,

Pou = Ap (38NM) Lp/B < 3BON (é;)f'. ' (2.10)
whars
Ppu = Point resiétanca
g = statistical average of Sfandard Panatratian Tes£ [ASTM
D158&) blow numbars 1n a zona of about éB above to 3B
below the pila point, |
Ly /B =T averaga dapth ratiaoc of point or tip.

Far cona panatratiaon data ﬁayarhof furthar praposad,
Pou = Ap qc {(units of qg¢) f (2.11
'whera Qe 1s tha statistical avarage' of tha cane poi1int

rasistance.

In 1971 Tomlinsan praopoundad tha g (alpha) methad to
pradict skin friction of a pile. Ha praposed,

f. = © % Q¥ tan(s) i | (2.12)

whara a = coafficiant from chart._ (Fig: ?-12)
¢ = avaraga cohesion for the soi1l stratum of intarast. .

g = affactiva vartical strass.
K =z coafficiant of lateral sarth prassura ranging from

Ko to about 1.75
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§ = affective friction angle between soil and pila

material.
Ko for piles is most commonly computmd as Ko = (1—sin(¢)j OCR .

Vijayvengiva and . Focht 1in 1972 roposed a new
’ -

formulation callea ) mathod.

fs = A (g + 2 Su) . ) (2.13)
whara
A = Coefficiant to be taken from Fig. 2_.13
34 = average 'shear strength for tha so1l stratum of
- interest

fhen having reanalyzad eaxisting gata and equippad with
mora recant tasts, proposed a betterrcorfelatlon of skin friction

te effactive strass paramatars called Beta{R ) meathod

Ts

1l

kG tan{s ) ' S (2.14)

Bg [ B= k tan(§ )]

In 1970 vesic relatad skin friction to ralative dansity

of sand for a pile ampiricaliy

e Xv(10)1.540r . (2.15)

whara ¥,

Skin friction in KPa
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X = B for 1arger~volume displacamant pila
= 2.5 for pored, bpen andad pila.
Dy = Relatiga dansitv.

For SPT data Meyarhof {19485, 1974) suggested that

f: = Xm N. ’ (2.1i6)
whara f; = Skin friction in KPa
Xm = 2.0 for piles’ with largs volums

displacement
= 1.0 foF pi1las with émall voloma
displacamant.
NooE statistical évérage of standard panatration
halow | count; |
For Cona penatfatibn data Mayarhof (1996} and Thornburn .

ang MacvVicar (1971) suggestad

f: = D0.005 q. ' (2017
whara fs = Skin friction in XPa
de = Cone panatration resistancea, KPa.

'when‘Cona penatremetar 1s useg and s1da friction Ges 1S

measuread, therefore Vicar {1971) suggastad

Qcs (small vblume displacemant pila) ¢ (2.18)

I

fs

fg 2 1.5 to 2.0 gcs (larga volume displacamant piles)

Conventiconal matheds of calculation of tha ultimate load

capacity of pilas in sand (Broms, 19665 Nordlund, 1963) assume
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rhat tha vartical stresses are due to the  effactive load from
gvarburden matarial. Extensive research by vasic. (1967) ravaals

that the unit shaft and basa rasistances of a pille do not

nacessarily 1ncreasa - 1linAaarly with depth, bt  1nsteag rasach
almost constant values bevond a certain depth which’ nava basan
shown in Fig. 2.14 and Fig. 2.1% . This phenomanon was attributed

by vasic to arching and 1s similar to that considaraed by Tarzaghi

(19432) in relation to tunnals.

Soma dasign  approaches have 9ffactively incorporated.
Vesié’s finding by spacifying an upper iimit . to fhe shaft and
base resistanceé- For aAaxample, McClalland Aat al_(;?éq) hawva
suggestad, for- madium—-densAa claan sand, the following design
paramaters: . @ = 300 ;. Comfficient of esarth prassuré,K; = 0.7
{comprassion loads) or O_SI(tansion loads), wlith 2 maximum valﬁe
of shaft rasistancae f: ofrl ton/fL. (98 KN/m2); énd Ng = 41,
W1lith a maximum base r531stanca'fb of 100 toﬁ]ftqf (9.6 MN/mZ ).
Howaver , such approach take 1ittla account of the nature of the

sand ang may not accurataly raflact the wvariation of pile

capacity with pila panetration.

Covle and Casﬁallo(lqal), proposad a naw design
corralation .improving axisting corralation' ‘batwaan bearing
capacity factors andg pille soil system parametars. Fiald load tast
data from 34 tasts ware found in the literature, but only 16 of’
tham included both comprassiaon and tension tast data. So thay

tooKk thosa 16 data to develop a battar correlation.rcomparisoh of -
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Ng wvalumss obtained from fialdg tast data and thaorias 1S givan 1in
figure 2_16&6 . Curvas are plotted for thma bettar kNoWN thaorias,
covaring a wide rangae of possibla Ng valumss. Alse  the Ng valuas

-

abtainad from figsld test ars plotted for tha compression/tansion

data. Tip. bearing 1is separatad from tha rasults of COMPression
and tension tast data. From thae field tip beRaring wvalue, MNo
~valuas arse computed. Tha resiilts 1n Fig. 2.16(b) show that nona

of the theoriaes -can ba usad te pradict cofrect Ng  wvalue.
Tarzaghi’s ganeral éhear theory also predicts highar Ng value:
Tha measurad Ng values daviate widely fram the thaoreticatl
values. This typa of com?arisan clearly showed tha nead for
improved ceorrelations which inglude all signifidant- parametaré

involvaed in tha pile-scil intaraction p%oblem_

Covle and Castallo in lgallused fiald load tast déta Lo
davelop a new correlation which relatad tha bearinaga ccapacltv
facﬁors to pilg geomeﬁry paramatars andg sand propertias. Sevaral
diffarant caompinations of pile parametars . and éand propartias
warea invgstigated during tha davalopment of these corralations.

The corralations prasantad wera consigared tha simplest and best

for practical usage.

Practical pila dasighs ara based on static cona ang
standard penatraﬁion tasts, spaciallyfin.cohesionlgss so1l. In
1982 Mayearnof asalyzad tha mathods of estimating tha ultimate
bearing capacity of piles 1n sand from the results of static cone

and standard penatration tasts and comparad with tha results of
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load tasts on drivan and borad piles of -diffarant ‘sizes and
ampbadment ratios in the sand stratum. He suggasted an ampirical

reduction factor for tha ultimate unit point rasistance,

"Rp = ((B+0.5)/2B)" < 1 for B > 0.5 m {2.19)
in which B = pille base diamatar in metars; and n x an
index which may roughly be taken as n = 1 for leoose sand., n = 2.

faor medium dense sand, and n = 3 for dansa sand, which 1S sShown

in Fig. 2.17.
2.9 Analytical Works on Bearing Capacity and Sattlament Analysis

Analysis of pilas for bearing capacity and sattlament
may pe done by various‘mathods_ Such*method may ba classifiad
into  four broad catagories:

1. Traditicnal ampirical methods .
2. Load-transfer mathods.
3. Mathods basaed on tha théory of alasticity

4. Numerical methods (finita alamant finita, diffarance .

mathod) .
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2.5.1 Traditional empirical mathods for saftlement analysis

Mayarhof (1956) suggesited from an analvsis of a numbsr

of load tasts that at lecads less than about  onea third of the

ultimate, the sS=sttlemsnt {fmm) of a pile could be astimated as
follows:
P = db/30F 3 —_— L (2 20)
whara ds = diameter of pila basa (mm)
F .= factor of safaty { >3 ) on ultimate load

Focht (19673 examined data from a numbar of load tasts
ahd related tha obsarvéd sattlamant, p' » at the working load to
thae computed column deformation P co1 at tha working 1éad_ Focht
dafined a'“movément'ratio“ as -p /P ecol and founad that for
ralatively long highly—strassed pilas having p c31>8-mm- tha .
movamant fatio 1s of the ordar of 0-5, wharas as for ralativaly

rigld piles, having 9 c51>8 mm, tha movamant was larger. on thse

ocrdar of 1.0

2.5.2 Load-transfer mathods

This mathod, proposed by Coyle and Reese (1966),
‘utitizes soll data measured from field tasts on instrumantad
pilas andllaboratory tastse on model piles. Tha ralevant scil data

required in this mathod ara curves ralating tha ratiec of tha
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L

agdhasion {or ioad~transfar) ~and ths s0il shear strangth to the

pils tip movamant. Such curvas uyare first devaloped by Sead and
Reasa (1957); and a tvpigcal ralationship 1is shown 1n Fig..

2.18(a).

In actual prgbleﬁs, a numbar of such ralationship may ba
required to describe the load transfar aloang the whole langth of

tha pila. The lozgd-transfar method may ba summarized as follows:

1. The pile 1s divided into a numbar of sagmants (shown in
Fig. 2.18(b)).
2. A small tip movement, yv 1S assumed (zaro mavy be

salactad).

3. Tha point rasistance,. Pr, causad by this movement 1s
caloulatad. This may ba dons approximatsly oy assuming tha
bils tip to bhe a rigidgd circular ar=a and employing tha

Boussinesg theory (Coyle ang Ragsa, 1966)

. Z2aEvry
pT T me———— . (2-211
(1-v2) _
where E, vy ara tha young’'s modulus and poisson’s,. ratio’ of the

material heneath the tip, estimated from triaxial tasts or othar

data_: -

4. A movement, yszt , in the bottom segment at midheight is

assumad.
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Using the estimatad vzt, the appropriats curve_of load-

5.
transfar/=socil-shear—-straength vArasus pile movement 1z usead
te find the appropriata ratio.

4. From a curve of sheaar strenghth versus dspth, f{shown 1n

Fig. 2.19), the strength of tha so1l at the d=pth of the

sagmant 1s obtained.

7. Tha load transfar nor adhesion is then calculated as

Ta = (ratio x shasar strangth). The load Q: on the top of
sagmant 3 can ba calculated as : . "’

, . er
Q3 = Py +TyLz3Px (2.22)

whare, Lz= langth of seagmeant 3

" P3= avarage perimeter of segment 3

. 8. Tha amlastic daformation at the midpeint of the pilas
sagmant (assuming a linear variation of lead 1n tha

sagmant) i1s calculatad as

Qm Lz
VIT = —mmmm—m———— X === (2.23)
2 2A3Ep
whara Qn = (Rx+PT)/72
Az = araa of sagmant 3

Ep = Pile modulus.
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9. The new midnaight movemant ‘is than given by

.

Y31 = oYY o+ vy o - 12.24)
10, y’3z7 is comparad with the astimatad valus of vyzr from

step 4.
11. If the computed movamenl v’ z7 does not agreas with yzr
Wwith in a specified tolerance, step 2 to 10 ars rapeated

and a new midpoint movement calculated.

1Z2. Wwhen convargance 1is acdhiasvad, the next sagment up 1S
considarad, and so on, until a value of lcad (Qg) and

displacemant {yo) for ths top of the pile are obtailnad.

The above procedurs is - than rapeatad using diffarant
assumed tip ‘movemants until a sarias of values of Qo and vo ara
obtainad. Thesa values can than be usad to plet a computad 1éad—

.

sattlamant curva. ' .,

On the basis of field data on instrumented pllas’ and
laboratory tasts on modal piles,\Coyla and Reasa derivad a sarises
of thres average curvasnof lcad trans?er, cshaar“strength varsus
pile-movamant curves for various depths, which ara ‘'shown in Fig;‘
2.20 .The intgrpratation of the tests on instrumented  piles jto

obtain thess curves  was desscribed 1in detail by Coyls and

Reasa(1966) . , .
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From a serias aof tests an instrumentad pila_ in sénd
éogle and Sulaiman(l?é?)‘have prasantad data on the load—trénsfer
varsus mgﬁement charactaristics for steel "pilles 1in séturated
S'and, Shown in Fig. 2.21 . This data suggastad that for de;aih:-: of
-0 to 20 FL., curve A, wWlth an uppsar limit of skin frictioen of
twice thea shear strangth, can be uséq_ For depths graater than 20
fL. . th=a maasured.relationshipa approach curve B, withlan uppar

limit of skin frictien of 0.5 timas tha shear strangth.

Z2.5.3 Mathods based an fhe thaory of aiasticity

In this method the pila is divided intoe a number of
uniformiy loadad elemants and a solution is obtainad by 1mpasing .
compatibility batween'the diéplacaments of the pi1le and tha
adjacent soil foE sach algment of tha pile. The displacaments of
tha pile ars aobtained by conSidafing the comprassibility of  tha
- p1le dundar axialtloading_ Tha soi}‘displaceménts are obtainad 1n
meost cases by using Mindlin’s aguations for tha displacaments
With in a'soil mass caused by loading wWlth 1n the mass.

D’nppolgnia and:Romualdi (1963), Thurman and D’'Appclonia
(1965) assumad tha ‘shear .strass at @ach elamnent to bs
raprasantad by a single_point 1oad acting on the axis at the
cantar of each eleﬁent; Nair (1967) assumed a uniformly loaded
circular area‘at the centar of sach element. Poulos and Davis

(19&4B), Mattas and Poulosr(igéq) and considerad a shaar strass

distributaed uniformly arcund tha circumference. . of the pile. The
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latter . appeared to be tha most satisfactory of thosa nuharical

mathods .
2.5.4 Numerical methods

Detailaed descriptions of tha finite slament mathod have
heen given by Zienkiewicz {1971) and Desal and Abel [(1972). Deséi
and Cﬁristian‘(iQ??) discussad qompranénsivaly the use of finita
alamant. 1n geotechnical preoblems. Desail 61974) congidered'a p1la
1N sand with a2 hvperbolilc strass—strain rasponse and also: used

spacial- alements for tha pilles sol1l interfaceae.

Balaam =at al (19?6) usad a diffarent type of analvsis.
in which the fini1te alement method-was u;ad to analyza the- p}la
and . s01l mass saparately and than compatibillity conditlbng‘weré
imposad to determine' thé noda} forces :and deflactians. The
possibility of slip at tha pile-soi1l intarface 1s allowad for by
spacifving a limiting pila-so1l shear strangth, from wh1ch

limiting values of nodal force can be calculatead.

2.5.5 Comparisons betwean solution from alastiq approach and

finlite elemant analysis

Balaam at al’ (1976) obtained alastic solutions of

axially loaded piles for the casa L/D = 10, K = 100,  h/L = 2 and
v = 0.45. Twanty triangular elamants wera used for tha pils and

€ -

160 triangular alements ware usad for thas s=oil. A free outar
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bhoundary was’ assumed. at 325 pile diamatars from ths pile.axis,'tha
,basel underl?ing Fhe S011 was assﬁmEd'to'ba Fough and rigid. 'Tha
sattlamant a; tha top of the pila was found to bé ole 2.00% lass
than ‘that givén by tha analysis utilizing Mindliin’s eguations.
Furtharhore, tha finite-alamant solution in which tha pile and
=011l aré analyzed togsther as a Single lﬁass_ Decre2asing fha
numbar of- pi15 elements to 10 and the soil element= to i?
incraases the.discrepahcy bééwean tha finita eleﬁenf'solution and
the elastic seolution te 3.5%. In a parametric -Study of  the
settlemant of a2 pille presenﬁéd'by Laa (1?75), the solutions ara
obtainad from a finita-slament analysis. Tabla 2.3 Shows A
comparisoﬁ ‘betwaen Lae's solutioné for a fleating pi1la 1n a
guniform maés and tha coprresponding sSclutions from tha alastic
analysis. INn this casa the finite alamant soygtidns ara slightly
areater,. but ganarally there 1s cleosa agrasmant betwean thea LwWwoe
sarias of sblutions.

A :further comparl1ison with Lee’s solutions 1s shown 1n
Tabla 2.4 this tiﬁa for a pifa baariné as a stiffgr strétum_

The agraamant 1S again raasonabla.

A° comparison betwesn computedrload—settlament.curves to
failura for a pila inié puraly cohesive'soil 1S Sshown 1n Fig.
2.22 (Py 1is tﬁa ultimate 1oad capacity).rrThe agraamahF ié
ganarally reasonable, but at loads approaching the Qltimataf_ the
sattliemants givan by tha finita alemant analysis arae graatar than

~thosa from tha "elastic" approach.
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TABLE 2.3 Effact on Pila Displacemant , Considaring Radial
Displacamant Compatibility (Mattas and Poulas, 1969)° o

Top Displacamsent influanca

Ralabaia b il bl ittt T T P e e T

L

L] L]
) 1]
i 1
] ]
! Displacemant = ! Factor, 1,
: P ) '
: ———-1, ] T
! LE g ! wvartical !"vartical and radial
! ' Displacament ! Displacemsant
! T ! Compatibility | Compatibility
' ' i Only 3 Only
i 1 1 il
! 10 ! 100 ! 1.793 ! 1.782
' ! 1000 ! 1.378 ! 1.448
' T ' , i
' 29 ' 100 ! -~ 3.599. . 3.5472
' ! 1000 H 3.181 ! 3.160
i t i !
‘100 ) 100 ! 10.670 ! 10.488
: ' 1000 ! 5.220 ! 5.140 -
1

: ! 20000 ' 2.758 ! 2.712
1 ! 1 1

.t ? 1 1
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TABRLE 2.4 Comparisconhs batwean Elastic and Finita—-Elament
Solutieons for Pila Sattlement (Lea, 1973)

Top Displacament Influance

Displacamant = Factor, Ip

(e e e e . R e A L b o i B e e e iy —

! !

[] 1

] 1

P L — . ;
————1p H Finite Elastic Mindlin |

dE H Elamant ! Approach H

‘ N 1 4

“t ] ]

L/d ! Floating Pila : Sami—-infinita Mass !

{ -~ e nna -1

] i i

7 ! I

3.5 ' 0.267 ! 0.2598 :

5.0 : .0.211 ' 0.205 :

10.5 ; 0.115 ! 0.112 ‘

15.0 ! 0.103 v 0.100 !

19.5 ' 0.094 s 0.092 \
—————————— i o v et o rr  mn mr | v = e e b et e ot b it e mr | e o v o e v o o e — e s = = |
e e ettt S eSS m s ss A e S 1
L/d ; Ep/Es | End—-Baaring Pila !
__________ Vo e e e e | e e i ]
] ] t i

S ' 10 ! 0.078 ! 0.075 )

! 100 ! 0.014 ! 0.016 !
—————————— s e
15 ! 100 ' 0.020 ' 0.020 '

} ; : 4

A
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2.6 Main Point from Litaratura Raview B

From the literatura reviaw it transpires that much wWorks
have beén -dona aon  the acourats prediction, detérmynatlon and
corfelation of skin friction and and baafing of . a pila. Separate
works on  skin friction paramsaters sSsuch  as, earth pressura
coafficiaent, ceafficiant of friction ete. have al;& baen  adona.

And Dbaaring capaclity factor Ng raceived a major attantion of the

resaarchars.

Othar exparimental works revealsd phanomeana “"lika <and .
arching and linear increment of pilas capaclty aftar critical

dapth.

Histoery of pile dasign 1S basad on -~ the findings of
aqcurate lbearing Capacity 'factor,- garth prassure ceoafficiant.
coefflciént of friction. But knowledge on £his Aspact seams po ba
incomplate. It 1s qlear that load transfar mechanism of piie must
be known first to simul=ate of, to brediét tha load Esettlament
curve for pileé- This would raguire modal pilé testing 1n uniform
sand beq iﬁ order to know tha actual load transfar mechanism in a

simplae and idaalized mannar.

From literatura raview of analytical works it 1s saan
that finita alamant mathod of analysis can pradict closad form
solutions for pila top sattlamant well. Se analysis of tha

problam 1s haraby recommendad by finite alamant méthod-
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-  RE5EARCH SCHEME

3.1 Intraoduction

From literatura Faview 1t 1s appargnt that load transfer
machanism of a pile must be known first to =imulate or,_ pradict
lcad settlemant curve for ﬁhe pilas. Load transfar mechanism 1= a
highly complax ;phenqmana as it involvas many factprs suph as
lslips along pilé*soil intarface and plaétic aaformation of s011
during the progressive loading  to failura. So load transfer
curvas show high dagrza of noﬁlinearity and ara sansitiva to any

functional paramater of pile-saoil system.

For the saka of 1dealizationﬁ investigations of load
transfer machanism w2re dona in a uniformly lald sand bad anly.
The model pi1iaes are therafors installsd 1n a‘granular base only
1n ordaer to simulate a‘practical situation that 1is likély Lo
arissa %n éangladesh- In Bangladesh maost of tha pilms ara’llkaly

to rast in a firm sand sStratum though therae 1s a3 cohesive uppar

lavar .
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3.2 Ohjactive.

Thé rasearch aimed at studying load tranéfer machanism
in pilles 1nstalled invgranular séils_ In coursa of‘study of load
transfar mechaﬁiém some important parametric relations i.2 load
sattlemant curveae, ;separation of -skin friction etc. l wara

davelopad. Thasa may be usad 1n revisawing tha curresnt dasign

procedura. followed for pile foundations.

Tha resesarch was airmed at i1nterprating load transfar

machanism basad on the following i1nstallation and leoad test

rasults on single pilas;:

1) A load sattlament curve'for-each'sat of pi1las

?) bata ralating te distribution of total load into skin

friction and tip bearing.
3) variation of load transfar patterns with reaspect to

plle geaomatry, placemant condition and soil dansity.

A comparison of the axparimental rasults with curraently

avallabla theorias wera also sought.

3.3 So0il Used

‘A Magium densa sand. is used for bad preparatian. Teo
simulata naturally dry sand, . 3% moisture was added thoroughly.

The soil 1s ‘uniformly graded with a uniformity coefficiant
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ranging from 1.15 to 3.84. Spacific gravity of the sand was

determined and found to ba 2-55_ Fig. 3.1 shows its gradation’
ranga.

. ' Strangth parameters of the sand [(intarnal angle of

friction) At various densitias wers astablishad through standard
tast procadures and it was 31° for loose sand and 35° for danse

sand.
3.4 -Schamsa Qf Rasearch

Tha expariment consisted of tha following stagas of

parformanca:

Unifoarm sand bed preparaticn: praparation of uniform

sand bads with measuremant of dansities at diffarsnt locations 1n
the bads. Tha heads arsa preparsd 1n such a3 wavy that tha densities

of ar1fferant npeds ara nearly i1dantical.

Datarmination of dansity and strenqth paramaters of tha

sand used 1in - each taest: s0il paramatars. such ' as spacific
gravity(G:), uniformity coafficiant(u), anglea of . intarnal
friction( ¢ )from Diract Shaear tast, modulus of alasticity of

sand(E;) are daterminad.

Pila installation: pilas ara installed by twe mathods.

Pilas drivad into an uniformly laid sand bad by appiying a static
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load 1s calleg a displacaement pilile. Whan the 'pile,ig kept
vertical'in tha tank and than sand is poured te f11l the tank,
tha pila is calledq a nondisplacémant pila.

L <

Axial load test by comprassion: a pilot tast  is

conguctaed to check the slectrical straln measuring 1nstrument.
Than - single modal pi1le T s tested bv displacement anpd
nondisplacamant ' method  with tha combination of maximum and

minimum d=ensity of sand. This 1s repesated for a naw diamater of

.P1la.
3.5 Spacification for Pila Load Tast

Pile tasts wares devizad fol;owing thea meﬁhod'
describad in ASTM. D 1143-74 (standard methods for pilas undgar
akial caomprassive load). Loaalng was dons iﬁ the experimant bQ‘a
diract shear 1loading devicg and spacifiad ponstant rate of

penatration (0.03 to Q.10 in/min.) was maintained.

Pila tip movament was measurad by a set of
strain gauges and avarage of four strain gauge readings was takan

as raprasantative.

All tests wWere carriad out upto a large settiemant of
pila(upto tha diamataer of pilaes). The details of thase are

‘"discussad in chaptar four.
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CHAAPRPTER 4

LABORATORY INVESTIGATIONS

4_1 Intraduction

A laborétory pkogramme was developed to assass the load
rtransfer machanism of a modal pila installad in granular sotl. As
meﬁtioned 1in tha rasaarch schemé, this involved in development of
a testiqg tank in which a uniform dansity sand bed was laid. The
uﬁiformity_of tha sahd bed was. chécked; Tha detaills of 'theéa
arrangemants ahd test proceduﬁes.are disqussed subsequen;ly_

.

‘4.2 Praparation of uUniform Sand Bead

A staal tank (2ft; x 2FL. x 2ft.) Qas évailapie'1n the
Geotechnical €Enginearing Laboratory .- The tank was made of staeel
frame and galvanized iron shaats. - Bscaﬁse i sufficient
rigidity of tha sidewalls requiraed to simulate field condition

(1.8 maintaining Ko cohdition). As maximum pile diameter for this
resaarch was 2 inchas. and 'preséure :bulbs below pile ,tip _ié
assu&ed fo axtand upto 3D. S0 a 24 i1nches deep steel tank.was
,considered Lo s8rva Qall for the purpaoss. For furthar detall of

tha tank sae Salahuddin{1986).
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For the praparation of uniform bad of ﬁand,..nina cublc
%eet' éf uniform}y graded sSand aras used_Tha sand contained
matarials passing No. 16 sieve-ahd thosa ratzined on No. 100
sie?e_ Fig. 3.1 shows the gréin siza_distfﬂbutioh_ A hoppear and a
hoppar carriar (a trollay) wara also availéble %or iniform =sand
placament (Salahuddin, 1986 ) . Datalls of shaat work for making
hopper.is shown 1n Fig._ 4.1 . Arrangemant. for placing hoppar on

trolley and dropping sand from a specific height'ié shown 1n F19.

4_72.
4.3 Ewvaluation of Soil Propartias

Soils usad 1in the sand bed ware tastad for grain size
analysis in accordanca to ASTHM Qg22—63(19725 to establish  the
gradation; fineness modulas and. uniformity coafficient. . Tha
ilattar Eangad from 1.15 to 3.84. Diracf'shéar rast (ASTM D 3080-

72) was carriad out to find out the angle of internal fricticn (¢

) at various densities. ALt loose state it was 31° and . At  dense

state 1t was 359.

Cvcling 1oading triaxial tasts wara conductad to
datarmina tha modulus of elasticit? of sand, which was used 1n -
numarical analysis of tha problem. For each dansity of soil, 3
such iasts wara conducted aﬁ threa differant confinihg prassure
and thea raquired modulas of ° alasticity was axtraﬁolated from
thosa threa values. 0na typical stress-strain curve is shown in

Fig. 4.3. Modulus of elasticity of soll i1s takan to ba the slope
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STRESS , ( PSI)
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of =mall ‘=train realecading path. Modulus: of élasticity for dansa
condition. was 114 psi and for loose condition, . 1t was 70 Bsi1.
These are axtrapolatad modulas of elasticity for ‘an avaraga

confining prassure of 0.4% and 0.38& psi raspactivaly .

4_4 Measuramant of Strain in Model Pilas

IS

In 'this rasaarach Lhras hallow ,one and closaed ,modal
plles wara usad, 8ach 15" long and tha diameters warse. 0.75",
1.1875" and 2". The.. thicknass of tha moadel pilss wara 5"/178,

.

13"/128 and 11"/128 raspactivaly . '

AS -Lha rasaarch aimad at tha lstudy of load_ Ltransfar
machaﬁism, so it neadad measuring"strass at gifferant dapth
‘lavals alang ﬁha'pila_ Convéntlonal mathods of measuring  strain
could not selve tha probliem, beacausae it waé not sansi1tive anough
Lo measura varw smélllstrain of ﬁhose modsl piles. Another raéson
was thét 1in tha éonventional'mathod, tha instrumentation was ﬁot

- posslblae without disturbing tha sand-pile intarfaca.

So, eiectric strain gQauges wars usad suceessfully. The
gaugas wara of TOKYOD SDKKI KENKYUJO CO. LTD. .(;a.l;lga length and
rasistance were 10 mm and 120 + 0.3 ohms raspactively. Figure 4.4
shows how tha gaugaes wera;installad in aluminum modeal pilas_'Hare
thraa strain gauges wafa provided on innar wall of pila, aﬁ
cartain ‘QEpthsg becausa of tha uniformity of comprassiva strasé

at that lawvel.
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Fig. 45 shows . tha whola arrangamant for atrain
maasuremant. Hare a 'GUMmy qaugs is usad on the sSama metal for
temperaturs éompenSation_ No . 40 wWilnding wWire ware usad to

maintain the connaction hatwean tha strain gauge and tha strain

readar {vaolt matar).

It 18 impeortant to note that though the whaatstons
- hridae ciréuit,. usad for strain measuremant was halancad for
temparatura compansation, tha i1initial readings  wers unstabla.
Thara - was probkably othar alemants of the bridge could ha ét
diffarant atarting tamparaturas (Abaqin,‘lqaé). So a m1nimﬁm 6f\5

‘hours was waltad for sach satting to stabilize the temperatura

bafora the axpariment was started. .

It was observed that degradation of the powar supply
sourca o thsas voltmefér resultad in erratiét‘raadihgs- Hanca 1L
was essantial Lo aensurs thaf the  battery . =t used- 1n the

voltimatar ware sufficiantly strong bafore aach set of tests ware

pafformad-
4.5 Density of Sand Bad in tha Tast Tank

In tha axpariment dansity of =01l plaved an-iﬁportant
rdla in-load transfar pattarns. It was assential that tha dansity
of tha Sand bed was uniform al£hroughoth A saries of trials
ansured that it was possible to obtain a unifqrm density bed. It

was abservad that dansity of sand bad could bea realatad to haight_
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of fall ISalahuddin, 1984). Othar factors such as thea mannar in

which tha hopper was éhargad also affactad the density.

4.5.1 Dansity in loosa conditiaon

Denéiﬁy in leose condition was achievad by hopper
manipula;ion_ Maintaining a 4 inchas hgight of fali of =zand from
the hoppar, a uniform loosa Sénd bad could be abtained. Fié; -4-6
Qhows an arrangeament for'maintainihg a4” nheight of fall of sand
from the hoppar bottom- Sand was fead i1n the2 haopp=ar. and thE Hobpet
disseminatad the sand uniformly moving to anga fro over a trolley;
The frame holding frolley and hoppar was réisaq time to tlmé Lo
maintain'.a. inches height of fall of sand. No vibratlpnewas
al}owed 1n tha vicinity of tha sand tank, hacausa it could moadilfv
the uniformity 0f sand density; Miﬁimﬁm density that was obtainad

by this process was about 89 pounds per cubic fast . whlich firtted

well in Fig. a_70fsalanugdain{ 19136).

4.5.2 Daensity in danse condition

Dansa conditicen was attainad by compacting the sand with
a standard hammar , (10 1b.) aftar a layar was placad. The sand bad
was praparad 1n fiva layers. Each layar was of 4.5" thick. Faig.
4.8(b) shows "Lha iayaring schama . Aftaf tha fofmation of aach
layar compaction was done by a blowing ‘schema shown in #ig.
4.8(a).. Blowing was davised in thié way Lo gét an uniform deﬁse

[

state. Maximum avarage dansity obtainad by following this procass
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was 105 pounds per cubic fast.

4.4 Rigidity of Model Pilse

This rasearch primérily intended to study tha transtear
er axial ioad_ Initially 1t 18 transterraac by skin fric;ionlt
Separation of skin friction from the test was carried oot in- a
indirect - wayl At a leval ., h strain (EB was measuwred by a
electronic straln gauge, then skin frigction can be separated -as

follows (Fig. 4_9)

_Oszgp* Ep o (a1
Py =0 X A . (a.2)
skin friction , fo o= (P-Py)/(1/2%nxap) . (a.3)
whara ep = etraln in the pile mat.,
Ep = médulus of elasticity.of pilla
PR AL = parimeter of the pile
" P1 = acting ioad at any saction
P = Taotal axial laad.
So modﬁlus -of alasticity aof pi1le  was nasdad to be

r

astablishaed. For this purpose a short block of the modsl pilae (1
inchas 1in height) was takan iﬁ ordar to avoid slendernaess
affacts. Than it was testad to gat a strass-strain curve from
whara 1ts modu}us of elasticity valum was calculated, as averagé
of sevaral tasts. Ih Fig. 4.10, 1t 1% sean that starting of the

‘curve 15 nonhlinear and concavae upward . This was because any
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. (@ Blowing Circle 2 (S0 Blows)

Fig. 4-8(a) Tank Pplan Showing Blowing Scheme.
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comprassion test machine rsquires two platas to comprass tha

sémple in batwean. Hance in tha. tast, dua to lack of smoothness
of surface (both machine plata and pila), load was conceantrated
on  smallar area at the starting of thae tast. 50 to ensura fultl

araa of pilla saction under comprassion highear initial load was

‘applied along with tha rubbar sleaves on hoth and of the slement.

4_7 Pile Placemant and Loading Arrangam=nt

ALl tha tests warae parformad by axial load application.

So, to ensuré that the pila 1s axially loaded two sets of woadsn
l-bars, all 30" long'ware usad:. Eéch sat was sat in a cfiss~cross
manner, so that 1t created a squara opaening 1n tha middle to lat
.the pi1la slide 1n, as shown 1n Fig. 4_11. vVartical gap batweén
two sat of frame was about 95", Combinsd action of the;e- Lwo

frames regtrained thae pila to remalin vartical.

Fi1g. 412 shows the loading arrangemants, 1oading was

dona by tha direct shear bhox; which was operated manually.
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to Keep the Ppile vertical,

Handie for .Loud
/ 3 Application
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Fig. 4.12 Loading Arrangement.
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CHAaOPTER S

THREE DIMENSIONAL FINITE ELEﬁENT FORMULATION

S_1 Finite Element Formulation

The finite Eyementlmethod is a puﬁerical ahd powerful
téqhnlque to éolve, approximating a gontinuum as an assambly of
qiscrete elements. A.thfee dimensiénél 8-nodad brick or .heka
hedral slement(FiqgQ. 5.1) (Zlenkdawicz,IQ?l;.Desai and Abel 1972)
aé Qeen used hare. The natural coordinatas r.,s and t with the
origin of tha systam 15 taken as tha centroid of the elaement
(Figt 5.1): The relation between the local and global co-ordinate

system can be .exprassad 1n the followlng way:

x [(NTY {03 {0} lxn .
‘ A0y {NT)Y (0} Yo b ..(5.1)
{0} {0) {NTH||zn

~

r

whera (N7} = [Ny, Nz, N3y, Ng, Ng._________...... Ng ]

T .
X} = [X1, X2, X3, X4, Xs......_ ... Xs ]
"The interpolation” functions are obtainad from -

Ni = 1/B(1 + rr;)(1 4+ ss3)(1 + tt3) ... .. {(5.2)

whara 1 stands for tha node numbar in the alament.
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The componhants of displacament at any point in the alement can ba
expressed 1in terms of the i1ntarpolation functions and the nodal

displacement vactor as follaws,

{uy = [NJL{QY (5.3)
whars {u}T: {d, vV, W)
{9y = {ur, vi, W1, Uz, V2, W2....._. be, Va, Wg}

Ny DONe OO ... ..___._.. N
[N] = |0ONy OON2 O ... .. ...... 0
00Ny OO0N2 _____. .. 0

S.1.1 Strain-Displacament Ralatianship

The strain component a2t & polnt 1n tha element ars given

by
" . .
€ x §U/E %
€y §V/SY
B2 L swisz L -
{e} = ] Yay[z|0u/dy +Vv/5x = [B1])[R2]....[BB]{a>=[B]{qg}..(5.4)
Yyz| [6v/62 +5W/SY
Yzx) [SW/Ex +6u/§2
\ \ - 4
whera [B] = strain displacemant transformation matrix..

Tha strain displacement transformation ' matrix can ba

exprassed as

S Ni /S x .0 o}
o SNy /B8 v 0
0 0 (SNi[(S? .
[Bi)l = |[dMNi/By SNi/éx (o (5.5)
. 0 §Ni/6z &SNi/Sy
1ENi/8 2 0 SNi /6%
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To. avaluata itha Qlobal deriVativEs of tha shapea
functioné, it "1s requi}éd to éstablish a . transformation
ralationship from the.global to 16031 co-ordinataes. . It can be.
dona by using Jacobeaias Matrix; By ﬁsing' tha chain rula of

diffarantiation it. can ba Found

———— = et em—— d mmme e b i e
Sr §x &r Sy &r §z &r
§ w Sy §z
_.6-._-.... - _6_ ______ + __6__ — i + _—6—. mmmmm - -(5‘63)
ds §x $ds Sy &8s 8z §s
8 & S % 8 Sy 8 &z
- —— T e e —— + ———————— + —— —— P
St § x St Sy §t §z St

f ~ : —_ r -
8 8 x § v sz | | 8
S r §r Sr Sr § x
' § § % Y § 2 8
B e I R T e (5.6b)
§ s 45 §s §s Sy '
8 4 x Sy Sz S
§ ot | 0t (I A § t 8§z
- = /

5 x Sy § 2

__(St. dt 51:_J
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whara [J] i1s the Jacobian matrix. So the global derivative can ba

obtainad as

N r N

(5 5

Y S ¢

8 - 8 ‘ . _ )
< Smmm Dz [JJl S m=hm S ... (5.64)

a— o - — 4—“6“

§ z - St
\, - ’ . .

Therefore,

1 00 o000 000 . :
000 010 0o00||[J]-1 [O] [0] {N; Y {0y {0}
000 000 0O 1]||[0] [(3]-1 [0]. {0y N (0}
[Bil = |01 0 100 000[|[0] (0]  [J3)-1|{0> {0} «N;d
0DO 001 010 : =
001 000 100 .. (5.7)
' 6Ny 6Ny SNy
wharsa [N;]T = —— -—-

§r 6s 6t
= 1/8{ri (1 + ss;)(1 + tt;), si{1 + tti)(1l + tt;),

B (1 + Fri)(1 4 ss5)]

5.1.2 Stress—-strain ralationship

Strass-strain relation of a continuous media can be

"

axprassad as follows




(oY = [CI{EY .. e.....(5.82)

where [C] = stress-~sitrain matrix,

Expanding agquation.(5.8a),

y ' ~ '
rcrx - [(=v) v v o 0 0 ©x
o ] G-vi v o o 0 €y
< gz \ E . (1-v) o0 0 Q. Bz §
ty [2 mmmmmmmman {1-2v)/2 0O 0 Tx

=1 (1+v)(1-2v) Symmetrical {1-2v)/2 o vz
Ty : (1=-2V)/2| Y= :
L J L ) - ) —_ A\ y
(o} = [CI[BI{@>  -..-.._.... R ---(5.80)

In eguation {(5.8b) it 1is obsarvad that [C] 1S tha proparty matrix
of tha media, [B] is detarminabla from the geomatry of tha
elament. Only {g} 1s laft, which is datarminad from the follawing

ralation:

[KI{Q) = €@ ... e (5.9)

wharae [K] = elemaent stiffnass matrix.

{a>

alemant load wvector..
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‘5.2 Salient Faaturas of tha Programme

AN avallabhle- finite alament software based on

displacemant typa formulation -"FE2000"(Numerics Corporation,

1983) is.

assuming
Gaussian
slement

given in

usad for tha current analysis. The analvsis is pearformed

linear elastic bshaviour of pi1le so0il svstem. Here 2%X2

quadrature has been used for integration ‘acheme 1n the

stiffnaess formation. Saliant featuras of "FEZ000" are

%

appendix A.
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CHAAPTER S

EXPERIMENTAL RESULTS AND DISCUSSION

6.1 Ganaral

Rasults of tha axpaAariment are prasanted ‘ in both
Qraphical and tabular formé- Load—-sattlemant relation. wvariation
0f skin friaction algng embedded‘depth, davelopmant. of coeff]c18nt
aof earth prassure wlth relative depth are “represantad
graphically_ Baariﬁg capacit? factors ara raprasentad gn tabylar
form. Load-sattiement curves ara non-dimentionalized to show the
'uniquéness of all curves. From ragrassion éf sﬁin friction data.
a skin friction preadiction modél has bhaan suggéstad. A rational
confficiant of eafﬁh prassura has alsé Been suggested. Baaring
capacify factors obtained by this exbérimant havae baen compared

With thosa of othars.
6.2 Load Settlamant Ralation far Test Piles

Fig. 6_i and Fig; 6.2 show loadnsettlamant,ralatlons for
pilas subjécted Lo vartical loads 1in loose and danse sands
raspactively. Thras types- of pilés warea 1installed by two
diffarant mathods. In-ona case the piles ware installed after the
soil was placad iﬁ the £apk and in the othar casa thae pllas wara

placed in tha tank and thean tha sand was paured to fill tha tank.
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{\ Displacesent Pile,Diacl,1873"

Tixz2,9"

§ id=

[4~]

SETTLEMENT X 9,881 (IN INCHES)

Fig. 51 Load-Settlement Curves of Piles in Loose Sand.
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Fig. B.2 Load-Settlement Curves of Piles in Dense Sand.
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S

Tha formar method is raportad as displacement method whila the

later as non-displacamant method of installation.

Data from ~Fig. &1 and 5.7 1is replottad 1n
nondimansional form in Fig_ré,S and 6J4‘by dividing axial 1éad at.
any stage_by ultimate load in v-axis and in the x;axig settlemant
is divided by one tenth of tha pile diametar. Hererult}mate load
is definad as that which causas a settlement of one-tenth of ﬁhé

pila diametar or width {(Tomlinson, 1980). From tha Fig. &.3. 1t 15

observad that piles 1n loose sand show idantical load-sattlament

rasponsa  for "all types of pr1ia and fore both mathods of
1installation . This finding providas a valuabla 1nformation that
all’ load—-sattlemant 'ralation far prles 1n loosa sand can be

rapragsantad by a non-dimensional eqguation relating axi1al load to
ultimarte load ratiof{load ratic) and ssttlament ratioli.e.

Sattlement/{0.1¥diamater of pila)).

There 1s an 1ncreasa in pile capacity with 1ncreasa  1n
thé diameter of pilas. There is a'significant'diffefenca 1N axial
lcad gapacity bétwean pilés installaed with and without displacﬁng
tha éand_ Agaln as axpactad; tha displacemant piles show‘highar'
. ax1al capacity than non—displacement’piles. This incréaséfin pilg
capacity for displacament piles can ba atfributad te , sana
dansification during pile installation. It is also obsarvaa from

the curvas that for larger diamater piles, effect of installation

1s considarabla.
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"Flgure A.4 shows load ratio varsus sattlament ratio far

piles 1in dan%e sand . It can he obsgrvad that upto settlament
"ratioc of 1. pile ioad—sattlement rasponse 1s  similar  for a1l
typas of pile and for both methods of installation as mantlionasd
earliar for loose sand. Buﬁ bayondl sattlemant ratin of 1.

s1gnificant dsviation for nondisplacamant piles of smallar

diamater occurs.

It can also be observed from Fig. &.3 and 6.4 that the
non=dimansional form of the load-sattiament, ralation shown can he

Gonslidared as parabalic.
&.3 Mobilization of Skin Frictional Rasistanca

In ordar ﬁo Study how skin friction is mobilized along
pile langth tha results of displacamant Pplles aré considarsd~
harae . It is expactad that aduring sand fi1lling and bad formaticon
in the nah—dlsplacemant' method Soma.non~uniform1tv tn sand bed
mavy have occurred._ Henca tha ‘resulté for this iype of

installation ara not caonsidered far skin friction maasuremsnts. .

Figura 6.5 through 6_10 show plots of skin friction
mobilized at various sattlement ratio(eaxpressaed as parcantaga)
along differant depths of embedmants of the plile. Here tha skin

friction is estimated from the loss of axial lecad at diffarent

langths af the pile as menticned in article 4.6. Fig. &.5 thraugh

&.7 ara for loose sand and tha rast aras faor dense sand.
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Sett}amqnt ratico is the pils pengtration dividad by ons-

tenthr of the p1le diameter axprassed as parcent.. Dﬁservétion of
all the figures indicata that skin friction increasss with the
pile_ambedment depph . Alsc 1t 1s seaan that thera is an inareacsa
in =skin friction'Qith increasad éettlament; An obsarvation of tha

Fig.s &.5 through'ﬁ_lo ravaals that 1n most éases(axcept 150%

curva  of Fig.&6.5) maximum skin frictien 1is mobkilized at
' sattlement ratio of 100%. Skin friction mobllized is  1&ss  when
sattiemant rati1o axcaads 100%. This suggest that a plle movemant

" at 10% of the diameter may ba considerad as fallure displacement.
Propar contact at the intarface of pile and éoil ansura the  firll
mobllization of skin friction. flverburdan prassura offers skin

fricticnal resistance through a frictional bond betwsen pila and

S011 . It could ba 1ntarpretad as the raduction 1in skin friction
bevond a settlement of O.1Xp1le diamater, - mavy bs qQus o
fricticnal bond failure, resulting in sl:ppage at the prle-~scil

intarfaca.

It 1= obsarved that-.tha skin friction (unit shaft
rasistance) do not nacassarily increase . linearty with depth.
Initially thare is a rate of increase in skin friction with depth
which later reduces and attains more or less a constant va&ﬁa_
This may be.the rasults of formation of sénd archas(Robinsky and
Horrison; 19&4; vasic, 19?0) Ialong with the sattlamant

mobilization. Sand arches brevant full davalopmant of lateral

8arth prassura.
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From't%a test rasult=s of modal pilles in sand 1t has besan
obsefvad that theare 1§.aﬁ,increase in skin: friction with “the
incraase ih diamatar of pllaes. Existing amb;rical
relation{Mayarhof,1982) shaown thatlskin friction 1s same for all
-diameter of pilse. This'is contrary to the axparimental findings.

Hera' in ’displacement pries, pila Was  drivan in the.
groﬁhd by displacing certain voluma of soil . Tha rate of volume
'displacement per fbot.' of sand indicatad the rata of
dansification. Larger diamster pile Had highar -rate of wvalume

displacement/foot as it had a largar base area. So, larger

diamatar displacemant piles rasultad in higher skin friction.
4.4 Pradiction Madal for Skin Frictional Rasistancea

Skin friction moti1lizad in a pile shaft at givan. depth.

Z mav be considarsd as(Terzaghi, 1943)

’

f =y ZKtan(§) _ , 7 -
whara, f z unit skin friction
Yg = unit weight of soil
Z = depth

K = coafficiant aof earth prassura

'8 = angla of friction batwean soil

and pila
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Diffarant values of K arasa suggestad by various

invastigators. In figurae 6.11 the variation of this cosfficisnt

of Barth prassure, K, with rélative-plla ambedmantrfi_e, Z/L) 1n
loose sand 1s shown. Fig. 6.12 shaws same ralation for the dense
séil_ Fig. £.13 shows tha variatioﬁ of. coaffiéiant of parth
prassure, K, at differént settlement ratio 1n 15@35 sang, and

F1g.6.14 shows the Same variation for dense séng.

Frem fFi19. &_.11 and A.17 itris obsarved that the garth
pressure coafficiant has a genaral tendancy to increasa with
diameter _ At Smailcdapth, earth-praééura coaffic1ént 15 hléhér
than earth prassura coafficient at graater depth. -In:loose sand
BAarth prassura coefficiznt 15 highar than_ 1n dense 5ahd.
According to Szechy(l?élﬁ, Karisal(19s1), Rabinsky and Morrison
(1964 and Vesic(l??O) dense sand forms arches arcund pile Which

pravent full developmant of aarth prassura. This may ba the

reason of having lowar value of ceafficiant of marth prassure 1n

‘densa sand than that of loose sénd- A= theasa ware'rdisplacement

piles, highar diamatar pile densified tha sand around thea p1iés
during instailation; therafora, coefficiant of aarth'prassure 1S
1ncreasad With diameter.It 1is alse ‘ODSEFVed Lhat 2ll1 thae
coafficianté of earth prassure.lies in betwaaﬁ that of activa and

passiva sarth pressura coefficients.

Dbsarvation of Flg. &.13 and Fig. 6.14 raveals that at
sattlement ratio of 1, tha coafficiant of aarth.pressure reachas

the maximum valua. This eamphasis tha consideration that a
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sattlamant of 10% of pila diamatar usually taken as failure
\ ) ’ ] ) .

sattlem=nt. Thase curves also raveal that coafficiant of marth

prassura 1ncreases with tha incraase in diamater of pilles and

coefficiant of earth pressurs in loose sand is greater than that

of dense sand.

Tomlinson(1971) suggested ' that the coefficient of
latEFai aarth prassur2 should be 1n bétwean Ko to 1.75. The
médal pile tast raesults confirm this vieQ. Howavar, from tha
obsarvatian of résultsL presenﬁed'iﬁ figuraes &.11 through &_14 1t

1s found that the =arth pressura coafficiant in'dry uniform sand

should ba an avarage of activa and passive garth pressura. For
loosa sand a slightly higher wvalua can be considared,. In
convantionatl mathods of pile design{Tamlinson, 1971 .

.

Mavarhat , 1976, Janbu,1976, GCovle @&t a1 .1981) skin friction 1S
determinad considaering the coefficient af sartn preassure at - rast
(aqg. é_lj'which 1s toa ¢onservative as 1t appears from the abova

~

study.

-~

Thaoratically skin frictien mobilizad in a pile may be

eipressed by tha.following axXpression

- Tsx =yg ZKotan($) ' S (6.2)
whara, fz¢ = thaoratical skin friction
Yq :'unip waight of soil
Z =

dapth
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Ko coafficient of mearth pressure at rest

1]

angle of friction between soil and pila.

(=]
]

Rasults gbtainad from modal pila tests ars prasentad in -
Tanhle 6.1 . A correlation 1= davaloped batwasn calculated and

obsarvad skin frictions invalving the following parameters.

Fsa =Zfi_ + C; a -Czr
——————— = e (& _3)
r X Fst Dy X = ~Dzr
) i Any settlamant.
whara : T e———— e et
: £ 0.1 X D '
Fsa = actual skin friction(psi)
FSt = theoratical [Kg) skin frictionipsi)
Z/l. = embadmant depth ratia
For Loosa Sand
Ci1 = 105.56 & -.03(L/0)
G2 = 2.97 8 -.04(LsD)
Dy = 25&.01 &8 -.03{(L/D}

Do = 1.68 & -.02(L/D)

For Densa Sand
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Ci1 = 124.71 & ~.07{(L/D)
Gz = 2 85 8 -.0z(L/D)
Dy = 3I5.0D& & ~.05(L/D}
Dz = 1.85 & -.0a¢L/D)

Langth of pile

whare, L/ 2 e
Diamatar of pile
Fig. 6.15 and Flg. 6.1& contain sampla plots., according
Lo the squation (&_3): which satisfactorily pradict thae obsarved
data. In this regression model, .axponantial nature of constants

ara used to incorpeorata the archihg phanomancon of dansa sand.

timitations of thé above pradiction mOdEl. ara as
follows: |

1. ft 1s valid upto L}D = 35

2. It 15 valid upto F = 1.9

3. For a uniformly laid sand bed.

fhis ﬁowever, should 55 of iimitad usa and should be
fisld tasted, bearing 1n mind that, thae raesuylts used are for

modal piles in a uniform density bad of a dry sand.
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6.1(a)
Dansa 3and.

Exparimantal Rasults of Unit Skin Fricrtion(psi) for

r T . . ]
! H Unit Skin Friction (psi) for Danse Sand !
i ] | at ‘ :
! ! Diffarant Sattlamant Ratios. '
: L/ | :
! ' H ) H V 1 (1nchas)
H H 10% H ?29% ! 50% ! 100% H 150% !}
o E : } ) — i
' 20.00 ! D.0B ! 0.20 | . 0.3a4 ' (.41 A 0.321 |
! 12 .45 R OB | ! 0.21 ' 0.3} ! 0.an ! 0_59 |
: 7.50 ! D.15 ! 0.24 ' 0._39 ' 0.46 ! 0_.45
! 1 1 ] ] [} ]
] L] T T g T T T
! 20.00 ' 0.19 - 0.3 0.59 | 0.70 ! 0.5%5° !
A 12.45 ' o.21 ! 0.425 .} 0.65 ! 0.80 ! 0D.a3 |
! 7 .50 i 0.25 ! 0.42 !} 0.75 ! 0.92 ! 0.81 !
b - } — ; . ' .
! 20.00 ' 0.23 | 0.50 |} 0.78 ! 0.91 ! 0.6% |
! 12.45 i D.26 ! 0.8 ! 0.92 H 1-10 ! .79 |
! 7.50 ' 0.3 i 0n.65 | 1.05 ! 1.25 ¢ 0.9z 4
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TABLE 6.1(b) E
Sand.

xparimantal Rasults of Unit Skin friction(psi) for L oosa

Unit Skin Friction {psi) for Loosa Sand

i I T

; : ;

' ' at. _ b

H ! Differant Sattlament Ratios._ i Pilm
! L/D ! ' Depth.
: ' : ; H - H —1 (inchas)
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: ) ) : H _ H : )

! 20.00 ! 0.03 H 0.12 0.18 ! 0.30 H 0.a0 !

. 12.45 ' 0.064 | 0.18 ! 0.31 ! 0.40 ! 0.37 4.75
' 7 .90 ' ~0.083 | 0.235 0.36 d 0.43 X 0.40 !

T 0 0 i i . ; —

] 20,00 ! 0.08 ' 0.20 ! 0.32 : 0:a8 ' 0.a8 !

' 12.45 ' 0.13 ¢ 0.32. ! 0.42 ! 0.65 ! 0.60 ! 9.75
! 7.0 !} o0.15. ! 0.37 0.50 ! 0.672 ' 0.9 |

[ 0 : } ; ‘ ; ]

! 20.00 ' D.172 ' 0.2 ! 0.48 ¢ 0.73 ¢ o.78 !

L 12.45 .} 0.18 J 0.38 ! 0.&7 ' 0D.92 : 0.72 ' 14.00
' 7 .50 ' 0.245 ! .47 ' 0.80 : 0.94 ' 0.0 !

] ' 1 ] ] ] ) ) i 1
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6.5 End Bearing of Pilas

The bearing capacity factor for a pila can ba datermined

by using aguation (2_4)

Qo = PgNg
whera Pe = affactive overburdan pressurs
go = Unit point rasistancs
Ng = baaring capacity factor
From the effective overburdan prassure at pile tip, Pa of modazl
pilas, pearing capacity factor ,Ng 1s calculatad US1Nng equatlon
(2.4) and the valuas are tabnlated in table &.2. From the rable

1t appears that for 1loose sand bearing capacilty  factar as
indapandant of pile diamatar . It 15 also olear from the table
that installation brocess signhificantly 1ncreases bearing

capacity factor by densification. In laose sand tha difference of

‘Nq tetwaan displacamant and nohdisplacement pillas 1s highar than

1

those values for dense sand. Raecause denss sand undergoas l1es
densification than tha loosa condition by the 1installation

procadure as it is already dansifiad.

If a compariseon 1s mada katwean tha values of Ng shown
in Tablia 6.2 and the wvalues of Ng from Table 2.2, 1t 1s obsarved
that Ngq valuas obtainad from this modal tast . are

56-61(dispiacamaht pila,loosa sand) and 23.47(non-displacament
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pila,danse sand), which lia batwaan tha wvalues ohtainad by

Tarzaghit1943) and that by Vasic(i372). This was alse true for

danse sand, B
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CHORPTER 7

1

ANALYSIS AND INTERPRETATION OF FINITE ELEMENT RESULTS

7.1 Introductian

ré fullvy three-dimensional finite relémant analvysis 1<
parformed for; Lhe axlially loaded pila soil Systém.' Tha so1l 1s
réplaced by an elastic continuum and perfact hondlng 15 assumeg
between pllg and soil intarface. Dléplacementa At tha head andg
load distribﬁfion and skin friction aleng tha pl}é langtn are

comparad with axparimental obhservations.

7.2 Dascription of Finite Elament Madal

fg this. research axlially loaded piles were tastad 1n 3
sand tank of 2fL.X 2ft.X 2ft. size. Dua to symmetry of.soil-pile
system @S wall aé ioading only ona quarter of the fuli médel has
baan disqrétizad_ Fig. 7.1 shows the discratizad systam of the
problem;__Thare arae . 1724 elem8nts with 220 nodes in tha mesh fig.
7.1, Tha dagraa - of-fraadom(DOF) in tha xfdiractipn in the plana
ADCB_?and EFHG . ara constrainad. Ths DOF in y~direction for tha

faces??ADGH and BCEF ara .constrainad. The plana, DCEG 1s

constgained.for tha DOF only in vartical(z) diraction.
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Here, no intarface alement is considered as thare was no
such scope 1n tﬁerpreSant varsion of “FEEDOD“_“ As tha pilles wars
circula%, so to simuiate circular curve, small straight lines ars
considarad 1in pléce of arcs(shown 1n Fig. 7.1). The hatched
portion in Fiéi?_l_indicated pile elements.

In actual model tests 1oad was applied as distributed
over tha pile x-sectional area and thes test was a Cép(éonstant
rate of penetration )} ﬁest having a rate of 0.03-0.10 in/min. So
hers total loaq is un1formly applied over all - top faces of .

pirle{nods 211 through 220) .

7.3 Material Propertias

The pille and so01l1 properties ware determined by
appropriate tests dascribed 1n chabtef 4 . Following properties

wers considered for the present analysis.

S011 modulus at mid depth of pila:
‘Densa seol1l @ 116 psi.

Loose so1l @ 70 psi.

Poisson’s ratio of pille material :v, 0.25(assumad)

0.30(assumed)

Polisson’s ratio of soil Vg

Modulus of elasticity of pile : Ep= B.0 X 106 psi
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7.4 Discussion on Results

.

7.4.1 Load deformation behaviour

Fig. 7.2 sﬁpws ‘typical load—setﬁlement curve. Finmite
element results for on2 load incremenﬁ(as 1t was arlinear aslastic
analvsis)}) have also been plotted dn this curve for comparison.
Other 1oad—settlemeht curves for  various diamater ' and

installation conditions are given 1N appandix B.

Dbsefvation of these curves. show that at lower foad
thare has bean ‘a‘ good aqgreement betwasn FEM and experimantal
results _But at highar lo;d their variation i1s significant.

at léwer load seo11 behaveas alastically. Bgt with the
increase. 1n leoad,1it become nonlinear. Agailn,when pilie penstrate’
1nto 50@1 it transfers load to the surrounding'soil material 6& a
bond betweén pile and soil. Higher lecad inQUcés slippage through .
breaking of bhond (callead qabonding) and regeneratica of bond

i

(called rebonding) also occur due to particle .reoriantation.all

thasa bonding, debondi ng, slippage, and rebonding at the
intarface of plle and soil which contribute significant
nonlinaarity .to the -load-settlemant curve are ignorad 1n the

present study.
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7.4.2 Stress distribution along the pile

Fig. 7.3 shows the variation of compressive vertical

stress (g

along embedment depth. The finite elemant results
zz 9 the T

compara well with those of obsaervation for dense sand. The sams

results are plotted for loose sand in Fig. 7.4.

Fig. 7.3 shows feasonable agraement of wvertical stresses
betwean FEM rasults and measuread values'for dense sand. But the
discrepancy between FEﬁ and measﬁred valua 1n Fig.7.4 1s
substantial for loose sand.In deﬁse condition Lthe skin resistance
offered by sand 1s higher than tha loose sand, so the perfect
bonding befween sand and pi1le may be assumed and al=so ohly 25% of
failuré loaa is'épplied so the loading 'may also be assumed
assentially within elastiq range . In elastic analyéls perfeact,
bonding batween .sand and pile 1s assumed. Henca 1n  this case
comparison petween numgrical analysis and exparimental results

are found to be quite satisfactory.

s

But for the loose condition Skin resistance 1s virtually
nagliigibla. Even at 25% of failure load'slippaée,' saparation may
occur alang the pile éoil interface. Undar this . condition
6bserved values of axial load shduld hava bean higﬁer "than thé

pradicted wvalues which contradicts with the finding(Fig. 7.4).
L]

This discrepancy hay ba dus to the fact that soi1l modulus used i1n

¥l
L
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the analysis 1s too low.

7.4.3 Axial lcad transfar at failura locad

.

Fig. 7.5 show varilation of axial load 1long embedded
depth for deﬁse sbil_ This curve Sﬁow a large variation batwean
finite slement resuit and that observed expérimentally at failure
ioad. The other curves for all‘diameter; density and installation

congitions are given in appendix B.

At faillure load slippage and dabonding phenomenon mav
ocour at the pil1le -soc1l interface. Undar this condition load
.transtar by skin frlction will‘be naglﬁgible and thae pile 1tself
will carry highar.percantage'of load. In linaar'alastic analysis
perfect bonding betwean pi1le and- soil at the jnterface 1S
assumed, which meaans signifiéant amount of applied 1load 1s
transfarred by skin friction. I¥f material nonlinsarity and

interface bahaviour(i,e bonding, debonding, slippaga phanomanon )

had been considerad then the predicted wvalues would have beaen

]

closer to obsarvations.
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CHaPTER B

CDNCLUSIDNS AND RECOMMENDATIONS FOR FURTHER RESEARCH

B.1 Conclusions

‘Model piles of various diameters wersa 1nstallad 1n

.
.

'unlformlv‘beddad sand dapcsit and tasted 1n compraséian_ In order
ro evaluats load tranéfer mechanism. loads transfarred to the
plle at various dgpths ware measurad by alectrical strain gauges..
From the results obtainad angd discussad in'pregedlng éhaptars.

tha feollowing conclusion'may be made.

1. During transfar of load from pi1la top. the sklﬁ
friction dévaiﬂpad on tha pi1la shaft does not inéreasa lin\early
With depth. Frictional resistance incraases with depth but the
_raté of 1incraeasae dacreases with depth andAmay attain a qonstant

value. This mav be attributed to sand arching atfact.

2. S§kin friction mobillizad increasas wWwith 1increase 10

pila penéf?gg;;;f—;;;_attain5a maximum value at 0.1D penatration

whara D is the diamatar of tha pila.

3. For displacemant piles, skin frictional rasrstance

increasas with diameter of tha piles.
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4. At low penatration of pila, caoafficiant of,aafth
prassure 1s laow, -which increases ta a valuas closa  to (Kg +
Kp)}/?2 with the increase 1n penatrationl(settlemant).

5. .An ampirical modsl  of skin friction 1s suggestad
involving L/D, which can -incorporate raduction in stress due Lo

sand arching. This modsl is strictly valiad for a uniform bad of

drvy sand and upto a value of L/D = 35 and r oz 1.5.

&. Baaring capacity factor N;, 1is indspendant of p1lse
diramater. It depends on ralative deansity of sand and installation
conditien. Installation effect 1s highar 1in loose sand than ganse

sand.

7. Analvtical rasults wWith finita elemant modalling
compared to axpgerimantal rasuylts show vary gond corralation at
very law pe%centaga of sattleamant ratlidc. This 'is due to tha fact

that soil behavas selastically at a’'low parcentaga of strain.

8 72 Racommendations for Futura Rasearch

In ordar to enhance the findings of this study <on 1load
transfar mechanism and to deyalop a genaralizad madal aof skin
friction mobilization, tha following additional works may be

undartakan in a future rassarch.
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1. The 1load transfer beshaviour of pilas 1n sand undar
! ' l ,

saturated condition may be parformad. A procadura similar to that

followad in thls study may ba usad and additional measurements of

pora watar prassure will bs reaguirad.

2 Tha results obtained mav be verified by a prototyps

in tha fiald.

3. Tha =ffact of surtaca roughnass of Lha pilla shaft may
ba studied by changiling the surtaca caondition 1n madeal plles or by

using plles made of diffarant materials_

4. The study may ba axtanded to i1nclude tha sffact of

lateral load in changing pila capacity and skin friction values.

5. Furthar analytical procadure  using nponlinsar  or
elasto-plastic soll-plla systam and Finite Eleamant mathod may be
davalopead to pradict pila 1oad transfer undar diffarant

installation condition. -
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SALIEMT FEATURES OF FE2000 -

FEZ2000 is davelapad by Numarics Corpcration,'beginning
in 1983. It is continually enbhanced to rafleact tha evolving.needs
of advanced enginaering'applications_ It is supportad bv Numerics
Gdrporation and 1ts éubliqensaas wlth ‘hotlina suppatr L . ang

gonsulting.

It:is tha anly genefal purposa Finita Elamaent Analysls

(FEA) programme ta be writtan since microcomputars beacame
available to the anginaering community. FE2000’s modarn software
architacture makes it portable with full capapility From

mlcracomputars Lo supar-—-computars.

It is currently about 75,000 l1inas af Fartran. vat 1ts
modular design allows 1t ta run with full capability even on a PC

With S12 K of memory.

It uses a BLDOCKED PROFILE MATRIX SOLVER, so0O thét problem
size 1is not limited by available mamary. Tha solver allows
di1ffarant 6odas to have diffarent degreas of frasdom, and keeps
tréck of tha instantaneous bandwldth for sach aguation.

It is able to solva vary larga prablams. ~Tha 1BM-PC
varsion allows pfoblams upto 10,500 dsgreas of freadom (DOF),

‘with a peak bandwidth of 1750.
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Itlhas a huilt~-in. AUTOMATIC SEANDWIDTH MINIMIZER. Models

can ba mads using arbiltrary  node and 2lemant numbers without

sacrificing efficiancy of solution.

.

"It monitors round off decav during equation salving. andg

informs usar of any precision 1o08s that may have accurread.

It is dasigned to solvae static. dvnamie and  h=at

transfer probleams.

It hés a library of 45 ai1ffsraent. alemants to choose

from. o allow modaling of almost any geometric configquratiaon.

fali
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