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ABSTRACT

Load transfer mechanism of piles has been studied in
this research. Model piles of various diameters have been
installed in uniformly bedded sand deposits and were t~sted in
nompreSSlon for two different sand densities and under various
installation conditions.

Vertical load carried by the pile shaft were measured at
various depths by electric strain gauges. This enabled the total
load carried by the pile to be separated into skin frictional
resistance and end bearing. The results were analysed in order to
establish relations betwesn skin friction at different pile
depihs for different placement conditions and pile diameters. An
empirical model of skin friction is proposed which incorporate
reduction in stress due to sand arching.

Coefficient of lateral earth pressures have been
calculated for both densities of sand used in the experiment and
for the type of installation method followed. Variations in the
coefficient of earth pressure have been explained in terms of
installation conditions.

Bearing capacity factor. Nq for the model piles has been
determi ned and compa;red wi th va lues suggested by various au thors.
Effect of installation on the bearing capacity factor at
different placement cOnditions are also reported.

Finally. finite element analysis of the pile model test
was carried out assuming linear elastic behaviour of soil and the
results were compared with those obtained from experiment. The
results showed good correlation between FEM complJted and
experimental valuBs~



ii

A.

for

for

Civil

Dr.

to his

Dhaka.

Dhaka.

Alee Murtuza.

Habibu~ Rahman. of

Lecturer.

Civil Engineering,

...1a11.J,

Engineering Department.

A.

Civil

untiring effort and erudIte guidance

ACIlNOWLEDGEnENT

Malek .. Mr. A. Hamid and Mr. Shahiduddin forM.A.

Assistant Professor.

The author expresses his thanks to Mr.

The help rendered by Mr.

Sincere gratitude is expressed to Dr.

The author is grateful to his co-supervisor.

The author expresses his profound gratitude

t.hanKst.oMr.

their hSlp in typing the scripts and preparing the sketches.

Geotechnic~l Engineering Laboratory? for his sincere
help in carrying out the experiment. The author also extends his

Engineering Department. Bangladesh University of Engineering and

Technology. Ohaka. at various stages of the work is gratefully

acknowledged.

Professor and Head of the Department of

Bangladesh University o'fEngineering and Technology.

his valuable co-operation.

Muqtadir.

Bangladesh UniversitV of Engineering and Technology.

valuable advice and persistant inspirati,on.

throughout the research programme.

his valuable suggestions.

Bangladesh University of Engineering and Technology.

supervisor. Dr. A.M.M. SafilJllah. Profess6r of ci~il EngineerIng.



iii

Page

T~LE CJF <:::cJf'ITENT

36

42

4

4

5

8

I

2

3

21

34

i

i i

iii

vii

INTRODUCTION

LITERATURE REVIEW
Introduction

I_I General

1_2 Load Transfer Mechanism of Piles

1_3 Area of .Research

2_2 Load Transfer Mechanism

2_2_1 Skin friction

2_2_2 End bearing

2 _3 Experimental Works on.Bearing Capaci ty and Skin ,17

Friction

2:4 Design Considerations

2_5 Analytical Works on Bearing Capacity and

Settlement Analysis

2_5_1 Traditional empirical methods for

settlement analysis
2J5_2 Load transfer Methods
2_5_3 Methods based on the theory Of

••

CHAPTER 2

2 _I

•

CHAPTER 1

ABSTRACT
ACKNOWLEDGMENT
CONTENTS
NOTATION



CHAPTER 3 RESEARCH SCHEME

3.1 Introduction 49

.3.2 Objective 50

3.3 Soil Used 50

3.4 Scheme of Research 51

3.5 Specification for Pile Load Test 53

Blastlclty

2.5.4 Numerical methods

2.5.5 Comparisons between solutions

from elastic approach and

finite element analysis

4.1 Introduction

4.2 Preparation of Uniform Sand Bed

4.3 Evaluation Of Soil Properties

4.4 Measurement of Strain in Model Piles

4.5 Density of Sand Bed ln the Test Tank

4.5.1 Density in loose conditiorr

4.5.2 Density ln dense condition

4.6 Rigidity of Mods1 Pile

4.7 Pile Placement and Loading Arrangement

54

54

.55

59

60

62

62

65

68

48

43

43

iv

. Review

LABORATORY INVESTIGATION

2.6 Main Points from Literature

CHAPTER 4



CHAPTER 7 ANALYSIS AND INTERPRETATION OF FE2000 RESULTS

7.1 Introduction ,108

7.2 Description Of 'Finite Element Model 108

7.3 Material Properties 110

7.4 Discussion on Results 111

7.4.1 Load deformation behaviour 113

7.4.2 Stress distribution along the pile 115

7.4.3 Axial load transfer at failure load 116

CHAPTER 6 EXPERIMENTAL RESULTS AND DISCUSSION

6.1 General 78

6.2 Load-Settlement Relation for Test 78

Piles

6.3 Mobilization of Skin Frictional 82

Resistance

6.4 Prediction Model for Skin Frictional 86

Resistance

6.5 End Bearing of Piles 105

CHAPTER 5

75

77

71

73

v

THREE DIMENSIONAL FINITE ELEMENT FORMULATION

Finite ,Element Formulation

5.1:1 Strain-displacement

'relationship

5.1.2 Stress-strain relationship

5.2 Salient Features of the'programme



8_1 Conclusions

8_2 RBcommendations

CHAPTER 8

REFERENCES

APPENDIX-A

APPENDIX-B

CONCLUSIONS AND RECOMMENDATIONS

FOR FURTHER RESEARCH

Sa1iBnt FBaturBS of "FE2000"

ExpBrimBnta1 and FEM CurvBs

vi

118

,119

121

129

131



diameter of a CIrcle with the same area as the'

I'IClT AT I c:JI'I

/:.,
\ "

modulus of elasticity of soil;

r

modulus of elasticity of pile

vii

E ~ Young's modulus of elasticity;

B ~ pile diameter (or, for noncircular piles, the

E.-; :::

pile cross section) ;

c ~ cohesion of ?oilj

0 ~ depth of pile penetration;

d ~ diameter of pile segment;

Db" ~ pile diameter at the basB;
Dr ~ relative densi t.yof sand;

Ap ~ area of pile point;

Gs ~ shear modulus of soil;

Ip ~ displacement influence factor;

Ir ~ rigidity index;

Irr ~ reduced rigidity index;

K ~ lateral earth pressure coefficient;

K. = coefficient of active earth pressure;
Kp ~ coefficient of passive earth pressurs;

As ~ area of pile shaft;

F ~ factor of safety;

fs ~ ultimate unit side resistance;
fs~ ~ predict.ed skin -{,iction;

fsi;~ theoretical(Ko) skin friction;

DIB ~ relative depth;



viii

Ko = coefficient of earth pressure at rest;

Lb/B = average depth ratio .of point or tip;

Lc = critical depth of pile below which point

bearing becomes constant;

N = SPT value;

Ny' NQ, Nc = bearing capacity factors

OCR = over consolidation ratio;

P,q = effective overburden pressure;

Po = effective vertIcal overburden pressure at pile

point level;

PT = the point resistance;
Qo = ultimate load carried by the pile point;

Q, = ul timat.e load carried by pile shaf t;

QT = total axial load on pile;

Qu = ul timate tot.al axial load on pile;

Po = computed load for the pile;

qo = ul timat.e unit point. resistance;

qc = cone point resistance;
Rb = empirical reduction factor for the ult.imate

unit point. resistance;

Sy' sc, sQ = shape factors;

S = shear strength;

Xv = a coefficient for skin friction determination;

x. = a factor for skin frictiondetermi.nation;

Yo = pile top displacement;

YT = a small tip movement;



effective stresSBS_

effective stress parameters;

= strain ih the pile material;p
E

p = observed settlement;

v ~ poisson's ratio for pile;
p

v = poisson's ratio for soil;s

capacity factor;

= an angle used in the determination of bearing

B = a factor which correlates skin friction to

ix

A = a coefficient proposed by Vijayvergiya(1972);

stresses;

E = volumetric strain;v

a = normal stress;

~ = residual friction angle of soil, based on~res

a = adhesion factor;

~ = peak friction angle of soil based on effective

'a = load transfer or, adhesion;

~ol = computed column deformation;

Ys = effective unit weight of soil;

8 = angle of friction between pile and soil;
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load by the

is called a

The purpose of any

the.piIe

is an elongated or columnar body

\

sAcondly t.he type of pile and i t.s

to be followed and thirdly the study of

its transfer..m8chani s(n. is to, be

A ~iled foundation is llsedwhere it is

the bottom or tip it is called a tip bearing

Essentially a pile

reaction of

Piles are the oldest foundaticin element used over the

installation procedures

INTRODUCTION

~PTER 1

The design of a pile foundation rests upon three equally

important basic considerations: first a knowledge of the geology

pile capacity b~sed on

layer of weak or compressible material or through water.

pile. Wher~as, if it carries most of its axial load by mobilizing

of the site is required,

installed in the ground for the purpose of transmitting load to.a

necessary to carry the load to an underlying stratum through a

soil

1.1 General

excessive settlement.

friction pile.

skin friction from the surrounding soil,

firm strata. When a pile carries most of its axial

centuries to build foundation on

foundation ~s to transmit loads or forces to the ground without
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Load transfer pattern however depend~ on many factor

such as depth of pile, pile diameter and pile installation
loading

In the subsequent art'cles

this research are briefly

Load transfer pattern also varies withproc8dur8_
condition and displacement mobilization.

Normally load-transfer pattern of a pile at a site is

investigated by constructing a.load-transfer curve which shows

the dissipation of total load along with pile depth.

Load transfer mechanism is the most intriguing

question in the design principles of piled foundation. capacity

of a pile largely depends on the load transfer patterns of the

pile. Pile may transfer its load through skin friction and/or tip

bearing. Contribution of skin friction/tip bearing to axial pile

capacity is controlled by many interacting parameters.

1.2 Load Transfer Mechanism of Piles

capacity has been investigated here.

the scope and the main area of

outlined.

considered .
.The present research is related to the third

consideration i.e. the transfer mechanism and pile_capacity. Pile

capacity depends on the load transfer mechanism of a 'pile. So the

process of load transfer mechanism in order to evaluate pile load
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design of piles for load transfer. the details of the transfer

results were compared with the experimental findings.

model

friction

and

skin

soil

carried out with model piles on uniform

Although there is an established practice for

werel'ests

A pile eleme~t transfers its load by

In this study material properties of

were experimentally determined.' A fully three-dimensional

tip bearing.

1.3.The Area of Research

mechanism is not clearly understood. This research is. therefore,

piles

and

density.

aimed at the study of load transfer mechanism in piles.

sand beds for various pile geometry. placement condition and soil

finite element analysis was also performed and the finite element



Other phenomena Which influence the. load transfer mechanism are

As load transfer mechanism comprises skin friction and

A

(2. I)

is commonly used to

methods for estimating

Outstanding design principles are discussed.

following static formula

these have formed the major portion of this review ..

The

in which Qu = Ultimate axial bearing capacity

qo = U 1 timat.euni t. point resistance
f. = ultimat.e unit side resistance
Ap = area of pile point

and A. = area of pile shaft.

4

~PTER '2"

LITERATURE REVIEW

also reviewed.

pile load capacity is also presented in this chapter.

end bearing,

determine the Ultimate axial bearing capacity of a pile.

2.1 Introduction

chronological development 6f analytical

2.2 Load-trans~er Mechanism



understood. Main components of load transfer mechanism are

I. Side stress or, unit side frictional resistance.

2. Point stress or, unit point resistance.

the load transfer mechanism of the pile should be properly

not explain clearly the different stress components in a

of

2.2

with

side

shaft

(2.2)

working

5

This does

2.1. The

unit

piles

Figure

attention

or

Nordlund(1963)

side or

of

of

and

1itt,le

The magnitude of fs is

friction

on the laws of mechanics

capacity

the soil and the.pile is very

skin

The determination of the ultimate

bearing

is based

det,ermination

Meyerhof(1959)

pile is resisted by those two stresses.

Only

to ev~luate. the stress components working in a

theoretical

interaction between

rssistanc8
7

this portion Of

The

The

Therefore,

the system of stresses considered.

The equation is schematically shown ~n Fig.

equation is the outcome of limit state design.

Skin friction

ressarchers_

load 'acting on a

Initially load is transferred by

resist'ance.

the

2.2.1

The

resistance for piles in sands has received

considered

ShowS

pile.

pile,

adequate attention.

conSidering friction between two different surfaces.

unit side

commonly determined using

f. =' I<.P.tan(6)

complex and poorly understood.

above



, " , } rm '." rr"A",

~
}

l
,

l ~f s

~ I
~ I
t 11t

Fig. 2.1 SChemetic' . Representation of Equation 2.1
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6
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between the soil and the p11e ~s considered to be at a state of

and cohesionless sOlls using direct shear tests.In addit10n to

the

the

earth

between

frictlon

is the
P "average

resistance.

lateral

laboratory

frictlon 'of

side

the

dealt theoretically

of

made in both studies was

to the residual

the angle of

and those suggested by Veslc

The difference between the values

Assumption

The sand located at the lnterface

determination

and Nordlund(1963)

K.

cjJ r e •.

for

was also determined. Consequently, lt was possible to

the sand

Potyondy (1961) determined ln the

Meyerhof(1959)

is the
1n which 1'. .f,later~l.earth pressure coefficient

effective overburden pressure along .the se'gmentof pile belng

501.1.

the determination of the coefficient of frlctioh ~a~(o),

sand" ep

the 5011 and the pile material,

Veslc (1977) ~roposed a dlfferent approach for the

considered; and tan(o) coefficient of friction between pile and

develop a relatjonshlp between cjJ and 0

coefficients of friction between various construction materials

ultimate failure

Consequently the angle of fr1ct10n between the pile and the SOlI,

Therefore it can be considered equal

determined by Potyondy (1961)

angle of

pressure coefficient,

with the problem of the determination of

'determinationof tan( 0 ).

Q 1S independent of the initial soil density and pile materlal.

(1977) did not seem to be significant.



theoretically possible for the magnitude of the lateral earth

compaction in the surrounding soil which 1S maximum at the pile-

8

They

it 1S

direction"

(1975) ,on

is .elasto-plastic

lateral earth pressure

This displacement ind';JCe'd

only a single value was

compiled by Kezd1

values of

and no consideration was glven to

to be as high as the pass1ve earth

deformation_

tYP1cal

Since the wall pushes against the sand and the

range of values,

has received extensive attention through the years_

The theoretical det.ermination of the p01nt load (Op) 1n

interface_

that the p1le displaces the sand 1n a horizontal

horizontal movement 1S large (equal to the pile radius),

without any vertical

pressure coefficient,

pressure coeff1cient_

A list of

who present.ed a

the basis of many author's f1ndings are presented in Table 2_1

It.should be noted that with the exception of Ireland(KeZ,d1,1975}

soil

parameter defining the soil-pile system such as p1le penetration,

effect of driving or method of placement_

coefficients for pile foundat1ons,

According. to Ves1c (1967) the .theoretical approach to solve this

initiated with the assumptions that soil

material and the failure is punching failure_

problem was started by Prandtl(1920) and Reissner(1924)_

suggested by each author

Fig_
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I I

.1

I Author I Basis of relationship Soil type Values of K. I

I I
I

I I
I

I I
I

\ Brinch \
I

I , ,
I Hansen \ theory sand cos2 <P

I, , ,
I I, ,
I Lundgren I, ,
I (1.960) \ pi Ie test sand 0.8
I 1
I ,, ,
I Henry \ theory sand Kp, I

I \

I I

I Ireland \, I

\ (1957) I pu 11ing tests sand 1.75 to 3
I I

I \
I ,
I Meyerhof I analysis of field loose sand 0.5
I ,
I (1951) \ data dense sand 1.0, ,
\ . \, ,
\ Mansur- I

I

.Kaufman. analysis of field silt I 0.3(Comp.),I

(1958) data silt I 0.6(Ten. ) ,
I ,
I I, ,

Lambe- I I
I ,

Whitman guess I 2 \
I ,

(1969 ). I ,
I ,
I
I

Kezdi thl!lory granular: Kp
(1958) \

I
\
I

TABLE 2.1 Typical
and Castello, 1981)

9

Values of Earth Pressure Coefficients (Coyle
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(Coyle etal 198/)

:;',
:::~

~:;j:~;';:'.:::::.::.~::t:'),
•••• I

Fig. 2.3 (b I Punching Failure Pattern.

?r~::.:.:::.:::~.'::'{~:::/.~~";::':'::.:\":::;L"
~.'.. .: ..••:.r {:.':

,', ;};

~
- ;,: r:

'_',~,,'"'c. K j5" ,,"'.::.
"'1~;:.~ ":: {.:; .:~

S oil Element .~;.:I }f
(Undisturbed) ~~:: ':,'

~.::....
','

;',
",

:::: ::-;
~.:~::::/?::Y

Fig.2.2 Side" Resistance Along Pile

Q

•• • !••
t +

•••..-l/)
t, i
+ i
~ t
• t

• Strai n

Fig. 2.3(01 Stress - Strain Diagram

for Elasta Plastic Material.
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SOIl

(das'hed

considered( 1977)

On the otherhand Bishop,

failure induced by the pIle point as a

2.7 illustrates the cavity expansion theory.

to be compressible which was more realistic and shown

condition IS fulfilled.

there exists a spherical cavity of radius Ri

A different approach was taken by Vesic(1972) and he

Following the same basic approach (elasto~plastic soil

several different solutions were subsequently presented

Fig.

the soil

with different assumption concernlng the fallure pattern.

Meyerhof(1953) presented new analyses conslderlng the failure

pattern shown ln Fig. 2.4.

mass is assumed homogeneous and under .an isotropic effective

model) ,

He proposed rigid-plastic soil model ('shown in FIg. 2.5)

which means that there are no strains at any point untIl the

Fig. 2.3(a) shows the elasto-plastic.behaviour of soil.

Fig. 2.3(b) shows how punching failure develops. Main

characteristics of a punching failure is that there will be no

well defined shear zones at the sides of the footing and no .heave

will occurs. Terzaghi(1943) extended the classical work on

punching fa'ilure done by Prandt.l and Reissner.

stress,

cOlllngridge and O'sullivan (194B) and Vesic

fallure

considered the soil

special case of the expansion of a cavity inside a solid mass.
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--"-Strain CEv

I = f:Jastic Zone
:II: = Plastic Zone

TIf= Elastic Zone

FIg. 2.6 Sfress -Stroln Curve for
for Compressive Me feria'.

Q

FIg. 2.4 Terzaghi's (/943) Failure Pattern.

I

--~.- .Strain CEv'

FIg. 2.5 Stress - St~oin Curve
fot P'astl'c. Material.

I?
~III

III .,•• .,- ...
••- ...Ul -t -Ul

t



Fig- 2,7 Expansion of a spherical Cavity

13

Zone

Plastic Zone

'50'11 ,n Plastic Range

Conical Wedge

Fig. 2.8 Vesic .Model of pile Behaviour.
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mass

(2.3)

. /pOIsson'sandE

c - ep

deformation,

unit weight of the soil at ths"

tests and of the field with the

Soil behaviour in the elast"c range

solutions the ultimate unit point

He compared th~ fai(ure patterns of

The pile advances by compression along

theoretical

2.8 ind"cates a hIghly compressed conical wedge [

qo "s usually expressed in the form (Coyle and

which

ThIS wedge forces its way through loose sand without

In all

in

qo =y bN . Sy + CNe . Se + PONq . Sqs y .

line) within the soil mass.

can be described by a modulus of

- coulomb shear strength parameters,

internal pressure Pu, the cavity has a radius Ru and the limit of

ratio, vs' In the plastic range, it can be described by the Mohr

Cavity expansion concepts was again applied to pile
foundation by Vesic (1977).

end bearing piles in model

to predict the end bear"ngcapacity by using cavity expanSIon

failure patterns developed by cavity expansion theory in an aIm

the annulus In the plastic range is defined by Rp.

concepts. Fig.

of soil.

zones II and I and ny expansion along the boundaryAB. It 15 then

forming slip surfaces.

pressure needed to expand the cavity in the Infinite 5011

assumed that the average normal stress along AB is equal to the

around it.

resistance,

Castello, 1981)
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~n

and the

In the first

Nq are beari ng

it seems that

In enginesr'lng

It ~s evident

(2.4) should be

the rema~nin9 term.

that incorporates this constant

the equation can be eliminated.

(2.4)

it is reasonable to use the only
Nq,

the commonlv used form of Equation 2.3

the theories the bas~c parameters.

for the use in Equation

SqareShape factors and Ny'

Therefore,

is theb. "TElast

Sc,

A summary Of the ranges Of values Of Nq according to

the second term of

In most of

s~ncB the stUdy is restricted to sands (cohesionless

pile point; is the .foundation dimBns~on;. Po ~ effect~ve
, is the

overburden pressure at the pile point level; C~cohesion of the
soiI; Sy'

practice Equation. 2.3 is usually made s~mplif~ed.

and the assumed pattern or mechanism of failure.

place,

soils)y

Secondly, when comparing the two remain~n9 terms,

All of the bearing capacity theories require the

the first term is relatively small and can be neglected. The

capacity factors usually depending upon the soil friction angle,

final simplification concerns the form of

Since most piles have ~ircular or square cross sections and the

bearing capacity factor,

shape factor is the same,

becomes

shape factor.

addition to the pile geometry, 'are the friction angle,. wh~ch ~s

used to determine the bearing capacity factor,

effective confining pressure of the soil.

evaluation of Nq

considered.

the different theories is presented in Table 2.2.



25 30 35 40 45
I , ,
I , ,

De Beer (1945 ) I 59 , 155 380 I' 1150: 4000:, , ,
Meyerhof (1953): Driven piles I 38 I 89 255 I B80 , 4000:, , , ,
Caquot-Kerlsel (1956) , 26 I 55 ,140 , 350 , 050, , , ,
Brinch Hansen (1961) , 23 I 46 115 ,350 , 1650:, , I

Skempton-Yassin-Gibson(1953) I 46 I 66 110 220 I 570 ,, , , ,
Brinch Hansen (1951) , 32 , 54 97 190 , 400 ,, , , ,
Berezantsev (1961 ) , 16 I 33 75 186 , ____ I, , , ,
Veslc (1963) I 15 " 28 58 ' , 130 ,

315 I, , , , ,
Vesic (1972) :*1, = 60 , 36 , 46 57 , 70 , 84 ,,. , , , ,

I , = 200 I 60 I 79 103 ,
131 , 164 I, , , , , ,

Terzaghl (1943) : General shear I 12_7: 22_5: 4-1 _4: 81 ..3:173.3:,
Local shear , 5.6 , 8.3 " 12.6: 20.5:35.1 ,, , , ,

I I I , I, , , ,

ApprOXlmate Nq Values
for Various Frl~ti6n
Angles,~ in degreesTheories

Hi

2,2 - Bearlng Capacity Factors for Deep Foundation (Veslc,
1977)

TABLE
1972,

*1, = Rigidlty Index

rl----------------------~-------------------~
I,
I,,,
I,
I,
I,
I,,,,,,,
I,,,
I,,,,,,,
I,,,,,
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It has been shown that the varIation of predIcted values

others and recognized three distinct patterns for sand failure

is

many

it has

,
localized

the

a

These failure

earth pressure

reported a work done by

In, VIew of

lateral

load tests at site of more

and a Meyerhof type failure

and

(1953)

Vesic( 1977) stated: "comput.ation of

and added

and in many cases mandatory to perform a

~.4) for intermediate penetrations.

where plastic. flow occurs in upward direction,

Mayer and L'Herminier

generally well understood.

not yet available".

become customary.

uncertaInties involved In analysis of pile foundatIons,

important proJects",

certain number of full~scale pile

that there are maJor deviation from one theory to another,

leading to the conclusion that the true failure mechanism is not,

2.3 Experimental Works on Bearing capacity and SkIn Friction

the ultimate load IS quite difficult and a general solution is

coeff icient" K 1s so wide that the choi ce of one theory over

another is a difficult exercise in engineering judgment. The need

for better understanding of failure mechanIsms and development of

an acceptable theory has resulted in a number of experimental
investigations.

according to depth of penetration. These patterns are for a

general shear failure for very shallow foundations,

shear failure for deep foundations,

shown in Fig.

of BearIng capaCIty factor,Nq

(a failure,
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model tests indicated that the idea of general sand compactlon is

the effect of plle driving is general compactlon resulting from

permanent rearrangement and some crushing 6f the soil particles,

1ts

state of

compressed

uSlng laboratory

mass 'alters

reported that in

highly

in cohesionless soils,

"the

Broms(1966)

that--

indicated that,

pile drlving alters its original

the driving of pile in the soil

Szechy found

Meyerhof(1959)

Measurements made by Szechy (1961),

In addltion,

cohesionless soil,

state of stress, Subsequently,

not valid,

stress and the soil mass undergo general compaction,

patterns, wit~ soil being dispiace6 upwardg and away from the

pile, indicated a tendency to form a gap between the plle shaft

and the SOlI, Consequently, the active case of lateral earth

pressure could develop,

concentration areas are, surrounded with areas of stress-relief

below the pile toe as well as around the the pile shaft,"

Robinsky and Morrison(1964) with more sophisticated measurements

made on loose and medium dense sands in the laboratory, confirmed

the findings of Szechy (1961), ACCOrding to Robinsky and Morrison

the overall process of sand compaction results in a seemingly

erratic accumulation of high and low density areas, A thin sleeve

of loose sand is created around the pile wall, which lS enclrcled

by a cylinder of dense sand, This cylinder,(Fig, 2,9) by

arching. prevents the development of full lateral earth pressure

on the pile, Also, Robinsky and Morrison(1964) reported an
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P

Pile

Arching Cylinder

Thin Sleeve of
loose sand

FIg. 2 ..9 Horizontal Arching in Dense 'Sand:



size piles in the same sand attaIned a maximum value of unit load

Kerisel(1961) published a noteworthy paper concernIng

f'

20

laboratory

the tendencv

areported

where the constant value was

France. Pile models of various

with field tests,

It was observed that different

Which in6icated that with pile

The depth,

confirmed,

experimentation

(both point and side) which remaIned constant w2th

depth was defined as pelng between 10 pile diameters

Yesic(1970)

Biarez and Gresillan(1972)

add2tional

laboratory experiments in sand.

resistance
increasing penetration.

penetration the "arches" around areas of loosened sand could be

built up and broken down, inducing cont2nuous changes 2n mobilized
side reSIstance.

for unit resistances (both side and point) 'to Increase WIth depth

to some 12miting value. Yes2c noted that even though the rate of

Increase sharply decreases ~t some depth called "crItical depth",

there was an addItional increase with further penetration. ThIS
"critical"

attained varied with the pile diameter.

for loose sands and 20 for denser sands.

experiment performed at Grenoble,

diameters were penetrated into metallic rollers (a bidimensional

'prOblem), into glass spheres of same diameter, surcharges applied

by means of air pressure (with membranes covering the Sand). Once

again limiting unit resistance (both side and point) were
obtained.



if LiS> LeiS (bearIng stress cannot exceed a limItIng value
as below)

(2.6)

(cohesionless soil)

1976) proposed the following

Load carrying capacity of a pile is

Meyerho"f (1951,

In pile design load carry~ng capacity of a pile ~s the

PPU = Ap q Nq < Ap(50Nq) tan(~)

PPU = Tip bearing

L = Embedded length of the pile
Ap = Tip area of pile

q = Effective vertical stress at pile point.

where

21

problem to be solved.

Nq = bearing capacity factor (can be obtained from

Fig. 2.10)

•Le = critical depth of pile be~ow which point bearing

Design Considerations

main

if LIS < LeiS and ~ > 0

attr~buted to two component of res'istances offered by a pi Ie 1. .e.
(1) skin friction and (2) point bearing.

capacity factors.

relation:

Point or tip bearing of a pile can be computed by

,variety of ways dependIng on the estimation of the bearing



Figure 2.10 Bearing-capacity faclo'.s ~ordeep foundalio!"s. [After Meyerhof ( 1976).]
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t.he

(2.'] )

(2.8')

(2.9)

forformula

4sin(cjJ)
X I r T" --------

.3(1-sin(cjJ))

newa

Ir can be computed uSlng the shear

proposed

1) cot(cjJ)

B = Diameter or, width of pile.

Vesic (1975)

Nc = (Nq

Nq = (tan(<j» +J 1+tan2(<j>»2 exp(2~ x tan(cjJ»

the rigidlty index,

where ~ is the angle shown In Fig. 2.11, and varies from

, ,

Ir.'= G./(c+qtan(cjJ» = G./s

He further proposed that the bearlng capacity term for

becomes constant.

The reduced rlgidity index Ir• in this equatlon can be

computed as Ir• = 1./(1+ Ir)

determinatlon Of bearing capaclty factor Nq dependlng on the

cavity expansion theory.

3
Nq = --------{exp [(1T/2-cjJ)tan(cjJ)]tanL (45+cjJ/2)

3-sin(cjJ)' ,

modulus G. and shear strength, s of the soil as

Agaln.

cohegion can be computed similar to spread toot~ngs as

According to Janbu(1976) Nq can be computed as follows:



For cone penetration data Mayerhof further proposed.

24

p01nt

(2.10)

(2.11)

(2.12)

AnalYZlng

the coneaverage of

Tomlinson propounded the a (alpha) method to1971

1S the statistical

ko to about.l.75

K = coefficient Of lateral earth pressure ranging from

q = effective vertical stress.

,
c = average cOhesion for the soil stratum of interest.

In

PPU = Point reSIstance
N = statlstical average of Standard Penetratlon Test (ASTM

D1586) blow numbers ln a zone of about 8B above to 3B

below the pile point.

Lb/B = average depth ratlo of po'int or tip.

where a = coefficient from chart.(Fig: 2.12)

f. = C + qK tan(o)

large value of Standard Penetration Test (ASTM D1586) data

PPU = Ap (38N) Lb/B < 380N (Ap)

Meyerhof (1956. 1976) proposed that.

600 in soft c6mpressible soi 1 to 1050 in .dense soi Is.

where

resistance.

predict skin friction of a p11~. He proposed,
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Coefficients depending on Pile Penetration

o
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interest

new

12.1-3 )

12.14)

a

(2.15)

proposed1972

fs = I<qtan(6)

= Sq [S= k tan(6)]

f~ = Xv(lO)1.54Dr

where f~ = Skin friction in KPa

6 = effective friction angle between soil and pile
material.

A = Coefficient to be taken from Fig. 2.13

Su = average shear strength for the sOIl stratum Of

1<0for piles is most commonly computed as 1<0= (l-sinl.») OCR

where

fs = A (q + 2 Su)

Vijayvengiya and Focht In
formulation called A method.

Then havIng reanalyzed eXIsting data and equipped wIth

more rece~t tests. proposed a better correlatIon of skIn frIctIon

to effectIve stress parameters called 8eta(S) method.

In 1~70 Veslc related skin friction to-relative density

of sand for a pLla empiricaliy
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(2 _i6)

p.18)

Nordlund, 1963) assume1966;

count.below

Xv = 8 for larger volume displacement plle

= 2.5 for bored, open ended pile.

D, = Relative density.

displ acem,ent.

N = statlstlcal average Of, standard penetration

f. = 1.5 to 2.0 qc. (large volUme displacement piles)

f. = qc. (small volume displacement pile)

fs = Xm N,

where fs = Skin frictlon in K,Pa

Xm = 2.0 for pi les'wi.th large volume
dlsplacement

= L..O for plIes with small volume

For SPT data Meyerhof (1965, 1976) suggested that

Conventional methods 01' calculation 01',the ul timate load

where

fs = 0.005 qc.

fs = Skln friction in KPa

qc = Cone penetration resistance, KPa.

'whe~ Cone penetrometer is used and side friction qc. IS

For Cone penetration data Meyerhof (1956) and Thornburn

and MacVicar'(1971) suggested

measured, therefore Vicar (1971) suggested

capacity 01' piles in sand (Broms,
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with a maXImum base resIstance fb OT 100 ton/ft_2 (9.6 MN/m2

(1943a) in relation to tunnels.

.~
1

bearing

So they

have been

and Nq = 41.

but only 16 OT

a pile do not

but instead reach

'between

with a maximum value

the following desIgn

proposed a new design

(96 KN/m2);

McClelland et al (~969) have

CoeTficlent OT earth pressure,Ks = 0.7

Extensive research by Vesic (1967) reveals

Castello(1981),

For example,

and

~ = 300

Tor.medIum-dense clean sand,

SUCh approach take little account of the nature of the

Coyle

necessarIly increase lInearly with depth,

overburden material.

that the unit shaTt and base resistances OT

almost constant values beyond a certaIn depth WhICh

parameters:

shown in Fig. 2.14 and FIg. 2.15 . This phenomenon was attributed

by Vesic to arch1ng and 1S SImIlar to that considered by Terzaghl

Some design approaches have ~TTectlvely Incorporated.

-.
that the vertical stresses are due to theeTTective load Trom

Veslc's finding by specifying an upper iimit . to the shaft and

bass r8sistances~

However,

aT shaft resistance fo of 1 ton/ft.

suggested,

them included both compression and tension test data.

sand and may not accurately reTlect the variation OT pIle

data Trom 34 tests were Tound in the literature,

capacity with pile penetration.

tooK those 16 data to develop a better correlation. Comparison OT'

capacity factors and pile soil system parameters. Field load test

correlation improving existing correlation

(compression loads) or 0.5 (tenSIon loads),
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involved in the p'1e-soil interactl0n problem.

The measured NQ values deviate widely from the theoretical

value.

Several

Also the Nq values

2.16(b) show that none

signlfic'ant. parameters

From the field tip bearlng value,

The results ln Fig.

shear theory also predlcts higher NQ value.

Curves are plotted for the better known theorles,

This type of comparlson clearly showed the need for

flgure 2.16' .

covering a wide range oT posslble NQ values.

values are computed_
and tension test data.

of the theories ,can be used to predIct correct Nq
Terzaghi's general

values.

lmproved cqrrelations which include all

NQ values obtained fromfleld test data and theorles lS glven in

obtained from field test are plotted for the compression/tenslon

data. ii~. bearing is separated frOm the results of compressl0n

Coyle and Castello in 1981 used fleld load test data to

develop a new correlatl0n which related the bearlng capaclty

factors to pl1e geometry parameters and sand propertles.

different combinatlons of pile parameters and sand propertles

were investigated durlng the development of these correlatlons.

The correlations presented were considered the simplest and besOt

for practical usage.

Practical pile designs are based on statlc cone and

standard penetration tests, specially in cohesionless soil. In

1982 Meyerhof analyzed the methods of estimating the ultimate

bearing capacity of piles in sand from the results of static cone

and standard penetration tests and compared with the results of



Such"method may be classified

34

(2.19)

He suggested an empirical

for B > 0.5 m

Analysis of piles for bearing capaclty and settlement

2. Load-transfer methods.

3. Methods based on the theory of elastiCity

4. Numerical methods (finite element finite, difference.

method) .

load tests on driven and bored piles of different sizes and

embedment ratiOS in the sand stratum.

reduction factor for the ultimate unit point resistance,

In whichB = pile base diameter in meters; and n = an

index which may roughly be taken as n = 1 for loose sand.n = 2

for medium dense sand, and n = 3 for dense sand, WhlCh is shown

in Fig. 2.17.

may be done by various methods.

into four broad categorles:

1. Traditional empirical methods.

2.5 Analytical WorKs on Bearing Capacity and Settlement AnalYSiS
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of load tests that at loads less than about one th~rd of the

utilizes soil data measured from field tests on instrumented

piles and laboratory tests on model piles. The relevant soil data

required in this method are curves relating the ratio of the

36

the

(2_20)

. ".. '~.--',._-

where as for r81at~vely

th.amovement was Iarget'.on the

(mm) of a pile could be estimated as

proposed by" Coy Ie and Reese (1966),

(1956) suggested from an analysis of a number

having P col >8 mm,

p = db/30F

db = diameter of pile base (mm)

F = factor of safety ( >3 ) on ultimate load

long highly-stressed piles hav1ng Peel >8 mm.

the settlement

Meyerhof

This method,

2.5.1 Traditional empirical methods ~or settlement analysis

where

Ultimate,

follows:

relatively

movement rat~o 1S of the order of 0.5,

Focht (1967) examined data from a number of load tests

and related the observed settlement, p at the worK1ng load to

the computed column deformation P col at the worK~ng load. FOCht

defined a "movement"ratio" as p / P col and found that fOt'

r1g1d piles,

order of 1.0

2.5.2 Load-trans~er methods



assumed.

F1g. 2 .l8(b)).

the

37

(2.21)

caused by t,h1Sm'ovemer'1t1S

relat10nsh1p 1S shown ,1nFig.

and th~ soil shear strength to the

estimated from triaxial tests or other

Such curves were f1rst developed by Seed and

2dEYT

and a typical

ThlS may be done approX1mately by assumIng the

(l-VL)
are the young's modulus and poisson's ratio of

PT =

(or load-transfer)

The point resistance., PT.

t1p to be a rigld circular area and emplOYIng the

selected) .

I. The p1le 1S div1ded into a number of segments (shown in

4. A movement. Y3T • in the bottom segment at midheight 1S

2. A small 'tipmovement, YT is assum~d (zero may be

In actual problems, a number of such relat10nship may be

Reese (1957),

adhes10n

required to describe the load transfer along the whole length of

pile tip movement.

pile

material beneath the tip.

calculated.

the p1le. The Jo~d-transfer method may be summarized as follows:

where E. V

data.

Bouss1nesq theory (Coyle and Reese.1966)
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6_ From a curve of shear strength versus depth, (shown Ln

(2.22)

on the top of

P3= average perLmeter of segment 3

L3= length of segment 3

to find the approprLate ratio_

transfer/soil-shear-strength versus pile movement LS used

39

Fig_ 2_19), the strength of the sOLI at the depth of the

segment LS obtained_

segment 3 can be calculated as

segment (assuming a linear variation of load Ln the

segment) is calculated as

'3 = (ratLo x shear strength)_ The load 03

Qm L3
Y3T = --------- X -------

2 2A3Ep

where Om = (Q3+PT )/2

A3 = area of segment 3

Ep = PiIe modulus_

5_ Using the estimated Y3T, the approprLate curve of load-

7 The load transfer or adhesion is then calculated as

8_ The elastLc deformation at the midpoint of the pLle

where,



settlement curve.

step 4

40.

(2.24)

shear-strength versug

which are 'shown in Fig.'

y'3T = YT + Y3T

These values can then be .used to plot a computed load-

The above procedure IS then rep~ated USIng different

COnSldered,and so on, until a value of load (00) and

10. y'3T is compared with the estimated value of Y3T from

On the baSIS of field data on instrumented plies and

displacement (Yo) for the to~ of the .pile are obtalned.

WIth in a specified tolerance, step 2 to 10 are repeat~d

and a new mldpoint movemen~ calculated.

II. If the computed movement y'3T does not agree with Y3T

9 The new midheight movement is then given by

12. When convergence is achieved, the next segment up IS

assumed tip movements untIl a series of values of 00 and Yo are

laboratory tests on model piles, Coyle and Reese derived a serles

obtained.

Reese(1966).

pile-movement curves for various depths,

2.20 .The interpretation of the tests on instrumented .piles .to

obtain these curves was described in detail by Coyle and

of three average curves of load transfer,
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l~m~t of sKin frict~on of 0_5 times the shear strength_

with in a so~l mass caused by loading with in the mass_

, .ofnumbera

w~th an upper

POUlos and Davis

into

the pIle and the

The displacements of

d~v~ded

The soil displacements are obtaIned in

Nair (1967) assumed a uniformly loaded

w~th an upper limit of sKin fr~ct~on ofcurve A~

loaded elements and a solution is obtained by ImpOSIng

assumed the shear stress at each element to be

In this method the pile

D'AppolonIa and Romualdi (1963), Thurman and D'ApPolonIa

-Mattes and Poulos (1969) and considered a shear stress

o to 20 ft_,

ft_. the measured relationships approach curve B.

From a ser~es of tests on ins~rumented pile ~n sand

tw~ce the shear strength, can be used_ For depths greater than 20

Coyle and Sulaiman(1967) have presented data on the load-transfer

sand, shown in Fig_ 2_21 _ This data suggested that for depths of

2_5_3 Methods based on the theory of elasticity

versus movement characteristics for steel' piles in satura'ted

most cases by using MindlIn's equations for the dIsplacements

pile under aXIal 10adIng_

the pIle are obtained by considering the compreSSIbIlIty of the

adjacent soil for each element of the pile_

uniformly

compatibility between the d~splacements of

represented by a single point load acting on the axis at the

CirCUlar area a.tthe center of each element_

center of each element_

distributed uniformly around the circumference of the pile_ The

(1965)

(1968),
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2.5.4 Numerical methods

possibility of slip at the plle-soll interface lS allowed for by

The

from whICh

A free outer

shear strength,

forces' and deflectIons.

limlting pile-SOlI

mass separately and then compatibilIty condItIons were

latter appeared to be the most satisfactory of those numerical

methods.

Detailed descrlptions of the flnite element method have

been glven by Zienklewicz (1971) and Desal and Abel (1972'. DesaI

and Christian (1977) discussed compre~ensively the use of flnlte

element in geotechnIcal problems. Desai (1974) conSIdered a pIle

In sand with a hyperbolIC stress-strain response and also used

speclal elements for the pIle sOlI interface.

Balaam et al (1976) used a ~ifferent type of analysIs.

in which the finlte element method was used to analyze the pIle

limitlng values of nodal force can be calculated.

imposed to determine the nodal

and SOlI

speCIfying a

2.5.5 Comparisons between solution from elastic approach and

finite element analysis

160 triangUlar elements were used for the soil.

Balaam et al' (1976) obt~ined elastic solutions of

axially loaded piles for the case LID = 10, K = 100, h/L = 2 and

v. = 0.45. Twenty triangular elements were used for the pile and
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A compar,son between computed load-settlement curves to

The agreement 1S aga,n reasonable.

shows a

Decreasing t.ha

the Solut10ns are ~

The agreement is

,S shown in Fig.

Table 2.3

10 and the soil elements to 120

load capacity).

this time for a p,te bear,n~ as a st,ffer stratum.

Inth,s case the f,n1te element Solut10ns are Sllghtly

is the ultimate

number of pile elements to

so,l are analyzed together as a single mas,s.

settlement of a p,le presented by Lee (1973).

increases the.d,screpancv between the fin,te element solution and

the elast,c solution to 3.5%. In a parametric study of the

boundary was~assumed at 35 p,le diameters from the pile ax,s, the

base underlying the so,l was assumed to be rough and rigid, The

settlement at the top of the pile was found to be onlY 2.00% less

than ~hat given by the analysis utilizing Mindlin's equations.

Furthermore, the finite-element solut,on in wh,ch the pile and

obtained from a f,n,te-element analysis.

compar1son between Lee~s solut,ons for a float1ng p11e 1n a

un,form mass and ,the correspond,ng solutions from the elast1c

analys,s.

Table 2.4 .

greater,. but generally there 1S close agreement between the two

ser,es of solut,ons.

A further compar,son with Lee's Solut10ns 1S shown 1n

failure for a pile in a purely cohesive soil

generally reasonable, but at loads approaching the ultimate, the

settlements given by the finite element analysis are greater than

those from'the "elastic" approach.



i•Top Displacement Inf'luence I
I

Displacement = Factor, Ip
I•

P
I
I

----Ip
I
I

LE~ I Vertical Vertical and radial:
I Displacement Displacement I
I

I i compatibility Compatibility, I I
I I I Only Only, I ,
I I I
I I I I, 10 , 100 , 1.793 , 1.782, , I I, I 1000 , 1.378 , 1.448
I , I ,
I I I, I ,, 25 I 100 , 3.559 3.542, I ,, I 1000 I 3.181 3.160, , I
I I

,, I I, 100 100 I 10.670 , 10.488
I I I, 1000 , 5.220 , 5.140
I I I, 20000 I 2.758 , 2.712
I I ,, I ,, I I

TA8LE 2.3 Effect on Pile Displacement
Displacement Compatibility (Mattes and P?UIOS,
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Considering Radial
1969)
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Finite-Element

Influence

Elastic Mindlin
Approach

and

Displacement
Factor. Ip

Top

Finite
Element

5

15

Displacement =
P

----Ip

dE. I
I

I
I

Floating Pile : SBmi-in~inite Mass
-------------- I ----------~---

I
I
I

3.5 0,267: 0.258
5.00.211 : 0.205
10.5 0.115: 0.112
15.0 O.103 : O.100
19.5 ,_ 0.094 : 0.092

__________ • 1 1 _---------~I-----~----t--------------------l---------------------
Lid : Eb/ES : End-Bearing Pile

---- I ~ ~I -------- I ----- _

" I: 10: 0.078 : 0.075
: 100 1 0.014 : 0.016 :__________ I I I ~ 1

" I I

: 100: 0.020 : 0.020 :
I 1 I I
r I I I

TABLE 2.4 Compar,sons between Elastic
Solutions for Pile Settlement (Les, 1973)

I
I
I
I
I
I
I
I
I
I
I
I

: Lid,---------------------I
I,,,
I
I
I
I,
I,
I



•

. -

- Finite 'Element 50Iut,'on

-- - Sol ution from. author's analysis
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40

30 l' = 0.48
Lid = 10P 20 E

~2 .:e.. = 1000
10 E.

p/L= 2,
Cal = ,

°0 2 4 6 8

PEs
Cd

Flg.2.22: Comparison between load settlement curves to failure. (Lee, 1973)
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2.6 Main Point Trom Literature Review

of

Separate

earth pressure

"", . .load settlement

determInatIon and

the fIndIngs

as,

So analysis of the

on

the

such

earth pressure coeff1ClBnt_

basedis

to predict

factor,

the accurate predIction,

literature review OT analytical works It IS seen

coefficient of friction etc_ "have also been done.

Other experimental works revealed phenomena "like sand

and 1inear increment of .piIe capacI ty aft.er crI tIcal

History of pIle deSIgn

From

have been done on

correlatIon of skin frictIon and .end bearIng of a pIle.

works on skin Triction parameters

coefficIent,

From the literature review it transpires that much worMs

researChe,rs_
And bearIng capacIty factor .Nq receIved a major attentIon of the

arChIng

depth.

accurate bearIng capacity

coeffIcient of frIction. But knowledge on this aspect seams to be

Incomplete. It IS clear that load transfer mechanism of pIle must

be known first to SImulate or,

curve for plies. This would require model pile testing in uniform

sand bed in order to know the actual load transfer mechanism in a

simple and idealized manner.

that.Tinite element method OT analysis can predict closed form

problem is.hereby recommended by finite element method.

solutions Tor pile top settlement well.



.RESEARCH SCHEME

llKe1Y to

So load transfer'

investlgations of load

situation that IS

loading to fallure.

In Bangladesh most of the piles are lIKely

For the saKe of ideallzation,

3,1 Introduction

49

From Ilterature reVlew It is apRar~nt that load transfer

mechanism of a plle must be Known flrst to slmulate or. predIct

load settlement curve for the plIes. Load transfer mechanlsm lS ?
hlghly complex phenomena as it involves many factors such as

SllPS along pile-soil interface and plast!c deformation of SOli

durlng the progressive

curves show high degree of nonlinearlty and are sensltive to any

functional parameter of pile-soil system.

transfer mechanism were done in a uniformly lald .sand bed only.

The model piles are therefore installed In a granular base only

in order to simulate a practical

to rest in a firm sand stratum though there is a cohesive upper
layer.

~rise in Bangladesh,
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transfer mechanism some lmportant parametrlc relations i.e load

3.3 Soil Used

etc.

load transfer

In course of stUdy of load

separatlon of skin frlction

These may be used In revi-8wing the current design

The research was almed at lnterpreting

in piles lnstalled in granular Salls.

procedure.followed f~r pile foundations ..

developed.

settlement curve,

3_2 Objective

The research aImed at studYIng "load transfer mechanism

1) A load settlement curve for each set of plles

2) Data relating to dlstributlon of total load Into skIn

frictlon and tlP bearing.

3) Varlation Of load transfer patterns Wlth respect to

pIle geometry, placement condltion and soil denslty.

mechanlsm based on the following lnstallation and load test

results on slngle piles:

A comparison of the experimental results with currently

avallable theorles were.also sought.

A Medium dense sand is used for ped preparation_ 'To

simulate naturally dry sand, 3% moisture was added thoroughly.

The soil is '~niformly graded with a uniformi~y coeff~cient



sand beds with measu~ement of densities at d,ffe~ent locatlons in

Dete~mination of density and st~enqth pa~amete~s of the

of d,ffe~ent beds a~e nea~ly ldentical.

51

for dsnsB

the sand was

such asspeclflC

3.1 shows its g~adat,on

the following stages of

p~epa~ation of unlfo~m

Fig.

soil pa~ametB~s.

Specific g~avity of

coefficient(U), angle of inte~nal

Shea~ test, modulus of elasticity of

The beds a~e p~epa~ed .In such a way that the denslties

~anging f~om 1.15 to 3.84.

dete~mined and found to be 2.65.

range.

test p~ocedu~es and it was 310 fo~ loose sand and 350

sand.

St~ength pa~amete~s Of the sand (,nte~nal angle of

f~iction) at va~ious dens,ties were established tn~ough standa~d

Unifo~m sand bed p~epa~ation:

3.4 Scheme of Resea~ch

The expe~iment cons,sted of

pe~fo~mance:

the beds.

sand used in each test:

gravity(G.), unifo~mity

f~iction( ~)f~om Di~ect

sand(E.) a~e dBte~mined.

Pile installation: piles arB installed by two methods.

Piles drived into an uniformly laid sand bed by applying a static



100

100.

lao

10,0

1.0

10

COARSE FINE COARSE

SAND GRAVEL COBBLE

01

0.1

PARTICLE SIZE em,")

COARSE FINE

060
IL• ,0'0 • 3.84-1.15

001

001

FINE

I I I w i,
I

I I
j II~ I

I
I '/ il I I I iI i ,

I '/ i I I

~~
I

I Ii, i
I I

'~~ ! I

I~~ ,-: :j-~ ,
I

I I~~,
I I:

I ~ I I i I II, I I I,

~

,
I

I II
I

I
/1 ; II
/- I

?'/' i
~ I

52

PARTICLE SIZE DISTRIBUTION

060' 0.22 -0.5

010' 0.13 - 0.19
Uniformity Coeff,cient

Fig. 3.1 Groin Size Distribution Curve.
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3.5 Specification for Pile Load Test

nond,splacement 'method with the comb,nation of maximum and

minimum denSIty of sand.. Th,s is repeated for a new dIameter of

53

the pile i~ kept

fill the tank,

a pIlot test IS

large settlement of

When

The details of these are

strain measurIng instrument_
tested by displacement apd"ISpIle

load test bv 6ompress,on:

model

called a displacement p,le.

in the tank and then sand is poured to

Ax,al

All tests,were carried out upto a

SIngle

load 's

vertical

the pile is called a nondisplacement pile.

Then

conducted to check the electrical

PIle tests were devised following the method

descr,bed in ASTMD 1143-74 (standard methods for piles under

aXIal compressive load). LoadIng wa~ done in the experIment bY,a

direct shear loading device and specified constant rate of

penetration (0.03 to 0.10 in/min.) was maintained.

Pile tip movement was measured by a set of

strain gauges and average of four strain. ga~ge readings was taken

as representative.

pile(upto the diameter Of piles).

discussed in chapter four.



LABORATORY INVESTIGATIONS
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of

load

these

suffic1entBecause

For further detail

The deta1ls of

x 2ft.) was availabl~ ln the

The tanK was made of steel

So a 24 inches deep steel tanK was

x 2ft.

A laboratory programme was developed to assess the

A steel tanK (2ft.

4.1 Introduction

transfer mechanism of a model p1le installed in granular sOlI. As

mentioned In the research scheme, thIS involved in development of

a testing tanK in which a uniform dens1ty sand bed was la1d. The

uniformity of the sand bed was. checKed.

arrangements and test procedures are discussed subsequently.

4.2 Preparation of Uniform Sand Bed

Geotechn1cal Engineering Laboratory

frame and galvanized iron sheets.

considered to serve well for the purpose.

the tanK seeSalahuddin{1986).

assumed to extend upto 3D.

r1gidity of the sidewalls required to simulate field cond1tion

(i.e maintaining Ko condition). As maximum pile diameter for this

research was 2 inches. and pressure bulbs below pile t1P 1S



4_2_

state it was 350_

55

3

The

to establIsh the

For each density of sOll,

Direct shear test (ASTM D 3080-

Details of sheet work for makl.ng1986)_

At loose state it was 310 and. at dense

fineness modulas and uniformlty coeffjcl~nt_

(Salahuddin,

analysis of the problem_

was ca~ried out to flnd out the angle of internal frlctio~ (~

varIOUS densities.

placement.

For the preparation Of uniform bed of sand, .nine cubic

feet of uniformly graded sand are used_The sand contained

materials passlng No_ .16 Sleve and t.hose retained .on No_ 100

Sleve_ Fig_ 3_1 shows the grain size.distribution_ A hopper and a

hopper carrier (a trolley) were also available for uniform sand

hopper is shown 1n Fig_ 4_1 Arrangement for plaCIng hopper on

trolley and dropping sand from a speclflc he1ght'~~ shown In Flg_

latter ranged from 1_15 to 3_84_

Soils used in the sand bed were tested for graln S1ze

4_3 Evaluation of Soil Properties

gradat.lon;

72)

) at

analysls in accordance to ASTM D422-63(1972)

numerical

Cycling loading triaxial tests were conducted to

determine the modulus of elasticity of sand, which was used 1n

such tests were conducted at three different confining pressure

and the required modulas of elasticity was extrapolated from

those three values_ One typical stress-strain curve is shown in

Fig_ 4_3_ Modulus of elasticity of soil is taken ~o be the slope
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Fig. 4.2 .Testing Tank
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, , ,
Sand Tank (2x2x21

Hopper

Hopper Roll er

Angle frame for roller support

Tank frame

CD
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403020

Density = 89 pef

STRAIN X 0.001

10
o

1J. Confining Pressure - 42 psi

50

60

10

Fig. 4 ..3 Stress -Strain curve from cyclic loading triaxial test.



4,4 Measurement o~ Strain in MOdal Piles

to measure very small straIn o~ those model plies, Anothe~ reason

In this research three ho11ow. ,one e.ndclosed ,modal

59

Itwas 70 PSI,'

load transfe,'

the instrumentation was not

Modulus,o~ elasticity for dense

because It was not senSItIve enough

ConventIonal methqds of ~easurlng straIn

each IS" long and the, diameters wen;l 0,75",

The thIckness o~ the model pilas were 5"1.128,

because of the uniformity o~ compreSSIve stress

116 psi and for loose condition,

so it needed measurIng stress at dIfferent depth

and 2",

As the research aImed at the study o~

o~ small strain reloading path,

condition was

1,1875"

plies were used,

13"/128 and 11"/128 respectively

levels along the'pIle,

These are extrapolated modulas o~ elast,icity for an average

con~ining pressure o~ 0,45 and 0,386 psi respectively,

meChanism,

could not solve the problem,

was that in the conventional method,

pOSSIble WIthout disturbing the sand-pile Interface,

So, electric strain gauges were used successfully, The,

gauges were o~ TOKYO SOKKI KENKYUJO CO, LTD, Gauge length and

resistance were 10 mm and 120 + 0,3 ohms respectively, Figure 4,4

shows how the gauges were Installed in aluminum mOdel piles, Here

three strain gauges were ~rovided on inner wall o~ pile" at

certain depths;

at that level,



performed.

voltmeter were sufficIently strong before each set of tests were

60

strain

Hence 1t

the tempera t.ure

A series of trials

the bridge could be at

though the wheatstone

readlngs were unstable.

40 winding WIre were used toNo.

the inItial

used for straln measurement was balanced for

4;5 shows. the whole arrangement for

to ensure that the battery set used In'the

Here a -du~my gauge IS used on the same metal for.

FIg.

It IS Important to note that

measurement.

temperature compensation.

reader (volt meter).

br.-ldgecircuit..

There. was probably other elements of

hours was waIted for each settIng t6 stabilIze

before the experIment was started.

maintain the connection betwee~ the straIn gauge and the strain

In the experimen.t density of soil played an important

different startIng temperatures (Abedin, 1986). So a mInimum of 6

It was obse~ved that degradatIon of the power supply

was essent.lal

..source to the voltmeter resulted in erratic readings.

.temperature compensation~

4.5 Den~ity of Sand Bed in the Test Tank

Of the sand bed was uniform althroughout.

role in load transfer patterns. It was essential that the density

was observed that density of sand bed could be related to height

ensured that it was possible to obtain a uniform density bed. It
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with

7"

Aluminium Plate' with Dummy Gauge

Wheat.tane
Bridge .

Fig. 4.4 strain Gauge setup In. piles

/~~_.

Typical strain Measuring Atrongemelit
Temperature compensotion

Fig, 4.5



FIg.

NO vibratIon wasof sand.

After the formation of each

EaCh layer was of 4.5" thicK.

loose condition was ach18vsd by hopper

Maintaining a 4 inches height of fall of sand from

Density in loose condition

manipulat.ion.

maintaIn 4 inches heIght of fall

of fall (Salahuddin, 1986). Other factors such as the manner in

which the hopper was charged also affected the density.

the hopper, a unIform loose sand bed could be obt~ined. FIg. 4.6

shows an arrangement for maIntaining 4" height of fall-of san(!

from the hopper bottom. Sand was fed In the hopper and the hopper

dIsseminated the sand Uniformly mOVIng to and fro over a trolley.

The frame holding trolley and hopper was r~ised time to tIme to

62

allowed in the ViCIhity of the sand tanK, because It could mOdlfv

the uniformity of sand denSIty. Minimum denSIty that was obtalned

by this proce~s was about 89 pounds per cubic feet. Whlbh fItted

well in Fig. 4.70fSalahuddln' 1986).

4.5.2 Density in dense condition

was prepared in five layers.

Dense condition was attained by compacting the sand with

a standard hammer. (10 lb.) after a layer was placed. The sand bed

4.8(b) shows 'the layering scheme.

layer compaction was done by a blowing scheme shown in Fig.

4.8(a). Browing was devised in this way to get an uniform dense

state. Maximum average density obtained by following this process
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1

Hopper i. Rising up
I Maintol"ning a Gop of

4Uwfth Sand Surface

4"

' ..
. . .._#.~ .. ~-~

Sand Surface 1s
Rising up

Fig. 4.6 Hopper- Manipulation' Scheme tor- Loose State.
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1210B

-{( Density During Test

HIGHT. OF FALL, linch)
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Fig. 4.7 Sand, densities at different heights of foil during sand bed
preparation, (SOlohuddin, 1986 r
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was 105 pounds per cubic feet.

( 4 . I )

(4.2)

(4.3)

as average'

This was'because any

it is seen that starting of the

h strain

4.10,

(ErJ was measu.reo bv a

then SKin frictl0n can be separatad -as

level

a =E '" Ep
S P

PI =0 s* A....p

Initially it lS transferred by skin frictlon.

At a

Forthls purpose a short block of the model pIle (1

load.

Then it was tested to ge,t a stress-strain curve from

This research primarily lntended to study the transfer

So, modulus of elasticity Of plle was needed to be

4~6 Rigidity of Model Pile

indirect way.

of axial

Separation"of skin friction from the test was carried out In a

electronlc strain gauge,

follows (Fig. 4.9)

where, Ep = st.rain In t'he pile mat.

Ep = modulus of elasticity of pile

A"" = perl meter of the pIle
.f

PI = acting load at any sectlon

P = Total axial load.

skin frictlon ,

where its modulus of elasticity value was calculated,

established.

effects.

inches in height) was taken in order to avoid slenderness

of several tests. In Fig.

curve is nonlinear and concave upward.
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Layer-- --- ----- ..•.

. Loyer Z

---- - --.- -.- .Loyer 3

Z'

CD Blow',ng C,rcle (50 Blows)

@ Blowing C,rcle Z (50 Blows)

•4.5

"4.5

•4.5

Fig. 4.8 (bl Tank Elevation Showing Layering . Scheme.

Fig. 4..8 (a) Tank plan Show'lng Blow'lng Scheme.
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.4

PI =0"0' Ap
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Fig. 4,9 lal,lbl,(c) Skin Friction separation,

.r-fo-



4.7 Pile Placement and Loading Arrangement

appl"ed along with the rubber sleeves on both end of the element.

68

the

two

load was

these

loading was

of

to compress

So to ensure full

Vert1cal gap between

action

plates

4.11.

two

Combined

~ach set was set 1n a oriss-cross

5" .

as shown 1n F"g .

4.12 shows the 10ad1ng arrangements,

so that "t created a square opening in the middle to let

all 30" long were used~

compress"on 't.estmachine requires

sample "n between. Hence in the test. due to lacK of smoothness

of surface (both machine plate and pile). load was concentrated

on smaller area a~ the starting of the test.

area of pile section under compression higher

bars,

All the tests were performed by axial load appl10atl0n,

So. to ensure that the p11e 1S aX1ally loaded two sets of wooden

manner7

two set of frame was about

done by the direct shear box; wh"ch was operated manually.

frames restrained tha pile to remain vert1cal.

.the p11e slide "no
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Fig. 4.11 Arrangement .to Keep the pile Vertical.

Handle for Load
Application

Direct Shear Box

Proving Ring

I
I
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I I
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I I
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Fig. 1,.12 Loading Arrangement.
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........ (5.2)

{O}
{NT}
{O}U

-,{NT)
{O)
{O)

The natural coordinates r,s and t with the

,
THREE DIMENSIONAL FINITE ELEMENT FORMULATI9N

Ni = 1/8(1 + rri)(l + SSi)(l + tti)

Cl-lAPTER So

The finite element method is a numer1cal and powerful

where i stands for the node number i'n the element.

5.1 F1nite Element Formulation

technIque to solve, approximat1ng a contInuum as an assembly of

hedral element(Fig. 5.1) (Z1enk'1ewicz,1971; Desai and Abel,1972)

discrete elements. A three dimensional 8-noded brick or hexa

as been used here.

orig1n of the system IS taken as the centroid of the element

system can be .expressed in the follow1ng way:

(Fig. 5.1), The relation between the local and global co-ordin~te

where {NT} = (Nj , Nz, N3, N4, Ns. -- .. _-- .. - - - . .Ne]
T_ (Xj , Xz, X3, X4, Xs ...... .XeJ{Xn} - .. -----.

The interpolation" functions are obtained from



Fig- 5,1 Basic Hexa hedral Finite Element.
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displacement vector as follows,

.......... (5.5)

o
o

6 Ni/6 i
o

6Ni/6Y
6Ni/6x

............. N~ o' 8

............. 0 Ne 0

............. 0 .0 Ne

= [BI) [B2] .... [B8]{q}=[B]{q} .. (5.4)

......................... (5.3)

o
6 Ni/6 Y

o
6 Ni/6x
6Ni/6z

o

6 u/6 x
6 V/6 Y
610/6 z

: 6u/6Y +6v/6x
6v/6Z +6w/6y
6w/6X +6u/6z

6 Ni/6 x
o
o

[B;] = 6 Ni/6 Y
o

6 Ni/6 z

{u} = [N]{q}

O
NI 0 0 Nz 0 0

[N) = 0 Nl 0 0 Nz 0
o 0 Nl 0 0 NZ

The strain displacement transformation matrix can be

73

The strain component at a point in the element are given

E x

E y

E z
YXy
Y YZ

Y zx

where

The components of displacement at any point in the element can be

expressed in terms of the Interpolation functions and the nodal

5.1.1 Strain-Displacement Relationship

by

where [B) = strain displacement transformation matrIx.~

expressed as
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To. evaluate the global derivatives Of the shape

functions, it .is required to establish a. transformation

relationship from the global to local co-ordinates. It can be

done by using Jacobeaie Matrix. By us.ing the chain rule cif

differentiation it can be found

0 0 Ox 0 oy 0 o z
= ---- + +

or ox or oy or o z o r

0 0 ox 0 oy 0 o z
= + ---- + ..(5. 6a)

Os Ox os oy os o z os

0 0 ox 0 oy 0 o z
= ---- + +

o t ox o t oy o t o Z o t

.In matrix notatIon

0 Ox o y o z 0

o r o r o r o r ox
0 OX o y . 0 z 0

........ (5 .6b )
o s o s o s o s o y
0 o .x oy o z 0

o t o t o t o t o z

o x o y o z

o r or a r
o x a y o z

[J) = ........ (5 .6c )
os os os
OX o y a z

o t at a t



5.1.2 Stress-strain relationship

Stress-strain relation OT a continuous media can be

where [J] is the Jacobian matrix. So the global derivative can be

... ~ _. _.. ( 5 .6d)

o
o r

o

,75

o s
o

o t

0
ox
0 [J}-l=o y
0

o z

obtained 'as

'Therefore,

1 0 0 0 0 0 '0 0 0
0 0 0 0 1 0 0 0 0 uJ]-l [0] [0)J GNi} {O} {o}J
0 0 0 '0 0 0 0 0 1 [0] [J]-l [0] , {O} {Ni} {O}

LSi) = 0 1 0 1 0 0 0 0 0 [0] [0) [J)-l {O} {O} {Ni}
0 0 0 0 0 1 0 1 0
0 0 1 0 0 0 1 0 0 ...(5.7)

,0 Ni o Ni o Ni
where [Ni)T = [ ---]

Or- os o t

= l/8[r-i(l + SSi )(1 + tti ) 7 Si ( 1 + tti )(1 + tti),

ti (l + r-r-i)(1 + SSi»)

expressed as To11ows



relatIon:

Expanding equation ,(5_8a),

{Q} = element load vector.

... _ .. _ . _ _ .. _ .' ( 5 . Bb )

Ox (I-V) V V 0 0 0 Ex
cry (I-V) v' 0 0 0 c.,.
0= E (I-V) 0 0 0 E=
LY = ----------- (1-2V)/2 0 0 Yx,'
L= (l+v)( 1-2v) Symmetrical ( 1-2V)/2 0 Yyz
LX (1-2V)/2 Yzx

{a} = [C] [B]{q}

[K]{q} = {Q} ..• .. _ _.. _ _ (5_9)

{a} = [C]{E} _ _ (5 .8a)

76

where [C] = stress-strain matrix.

In equation (5_8b) it is observed that [C] is the property matrix

of the media, [B] IS determinable from the geometry of the

element. Only {q} is left, which is determined from the following

where [K] = element stiffness matrix.
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displacement type Tormulation -"FE2000"(Numerics Corporation,

1983) is.used for the current analysis. The analysis 1S performed

as~umlng linear ~lastic behaviour of pIle soil system_ Here 2X2

Gaussian quadrature has been used Tor 1ntegration 'scheme 1n the

Sal1ent features of "FE2000" are

onbasedsoftwareelementf1niteAn ava1lable.

5.2 Salient Features OT the Programme

element stiffness formation.

given in appendix A.
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EXPERIMENTAL RESULTS AND DISCUSSION

bothin

represented

A ratlonal

are

loose and dense sands

depth

loads in

Load-settlement relation. varlatlon

relatlve

From regression of sKin frlctlon data,

the experlment are presented

wlth

Three types of piles were installed by two

Bearing capacity factors are represented in tabular

Results of

Load-settlement curves are non-dlmentionalized to show the

6.1 General

graphical and tabular forms.

of earth pressUre

graphically.

Fig. 6.1 and Fig. 6.2 show load-settlement reljtl0ns for

of skin frlction along embedded depth, development of coefflclent

form.

unlqueness of all curves.

a skln frictl0n predi~tion model has been suggested.

coefficlent of earth pressure has also been suggested. Bearlng

capaclty factors ob~ained by thlS experlment have been compared

with those of others.

~.2 Load Settlement Relation for Test Piles

piles subjected to vertical

respectively.

different methods. In'one case the piles Were installed after the

soi 1 was placed in the tank and' in the other case the pi 1es were

placed in the tank and then the sand was poured to fl11 the tank,

"
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Fig. ~.2 Load-Settlement Curves of Piles in Dense Sand.
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the curves that for larger diameter piles, effect of installation

is considerable.

The former method is reported as displacement method whlle the

later as non-displacement method of lnstallation.

In

methods of

Increase

lS replotted In

It is also observed from

and settlement ratlO(l.B.

and6.1Flg.

types of pIle and for both

ratlo(load ratio)

from

ThIS flndlng prOVIdes a valuable Information that.

load

Data

There IS an lncre.se In pile capacIty WIth

response for all

pile dlameter or width (Tomllnson,1980). Fr?m the FIg. 6.3. 1t 1S

observed that piles In 10058 sand show identical load-settlement

nondlmensional form In Flg. 6,3 and 6.4 by dividing axial load at

any stage by ultimate load in y-axis ~nd .in the x-axis settlement

IS dlYlded by one tenth OT the pi 18 di~meter _ Here -ul tlmate load

IS defined as that which causes a settlement of one-t8n~h of th~

1ns ta 11a t.l on.

all load-settlementrelatlon for plIes 1n loose sand can"be

represented by a non-dImensional equatlon relatlng aXlaJ load to
u 1t.lmat.e

Settlement/(O.l*diameter of p'le)).

the dlameter of piles. There is a ~ignificant dIfference In aXIal

load capacity between piles Installed wlt.h and without displaCIng

the sand. Again as expected, the displacement plIes show hIgher

axial capacity than non-dIsplacement piles. This increas~in pile

capaci ty for displacement pi les can be attributed to, sand

densification during pile installation.
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6,3'Mobilization of Skin Frictional Resistance

•

of

smaller

type

load at different

6~3 and 6,4 that the

It can be observed that upto settlement

Hence the results for this

loose sand, But beyond settlement ratIO of I,

pIle load-settlement response IS similar for all.

It can also be observed from Fig,

In order to stUdv how skIn frIction IS mobIlized along

length the results of displacement plIes are consIdered'

piles in dense sand,

ratIo of I,

earlIer for

SIgnIficant deVIation for nondisplacement piles of
diameter occurs_

pile

non-dImensIonal form of the load-settlement relatIon shown can be
consIdered as parabolic,

Figure 6,4 shows load rat.ioversus settlement ratIo for

types of pile and for both methods of installation as mentlonaed

here, It IS expected that during sand fIllIng and bed formatIcn

in the non-dIsplacement method some non-unIformltv In sand bed
may have occurred,

installation are not considered for skIn friction measurements,

Figure 6,5 through 6,10 show plots of skin frIctIon

mobilized at various settlement ratio(expressed as percentage)

along different depths of embedments of the pIle, Here the skin

friction is estimated from the loss of axial

lengths of the pile as mentioned in article 4,6, Fig, 6,5 through

6,7 are for loose sand and the rest are for dense sand,



Fig. 6.3 Non-Dimensional Form of Load-Settlement Curves
for Loose Sand.
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Fig. 6.4 Non-Dimensional Form of Load-Settlement Curves
for Dense Sand;
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all the fIgures indIcate that skin friction increases WIth the

In skin frictIon with increased settlement_ An observatIon of the

150%

18SS when

settlement

(unit shaft

ObservatIon of

In skIn frlctlon

may be due to

linearly WIth depth_

1970) along with the

Skin frIctIon mobllize~ l~

resultIng in s~lppage at the plle-scli

Afso it 1S seen that thera is ~n increase

VeSlc,

Sand arches prevent full development of lateral

Fig,6_5) maximum skin frictIon IS mObIlIzed at

do not necessarily increase

bond failure_

1964;

It IS observed that the Skin frIction

of

It could be Interpreted as the reductIon

tenth of the pIle diameter expressed as percent_

pile embedment depth _

curve
Figcs 6~5 through 6_10 reveals that In most cases(except

settlement ratio of 100%_

85

Settlem~nt ratio IS the pile penetration divIded by one-

beyond a settlement of O_IXplle dlameter_

settlement ratIo exceeds 100%_ ThIs suggest that a pIle movement

at 10% of the diameter may be consIdered as failure dlsplacement_

Proper contact at the Interface of pile and soil ensure the full

mObIlIzation 'of skin frlctlon_ Overburden pressuYe offers skIn

frictional resIstance through a frIctional bond between pIle and

frictional

interface_

resIstance)

Initially there is a rate of increase in skin friction with depth

which later reduces and attains more or less a constant value_

This may be the results of formation of sand arches(Robinsky and

Morrison,

mobilization_

earth pressure_

.soll_
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diameter displacement piles resulted in higher skin frlctlon.

( 6 . I )

volume

larger

emp~rical

So,

the rate Qf

rats of volume

The rate of

Existing

pl1e was drlven in the

ind~cated

piles.

larger base area.

sand

of

offoot

diameter

Larger diameter pile had h~gher

f =YslK.tan(o)

per

l.4h8re~ f = un~t skin frict~on

Ys = unit weight of soil
l = depth

K = coefficient of earth pressure
a = angle of friction between soil

and pile

Here ~n displacement plIes,

increase

From the test results of mOdel p~les in sand ~t has been

observed that there ~s an ~ncrease ~n skin frict~on with the

relation(Meyerhof,1982) shown that.skin fr~ction is same for all

d~ameter of pile. Th~s is contrary to the experimental findlngs.

ground by displacing certain volume of soil.
displacement

densif~cat~on.

displacement/foot as .it had a

6.4 Prediction Model for Skin Frictional Resistance
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Settlement rotio = Se1tlement 10.1
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Flg.6.14 shows the same varlation for dense sand.

coefflcients of eart.hpressure. lie in between t.hatof active and

and

the

thethat all

In dense sand.

to Increase wlth

This mav be

6.14 reveals that at

Robinsky and Morrlson

tendency

As these were dlsplacement

>~ are suggested by varlOUS

93

coefficlent of earth pressure IS

of

6 .13 and Fig.

earth pres~ure coefflclent IS hlgher

Ken sel(1961),

6.12 shows same relation for the dense

and 6.12 it is observed that the earth

the coefficient Of earth.pressure reaches

value=?

This emphasis the consideratlon that a

6. 11

K, with relatlve plle embedment (l.e, Z/L) In

In figUre 6.11 the varlatlon of thlS coefflclent

at different settlement ratio In loose sand,
6.13 shows the variatlon o~ coefficlent of earth

wlth dlameter.It is also observed

K. ,

At small depth,

Dlffsrent

From Flg.

Observation of Fig.

pressure coefficient IS hlgher than

higher diameter pile denslfied the sand around the plIes

Fig.

lnvestigators.

loose sand lS shown. Fig.

of earth pressure,

pressure,.

soiI.

pressure coefficient has a general

dlameter.

earth

According to Szechy~1961),

than earth pressure coefficient at greater'd,ept.h.. In loose sand

prevent full development of earth pressure.

reason of havlng lower value of coefficient of earth pressure In

plIes,

(1964) and Veslc(1970) dense sand forms arches around plle WhlCh

during installatlon; therefore,

Increased

passlve earth pressure coefficients.

th~ maXlmum value.

settlement ratio of 1,

'dense sand than that of loose sand.



94

_ . I .determIned conSIderIng the coeffICIent of earth pressure at rest

C\,. }

of

the

The

(6.2)

1 . 75.

coeffiCIent

However from

methods of pIle desIgn(TomlInson.1971.

Janbu,1976, Coyleet al,1981) skIn frIctIon IS

These curves also reveal that coeffIcient.of earth

Tomlinsonl197l) suggested' that the

TheoretIcally skIn friction mobilized in a pile may be

f.t =YslKotan(o)

l = depth

Ys = unit weight of soil

6.1) which IS too conservatIve as It appears from the above

settlement.

lateral earth pressure should be In between Ko to

pressure Increases with the increase in diameter of piles and

coeffICIent of earth pressure in loose sand is greater than that

settlement of 10% of pIle dIameter usually taken as failure

model pile test results confIrm thIS VIew.

loose sand a SlIghtly hIgher value can be considered. In

of dense sand.

IS found that the earth pressure coeffICIent in dry uriIformsand

observation of results presented in figures 6.11 through 6.14 It

Meyerhof.1976,

should be an average of active and paSSIve.earth pressure. For

conventional

study.

where, f.t = theoretical skin friction

expressed by the following expression

(eq.



95

4:3 I< p 3.52.521.5

of coeftici ent of Earth Pressure with
in Loose Sand.

--- .••- K VALUES

1.0

variation
PIle Depth

x

I
I. I'
I 0 DI~meter, 2 .•
I CJ D~ame,er: 1.187~,
I x DIameter: 0.75
I-Coeft. of active earth pressure, KQ
, I--coeft. of passive earth pressure, Kp
---co eft. of earth pressure at rest" Ko

:..,
o 5

Ka,Ko

-.75

o

-.25

...J••...
N
-.50



Fig. G.I? variation of coefficient or Earth Press.-re with
pile Depth in Dense Sand.
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Fig, 6.14 Variation of Coefficient of Earth Pressure with
Percent of Failure Settlement in. Dense Sand.
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For Loose Sand

Any settlement

Dl X e -02r

=

-Z/L + Cj a -(;2r

;

f

A correlation IS developed between calcu.lated and

C2 = 2_97 e -.04(L/D)

99

Cj = 105_56 e -.09(L/D)

01 = 26_01 e -.03(L/D)

02 = 1_68 e -.02(L/D)

Fsa = actual skIn frictiDn(psI)

Fst = theoretIcal lKo) skIn frIctionlpsll

ZIL = embedment depth rat10

r =

Fsa

r X Fst

Results obtained from modal pile tests are presented In

o = angle of friction between soil and pile_

Ko = coeff1c1ent of earth pressure at rest

Table 6_1

observed skin frictions involvIng the followIng parameters_

where

For Dense Sand



model piles in a uniform dens~ty bed of a dry sand.

are used to incorporate the arching phenomenon of dense sand.

Fig. 6.15 and Fig. 6.16 contaln sample plots. aCCOrdl"9

the results used are for

WhlCh satisfactorlly predlct the observed

should be of limited use and should be

Length of plle

Dlameter of pile

1.83 e -.04\L/DI

Lj 0 =

Cl =124.71 e -.07IL/DI

100

2_55 8 -.OL~L/O)

01 = 35.06 e -. 05 I L / D)

D2 =

bear~n9 in mind that,

where.

This however,

Ih this regresslon model .. exponent~al nature of constants

to the equation (6.3);

data.

field tested,



TABLE
Dense

6.1(a)
Sand.

Experimental Results of UnIt Skin FrlctlonlpSll tor

Il

r--------...,Ic-------------------.-------~--------~I------~I
: Unit Skin Frict,on (psi) for Dense Sand: :

at ~:
Differe~t Settle~ent Ratio~. : Pile :

LID : Depth.:r--------,c------~:-------~:-------~:~.-----~: (i nChBs) :

: 10% 25%: 50% : 100% : 150% : :
t 'I! I !

I I I I I I

20.00 O.OB fL20: 0.:~4 : 0.41 : 0.321: :
12.45 I 0.11 0.21: 0.31 : 0.40 : 0.39 : 4.15 :
7.50 : 0.15 0.24: 0.39 I 0.46 : 0.45 : :

: I I: :::
20.00 : 0.19: 0.36 : 0.59 0.70: 0.55 : :
12.45 : 0.21 : 0.425.: 0.65 0.80: 0.63: 9.75:

I 7.50 : 0.25 : 0.42 : 0.75 0.92: D.Rl : :
I I I I I I I

I j i f I

: 20.00 : 0.23 .: 0.50 : 0.78 : O.Yl : 0.63 : :
: 12_45 : 0.26 : 0.58 : O~92 : 1:10 : 0.79 : 14_00 :
: 7.50 : 0.31 : 0.65 : 1.05 : 1.25 : 0.92 l. :
I I I I '" I I I
, , ! ! I , I !

f-'
o
f-'



TABLE 6.1(b) Experimental Results of UnIt SkIn FrIctior(psi
Sand.

for Loose

r

I I I I
: : Unit Skin Friction (psi) for Loose Sand: :
I I at I I
I I' f I: : Different Settlement Ratios_ : Pile :
: LID : : Depth.:
• : : : : : ; ('i nChBs) ~

: 10% : 25% : 50% : 100% : 150%: :
I • I I I I '
I I f I I I I

20.00 : 0_03 : 0.12 : 0.18 : 0.30 : 0.40 : :
12.4~ : 0.064 : 0.18 : 0.31 : 0.40 : 0.37 : 4.75 :
7.50 : 0.083 : 0.23 : 0.36 : 0.43 : 0.40 : :

! , I I I I I
I I , I I i I

20.00 I 0.08 : 0.20 : 0.32 : 0:48 : 0.68 : :
12.45 0.13: 0.32.: 0.42 : 0.65 : 0.60 : 9.75 :

7.50 0_15: 0.31 : O.SO : 0.62 : O_~6 : :
I ! ! , ! I
I I I I I I

20.00 0.12: 0.25: 0.48 : 0.73 : 0.78: :
12.45 0.18: 0.38 : 0.67 : 0.92 : 0.72 : 14.00 :
7.50 0.245: 0.47 : 0.80 : 0.94 : 0.60 : :

I I I I I I
I I I 1 I I

•....
<:>
'"



FIgure wIthin Parenthesis ind,cate
settlement ratio in percent.

o Measured Value
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LEGEND

--- Predl'cted Curve

Skin Friction. pred ic tion for loose sand from empirical
relation I Dia = 2.00" I
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Fig. 6.16 Skin friction pred iction for loose sand from empirical.
relation. dia =1.1875")

2

Figure within por~nthes;s 'Indicate
settlement ro tio in percent.

(Settlement ratio = Settlement /OJ
xpile d,"a)
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6.5 End Bearing of Piles

are

table

the table

test

Po of mod21

lt lS observed

From the

the lnstallatlon

modelthisfrom

signIfIcantly lncreases bearIng

Because dense sand undergoes less

It lS also clear from

loose sand bearing capacIty factor IS

process

obtainedvalues

Po = effective overburden pressure

qo = Gnit point resistance

Nq = bearlng capacltyfactor

bearIng capacity factor,Nq 15 CalClJlated usin~ equatIon

lnstallation

where

The bearing capacity factor for a pile can be determined

by using equation (2.4)

If a comparison is made between the values of Nq shown

independent of pile diameter.

that

plIes.

It appears that for

those values for dense sand.

From the effective overburden pressure at pile tip.

capacity factor by densificatl0n. In loose sand the difference of

Nq between displacement and nondlsplacement piles IS hIgher than

densiflcation than the loose condition by

procedure as it is already densified.

that

in Table 6.2 and the values of Nq from Table 2.2,

36.61(displacement pile,loose sand) and 23,47(non-displacement

(2.d) and the values are tabulated in table 6.2.



TABLE 6.2 Bearing Capacity Factors for Model Plies.

42.46

Dense SandSandLoose
ri-------~i~-----------------.---rl-------------- -.,
I I •

i
I

Pile: (<p = 310) (<p = 350) I

Oia_ : I
(inches) : Displacement I Non-Disp. DisPlacement! Non-Disp.

: Pile : Pile Pile : Pile
iii
I I i
iii

J I I I I

: 0.75 : 35.40 : 23.90 : 52.36 : 25.25
I I I I I
I , I I I
I I I I I
J . I r I I I
I I I I I I

, I I I I

: 1.IB75 ,: 34.44. : 24../4 : 40.77 : ~~5_59 :
I. I I I I I
' I I I I 4 I
I I ! ,- I
I I,
I I I
I I I

: 2.00 39.98 21.74: ,50.318, :
I I I
I '!
I I I
I I",

: Average J:
: 'Nq Values: 36.61 23.47: 47.81 : 34.43
I I I I I
r! !!!

/ -,
r/

•...
'"'"



Terzaghi(l943) and that by VesiC(l972).

pile,dense sand),

dense sand.

.107

which lie between the values obtained by

This was also true for
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IS

DCEG is

1S assumed

The sOlI IS

length are

The plane,

Due to symmetry of. sOlI-pIle••

finite element analysis

DIsplacements at the head and

The DOF in y-direction for the

7.1 shows the discretized system of theFig.

the aXIally loaded pile sOlI system.

A fully three-dImensIonal

7.1 Introduction

performed for

replaced by an elastIc continuum and perfect bondIng

In this research aXIally loaded plIes were tested In 3

between pIle and sOlI Interface.

ANALYSIS AND INTERPRETATION OF FINITE ELEMENT RESULTS

load distribution and skIn frictIon along the pIle

compared with experimental observatIons.

7.2 DescriptIon of Finite Element Model

sand tank of 2ft.X 2ft.X 2ft. size.

been discretized.

problem .., There are 124 elements with 220 nodes in the mesh fig.

system as well as loading only one quarter of the full model has

ADCBand EFHG. are constrained.

7.1. The degree - of-freedom(DOF) in the x-direction in the plane

faces ADGH and BCEF are constrained.

constrained .for the DOF only in vertical(z) direction.
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•Fig. 7.1 3D Finite. Element Mesh pile in Sod Block.
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The hatched

top faces of

7.. 1 ) .

Following properties

propertIes were determined by

tests load was applIed as distributed

116 pSI.

70 psi,.

and sOlIpile

.Dense soil

Loose ,soi1

In actual model

The

5011 modulus at mid depth of pIle:

Poisson's ra~io of pile material :vp = 0.25(assumed)

Poisson's ratio of soil :vs = 0.30(assumed)

Modulus of elasticity of pile

Here~ no interface element is considered as there was no
such scope In the present, version of "FE2000". As the plIes were

circular~ so to simulate circular curve, small straight l~nes are
considered in place of arcs(shown In Fig.

portion In Fig.l.l indicated pile elements.

here total load is unIformly applied over all

p11e(node 211 through 220).

7.3 Material Properties

over the pIle x-sectIonal area and the test was ~ CRP(constant

.rate of penetratIon) test havIng a rate of 0.03-0.10 in/min. 50

appropriate tests described 1n chapter 4.

were consIdered for the present analys1s.
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and

the

loadlower

signifIcant

diameter

at

rebonding at

that

and

varIOUS

and regeneratlcn of bond

for

which contribute

slippage,

Higher load induces slippage through

tYPlcal load-settlement curve_

curves

load-settlement curve are ignored in the

(called debonding)

a gOOd agreement between FEN and experimental

the

debondlng,

7_2 shows

bond

Observation of these curves. show

load-settlement

has been

Other

installation condltlons are glven lnappendlx B_

7_4 Discussion on Results

7_4_1 Load deformation behaviour

element results for one load increment(as it waa a. linear elastlc

analysis) have .lso been plotted on thi~ curve for comparIson_

there

results _But at hlgher load their varlatlon IS signiflcant_

breaKing of

At lower load soil behaves elastlcally_ But WIth the

increase ln load,it become nonllnear. Agaln,when pile penetFate

into SOlI it transfers load to the surrounding SOli material by a

bond between plle and soil_

these bonding,

interface of pile and soil

nonlinearity .to

present study_

(called rebonding) also occur due to particle .reorientation_All
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are found to be quite satisfactory.

IS

the

7.4) .

But the

assumed

The same

than

thIS case

so the perfect

In

separation may

this condition

In Fig.7.4

also be

higher

compressive vertical

Hence

Under

value

The finIte element results

In elastIC analysIs per'fect

loadIng 'may

analysIs and experimental results

interface.

range.

the

numerIcal

IS hIgher than the loose sand,

7.3 shows the variation of

the pile soil

sand

Fig.

(Ozz) along embedment depth.

7.4.2 Stress distribution along the pile

stress

results are plotted for loose sand in FIg. 7.4.

compare well WIth those of observation for dense sand.

between FEM results and measured values for dense sand.

dIscrepancy between FEM and measured

bondIng between sand and pIle may be assumed and also only 25% Of

Fig. 7.3 shows reasonable agreement of vertical stresses

But for the loose condition skin resistance is virtually

substantial for loose sand.ln dense condItion the skin reSIstance

essentIally WIthin elastic

failure load is applied so

bonding between .sand and pile IS assumed.

offered by

comparIson between

negligjble. Even at 25% of failure load Slippage,

predicted values which contradicts with the finding(Fig.
•

observed values of axial load should have been

occur along

This discrepancy may be due to the fact that soil modulus used in
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.l rn (Dia : 1.1875")
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.UERIIC9L STRESS (1M PSI)--------)

Variation of Vertical 'Stress (0 ) Along Embedment
Depth for Displacement Piles inzDense Sand
(at 25%of Failure Load).

Fig, 7,3
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the analysis is too low.

1S

and

i tse 1f

load IS

have been

lnterface

long emb<;ldded

phenomenon may

applied

nonlinearity

would

the

load

at

Under this conditl0n load

In linear elastic analysls

axial

materialIf

debondlng, slIppage phenomenon)

and. soi 1

interfaCB_

This curve show a large variation between

signlflcant amount of

frlctlon.

SOlI

between pl1e

means

pl18

7.5 show varlation of

WhlCh

At failure load sllppage and d8bonding

7.4.3 Axial load transfer at failure load

depth for dense soil.

finite element result and that observed experlmentally at failure

loao. ,he other curves for all diameter, denslty and installatl0n

conditions are' given in appendlx B.

occur at

will carry hlgher,percentag!" of load.

perfect bondlng

transferred by sKin

interface behaviour(i,e bonding,

assumed,

had been considered then the predicted values

closer to observations.

.transfer by sKln frlctl0n will be negligible and the pl1e
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the

the

the skln

resi-stance

loadS transferred to

skin frictional

Ourlng transfer of load from plle top.

For displacement piles,
, '

Frictlonal resistance increases wLth depth but

lncrease decreases wlth depth and may attaln a constant

L

3.

Model pLIes of varLOUS dLameters were Lnstalled Ln

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH

pLle at varLOUS depths were measured by electrLcal'straln gauges.'

value. This may be attributed to sand arching effect.

the followlng concluslon may be made.

with depth.

to evaluate load transfer mechanLsm.

2. SkLn friction mobll ized increases with increase. ln

pile pener;;tion' and attain5a m?ximum value at O.lD penetratLon

where D is the diameter of the plle.

increases with dLameter of the piles.

rate of

unLformlv bedded sand deposLt and tested Ln compressLon. In order

From the results obtalned and dlscussed in precedLng chapters.

frlctlon developed on the plle shaft does not increase llnearly

8.1 Conclusions



load

(K~ +

worKs may be

Th1S1S due to the fact

is independent of p1le

results with finite element modellIng

the following add1tional

which can .incorporate reductlon in stress due to
This model is strictly valid for a uniform bed of

Bear1ng capacity factor No,

In order to enhance the findings of this study on

7 .

undertaKen in a future research.

119

transfer mechan1sm and to deyelop a generalized model of sKIn

friction mobilization,

that soil behaves elast1cally at a-low percentage of strain.

very low percentage of settlement rat1o.

8.2 Recommendations for Future Research

compared to experImental results show very good correlat1on at

d1ameter. It depends on relative dens1ty of sand and installat10n

condit1on. Installation effect 1S h1gher 1n loose-sand than dense

sand.

dry sand and upto a value of LID = 35 and r = 1.5.

1nvolv1ng LID,

sand arching.

pressure 1S low, -which increases to a values close to

Kp)/2 with the increase in penetrat10n (settlement).

At low penetrat10n of pile,



In the fIeld.

s. Further analytIcal procedure USIng nonlInear or

,

120

pIle load transfer under dIfferent

load transfer behavIour of piles In sand under

predict

The

to

1 .

4. The study may be extended to Include the effect of

3. The effect of surface roughness of the pile shaft may

2. The results obtaIned may be verifIed by a prototype

lateral load in changing pile capacity and skin frIctIon values.

pore water pressure will be required.

be studIed by changIng the surface condItion In model pIles or by

followed in this study may be used and additIonal measurements of

elasto-plastlc so,l-p,le system and FInite Element method may be

developed

USIng pIles made of dIfferent materials.

installation condition.

saturated condition may be performed. A procedure similar to that
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It uses a BLOCKED PROFILE MATRIX SOLVER, so that problem

-~

The IBM-PC

freedom (DOF),

capab1lity from

The solver allows

FE2000's modern software

1t portable with fullmakes

It 1S able to solve very large problems.

It ~s tne only general purpose F1n1te Element Analys1s

programme to be written s~ncem1crocomputers became

SALIENT FEATURES OF FE2000

It is currently about 75,000 llnes of Fortran. yet 1tS

modular des~gn allows ~t to run w~th full capabil1ty even on a PC

with 512 K of memory.

different nodes to have different degrees of freedom, and keeps

track of the instantaneous bandwidth for each equation.

m~crocomputers to super-computers.

ava~lable to the en9~neeringcommunity.

arch1tecture

FE2000 is developed by Numerics Corporat~on, beginn~ng

in 19B3. It is continually enhanced to reflect the evolv~ng needs

of advanced engineering applications. It is supported by Numerics

Corporat~on and ~ts subl~censees with hotl~ne support and

Gon?ulting.

s~ze 1S not Ilmited by ava~lable memory.

(FEA)

vers~on allows problems upto 10,500 degrees of

'with a peak bandwidth of 1750'.
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It has a built-in. AUTOMATIC BANDWIDTH MINIMIZER. Models

11brary of 45 d1fferent elements to chooseIt has a

It monitor~ round off decay durIng equatlon solvlng~ and
informs ussr of any precision loss that may hav8 occurred_

can be made uS1ng arb1trary node and element numbers without

sacrif1c1ng efficiency of soluti.on.

It 1S designed to solve static .. dynam1C and heat

transfer problems.

from. to allow modeling of almost any geometr1c conf1gurat1on.
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