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abstract

Experimental and a n a ly t ica l  in v e s t ig a t io n s  have been 

ca rr ie d  out to more c l o s e ly  understand the complex problem 

of s tresses  and displacem ents below._foundaii.ons* 'The sa lien t  

fe a tu re s  of the in v e s t ig a t io n s  are explained below under three 

major headings.

I . Experimental In v e s t ig a t io n s  on Settlement Behaviour 
o f  P i l e s  and P i le  Groups in Sand Includ ing  Load 
D is tr ib u t ion  and Load""Transfer

There i s  a lack  of r e l i a b le  qu an tita tive  data concern­

ing the behaviour of p i l e  groups in sand. The d e ta i le d  exper­

imental in v e s t ig a t io n s  on p i l e  groups undertaken by Ye s ic  

( 1967,69) have a lso  c e r ta in  l im ita t io n s  because of the pro­

cedure of the in s t a l la t i o n  of the p i l e  groups adopted by him. 

P ointin g  th is  out Kaniraj (1974) and Ranganatham and Kaniraj 

( 1978) carr ied  out a comprehensive experimental study on p i l e  

groups. The' d is t r ib u t io n  of load  among the in d iv id u a l p i l e s  

o f the group, the load tra n sfer  and the settlem ent behaviour 

of p i l e s  and p i l e  groups have not rece ived  proper a tten tion  

by the e a r l ie r  in v e s t ig a to r s .  Therefore, an experimental 

in v e s t ig a t io n  on instrumented p i le  groups has been undertaken 

to. study and comprehend the complex phenomena of loa d ’ d i s ­

t r ib u t io n ,  load tran sfer  and settlem ent behaviour o f p i l e  

foundations in  sand. The in v e s t ig a t io n s  have been ca rr ied  out
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on model aluminium p i l e s  o f  38 mm outer diameter and 1.80 mm 

wall th ickness with constant L/D (length  to  diameter') r a t i o  of 

15. The v a r ia b le s  studied are the spacing o f  the p i l e s  

( 2D to  5D) and the number of p i l e s  ( 2  to  16) in  the group. 

Diaphragm type pressure c e l l s  with bounded e l e c t r i c a l  r e s i s ­

tance s tra in 'ga u ges  have been used in  order to  measure the 

load d is t r ib u t io n  among the in d iv id u a l p i l e s  o f  the group and

load tran sfer  in  the in d iv id u a l p i l e s  and p i l e  groups. The* *
experimental in v e s t ig a t io n s  have been programmed in  such a 

manner that a comprehengive p ic tu re  of the behaviour o f  a p i l e  

i s  obtained at d i f f e r e n t  stages l ik e  immediately a fte r  i t s  

in s t a l la t i o n ,  a fte r  in s t a l la t i o n  of a l l  the p i l e s  in  the p i l e  

group and a fte r  group load  t e s t s .  The experimental, data have 

been analysed fo r  settlem ent r a t i o ,  group e f f i c i e n c y ,  load 

d is t r ib u t io n  and load t r a n s fe r .  The experimental in v e s t ig a t io n s  

c l e a r l y  bring  out the pronounced e f f e c t  of the in s t a l la t i o n  

operation  o f  the p i l e s  and group load ing  on the behaviour of 

the in d iv id u a l p i l e s  and p i l e  groups. The d e ta i ls  of the 

experimental in v e s t ig a t io n s  are presented in  Chapter-2 .

I I .  A nalytica l In v e s t ig a t io n s  of S tresses  ana -
Displacements under Shallow Foundations

Considering the n e ce s s ity  of simple, but r a t io n a l

so lu t io n s ,  the a n a ly t ica l  in v e s t ig a t io n s  o f s tresses  and
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d isplacem ents under shallow foundations have b-eon conducted-taking 

in t o  account the n on -lin ear  behaviour o f the s o i l  and the 

va r ia b le  modulus o f  e l a s t i c i t y .  The in v e s t ig a t io n s  are based 

On the work of Hruban (1 9 5 8 ).  Hruban gave the expression s fo r  

the v e r t i c a l  s tresses  and displacem ents due to  concentrated 

p o in t  load in g  f o r  d i f f e r e n t  ca ses  of n o n - l in e a r ity  and a ls o  

f o r  d i f f e r e n t  ca ses  o f  var iab le  modulus o f e l a s t i c i t y .  These 

so lu t ion s  o f Hruban have been extended to  the development of 

expressions fo r  v e r t ic a l  s t r e s s  a#d displacement below the 

cen tre  or corner of uniformly loaded c ir c u la r  and rectangular 

areas and a lso  below the centre o f  p a r a b o l i c a l ly  loaded c ir c u la r  

areas . The expressions f o r  the v e r t i c a l  s tre ss  and displacement 

f o r  the various ca ses  o f  n o n - l in e a r ity  and varia b le  modulus of 

e l a s t i c i t y  have been expressed in  terms of the in te n s ity  of 

loa d in g  (q ) and a dim ensionless in flu en ce  f a c t o r .  The values 

o f  the in flu en ce  fa c to r s  have been computed f o r  d i f f e r e n t  

values o f  the s ig n i f i c a n t  parameters. Chapter-3 p resen ts  the 

d e t a i l s  o f  the a n a ly t ica l  in v e s t ig a t io n s .

I I I .  Experimental In v e s t ig a t io n s  of S tresses  and
P i sulac eminent s' Pnd er Mod e l  f  ootings ~

In order to  measure s tre ss  d is t r ib u t io n  and d is p la c e ­

ments below shallow foundations and compare these with the 

p red ic ted  values using the th e o r e t ica l  so lu t io n s  developed in
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Chapter-3, experimental in v e s t ig a t io n s  have been undertaken 

on c i r c u la r ,  square and rectangu lar  fo o t in g s  r e s t in g  on dense 

sand, the d e t a i l s  of which are presented in  Chapter-4 . The 

v e r t i c a l  s tre sse s  below the fo o t in g s  have been measured by 

embedding diaphragm type pressure c e l l s  at d i f f e r e n t  l o c a t i o n s .  

For a few cases  the observed values o f the s tre s s e s  and d i s ­

placem ents have been compared with the t h e o r e t i c a l ly  p red icted  

values making use of s o lu t ion s  developed in  Chapter-3 .

The r e s u lt s  o f  the en t ire  in v e s t ig a t io n  have been 

reviewed and evaluated in  r e la t i o n  to  the p r a c t ic e  of deep 

and shallow foundations in  Chapter-5. Follow ing th is  the 

co n c lu s io n s  from the various in v e s t ig a t io n s  reported  in  the 

th e s is  are summarised in  the same Chapter.
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ela stic ity  -  circular footing (diameter 
30, 4 cm) , .

A 4. 6 , 1  Pressure c e l l  for the measurement of
vertical stress distribution in the soil  
under model footings
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principal  notations

The fo l lo w in g  i s  the general n o ta t ion  adopted in  the th e s is .  

_pther symbols, as w e ll  as the n otation s  below when used to  

denote something d i f f e r e n t ,  are defined in  the course o f the 

t e x t '

A -  Radius o f circular- loaded area

a -  H alf the o f rectangular loaded area

B -  Width of the p i l e  group

B^ -  H alf the th ickness of the pressure c e l l

b -  Half t h e J c ^ o f  rectangu lar  loaded area

G, -  Pressure c e l l  a c t ion  fa c to rA
c * Constant, c h a r a c t e r is t i c  o f the m aterial

D -  Diameter of p i l e

D̂  -  Diameter 3f the pressure c e l l

D1 -  Diameter o f  diaphragm of pressure c e l l

d -  A constant

E -  S t r e s s /s t r a in  modulus of the pressure c e l l
C ’

E -  S t r e s s /s t r a in  modulus o f  the s o i ls
Ec
TTs

C e ll  to  s o i l  s t i f f n e s s

Eq -  Young's modulus of e l a s t i c i t y  at surface

E„ -  lo u n g 's  modulus o f e l a s t i c i t y  at depth ZZ x
E D ,p

F ■ -  F l e x i b i l i t y  fa c to r  ------5)
E ■ t 1 ? c

( Chapter ‘ 2)
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a .
-  Modulus o f  deform ation (—i )

i

(Chapter 3)

A c onstant

Maximum skin s tr e s s  in  the diaphragm o f pressure 
c e l l
Z
f

A constant

In fluence  r a t i o  in  settlem ent due to  in s t a l la t i o n  
o f  p i l e s

In flu en ce  r a t i o  due to in s t a l la t i o n  o f p i l e s  
and group load te s t s

Dimensionless in flu en ce  fa c t o r  fo r  v e r t i c a l  
s tre ss  due to p o in t  load in g

Influen ce  fa c to r  f o r  v e r t i c a l  s tr e s s  under the 
cen tre  o f  a uniform ly loaded c ir c u la r  area fo r  
l in e a r  case

In flu en ce  fa c to r  f o r  v e r t i c a l  s t r e s s  under the 
corner o f  a uniform ly loaded rectangu lar  area 
fo r  l in e a r  case

In flu en ce  fa c to r  f o r  v e r t i c a l  s t r e s s  under the 
cen tre  o f  a c i r c u la r  area fo r  p a ra b o lic  load in g  
fo r  n on -lin ear  ca ses

In flu en ce  fa c to r  f o r  v e r t i c a l  s tre ss  under the 
centre  o f  a uniform ly loaded c i r c u la r  area fo r  
n on -lin ear  cases

In fluen ce  fa c to r  fo r  v e r t i c a l  s tr e s s  under the 
corn er  of a uniform ly loaded rectan gu lar  area 
f o r  non -lin ear  cases

In flu en ce  f a c t o r  fo r  v e r t i c a l  s t r e s s  under the 
centre  o f a c i r c u la r  area fo r  p a ra b o lic  loa d in g  
considering  v a r ia b le  modulus o f  e l a s t i c i t y
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In flu en ce  fa c to r  fo r  v e r t i c a l  s t r e s s  under the 
cen tre  of a uniformly loaded c ir c u la r  area fo r  
va r ia b le  modulus o f  e l a s t i c i t y

In flu en ce  fa c to r  for  v e r t i c a l  s tre ss  under the 
corner o f  a uniform ly loaded rectangu lar  area fo r  
v ar ia b le  modulus of e l a s t i c i t y

A constant

Slope of the curve expressing l in e a r  increase  
of Young’ s modulus with depth.

Dim ensionless in f lu en ce  fa c to r  fo r  v e r t i c a l  
displacement due to p o in t  load ing

In flu en ce  fa c t o r  fo r  v e r t i c a l  displacement below 
the centre o f a uniform ly loaded c ir cu la r  area 
f o r  l in e a r  case

In flu en ce  fa c to r  fo r  v e r t i c a l ,  displacement under 
the corner o f  a uniformly loaded rectangu lar area 
fC>r l in e a r  case

In flu en ce  fa c t o r  fo r  v e r t i c a l  displacement below 
the centre o f  a uniform ly loaded c ir c u la r  area 
f o r  n on -lin ear  cases

In flu en ce  fa c t o r  f o r  v e r t i c a l  displacement below 
the centre  of a c i r c u la r  area with parab o lic  load ­
ing con siderin g  variab le  modulus o f  e l a s t i c i t y

In fluence  fa c to r  fo r  v e r t i c a l  displacement below 
the centre o f  a uniformly loaded c i r c u la r  area 
f o r  var ia b le  modulus of e l a s t i c i t y

In flu en ce  fa c to r  fo r  v e r t i c a l  displacem ent under 
the corner of a uniformly loaded rectangular area 
fo r  var ia b le  modulus of e l a s t i c i t y

Length of p i l e  (Chapter 2)

Dim ensionless parameter ~ (Chapter 3)

Dim ensionless parameter ^
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R ec ip roca l o f  P o is s o n 's  r a t i o  (-~—)

Dim ensionless parameter ^

zDimensionless parameter ~

A property  of the s o i l  such that N*/D! i s  
analogous to  the c o e f f i c i e n t  of subgrade r e a c t io n

Number o f  p i l e s  in  a p i l e  group

(Chapter 2)

A constant > 1  (Chapter 3)
zDimensionless parameter ^

zDim ensionless parameter "cl ■

Concentrated v e r t i c a l  load 

Ultimate load o f  the p i l e  group 

Ultimate load of a s ing le  p i l e

F ie ld  s tre ss  e x is t in g  at the of the pressure
c e l l  in  i t s  absence

Additional pressure recorded by  the pressure 
c e l l  due to i t s  r i g i d i t y

Maximum allowable pressure

Total load  on a p i l e

P oint load on a p i l e

Average in te n s ity  of load ing

In te n s ity  o f  load ing  at d is ta n ce  r  from the cen tre  
of a c i r c u la r  area f o r  p a ra b o lic  loa d in g

Maximum in te n s ity  of load in g  at the cen tre  o f a 
c i r c u la r  area fo r  p a ra b o lic  load ing  ( 2q)



Reduction fa c t o r  in  bearing ca p a c ity  due to 
in s t a l la t i o n  of p i l e s

Reduction fa c to r  in  bearing cap ac ity  due to 
in s t a l la t i o n  of p i l e s  and group load te s t s

Spherical coord in a tes

( r 2 + Z2)^ '

Settlement r a t i o  

C y lin d rica l coo rd in a tes
Spacing of p i l e s  in  number o f  diameter of p i l e

Thickness of diaphragm o f  pressure c e l l

V er t ica l  displacement in  ^ .-d irect ion  fo r  
a x ia l ly  symmetric case due to p o in t  loading

V e rt ica l  displacement in cp-direction  fo r  a x ia l ly  
symmetric case due to p o in t  load ing

V e r t ica l  d istance  o f a point from the surface

Angle between the external fa ce s  o f  the bearing 
volume o f  s o i l  and the la t e r a l  surface o f  the 
p i l e

Unit shear s tra in s  in  sph erica l coord in a tes

Central d e f le c t i o n  of diaphragm of pressure c e l l

-  P r in c ip a l  s tra in s  in  sp h erica l coord in a tes

-

-  C (e1- 6 2) 2+ (e 2- e 3) 2+C63- e 1) 2]1'

-  Unit e longation  in R -d ire c t io n  in  
sph erica l coordinates
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Group e f f i c i e n c y  of p i l e  group
A

P o is s o n 's  r a t i o  (-r~)m ■
V e r t ica l  displacement due to poin t load ing

V ert ica l  displacement below the cen tre  o f  a 
uniform ly loaded c i r c u la r  ar^a fo r  l in e a r  case

V ert ica l  displacement under the corner o f a 
uniform ly loaded rectangu lar area fo r  l in e a r  case

V ert ica l  displacement below the cen tre  "af a 
uniform ly loaded c i r c u la r  area fo r  non-liiiea£ ca ses

V ert ica l  displacement below the cen tre  of a 
c i r c u la r  area with parabolic  load in g  considering  
v ar ia b le  modulus o f  e l a s t i c i t y

V e rt ica l  displacement below the centre o f  a 
uniform ly loaded c ir c u la r  area fo r  variable, modulus 
o f  e l a s t i c i t y

V e rt ica l  displacement under the cen tre  o f  a uni­
form ly loaded rectangu lar  area fo r  va r ia b le  modulus 
o f  e l a s t i c i t y

P r in c ip a l  s tresses  in  sp h er ica l  coord in a tes

Ultimate unit s t r e s s  o f  s o i l  under the p i l e  
p o in t

Components o f  normal s tre ss  in  spherica l coord in a tes

Components of normal s tre ss  in  c y l in d r ic a l  
c ordinates

V e r t ica l  normal s t r e s s  due to  po in t load ing

V ert ica l  s t r e s s  under the cen tre  o f  a uniformly 
loaded c ir c u la r  area f o r  l in e a r  case
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or -  V er t ica l  s tre ss  under the corner o f  a uniform ly
^RU loaded rectangu lar  area fo r  l in e a r  case

c  -  V e r t ica l  s tress  under the cen tre  o f  a c i r c u la r
%GP area fo r  p a ra b o lic  loa d in g  fo r  n on -l in ea r  ca ses

cr -  V e r t ica l  s tre ss  under the cen tre  o f  a uniform ly
%CU loaded c i r c u la r  area f o r  n on -lin ear  ca ses

0 -  V e r t ica l  s tress  under the corner o f  a uniform ly
TtfRU loaded rectangu lar  area fo r  n on -l in ea r  cases

cr -  V e r t ica l  s tre ss  under the cen tre  o f  a c i r c u la r
VGP area fo r  parab o lic  loa d in g  con s id er in g  varia b le

modulus o f e l a s t i c i t y

cr_ -  V er t ica l  s t r e s s  under the cen tre  o f  a uniform ly
VCU loaded c i r c u la r  area fo r  v a r ia b le  modulus o f

e l a s t i c i t y

cr -  V e r t ica l  s t r e s s  under the corn er  o f  a uniform ly
4VKU loaded rectangu lar area  fo r  v a r ia b le  modulus

o f  e l a s t i c i t y

t -  Ultim ate u n it  s t r e s s  o f  s o i l  along the p i l e
m mantle

t ,'T f -  Components of shear stress in spherical
R<p 9^ coordinates

i 'r o h l i c h ’ s s tre ss  con cen tra tion  fa c to r *


