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Analysis and Settlement of a Non-
Homogeneous Granular Pile

M. R. Madhav , J. K. Sharma and S. Chandra

Introduction

he need for ground improvement in civil engineering projects has become
imperative due to non-availability of good construction sites and the
presence of extensive deposits of loose or soft soil. In recent years, the

use of sand compaction piles (SCP) /granular piles (GP) has been recognised
as an efficient and cost-effective method of reinforcing soft cohesive soils, silts
and loose granular deposits to sustain structural foundations for light to
moderately loaded buildings. The method involves the replacement of 10-35%
of the soft or loose soil with columns of coarse granular material such as
crushed stone or coarse dense sand (Shamoto et al., 1997; Hu et al., 1997).
The inclusion of stiffer, less compressible granular material increases the load
carrying capacity and reduces the settlement of foundations built on the
reinforced ground to an acceptable level. The columns of granular material also
help to speed up consolidation effects in the soft ground. Granular piles/gravel
drains in potentially liquefiable cohesionless deposits dissipate rapidly the pore
pressures generated due to repeated earthquake loading (Seed and Booker,
1977; Baez and Martin, 1992).
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A number of analyses have been developed for estimating the settlement
of sand compaction pile/granular pile reinforced ground based on the unit-cell
concept and on empirical estimates. Using the unit cell approach, parametric
solutions have been obtained employing the analytical (Balaam and Booker,
1981; Van Impe and Madhav, 1992; Alamgir et al., 1996; Poorooshasb and
Meyerhoff, 1997) and the finite element (Schweiger and Pandey, 1986; Canneta
and Nova, 1989) methods. Empirical estimates of the improvements effects
have been developed based on load tests or SPT values of improved ground
(Nakayama et al., 1973; Nayak, 1983; Bhandari and Nayak, 1984; Solymar et
al., 1986; Mizuno et al., 1987; Shamoto et al., 1997).

Mattes and Poulos (1969) and Poulos and Mattes (1969) based on
continuum approach analysed single compressible floating and end bearing
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piles and presented parametric solutions in the form of design charts. Butterfield
and Banerjee (1971) analysed a single compressible pile and pile groups using
the boundary integral method and studied the effects of various deformation
parameters related to the soil and the pile.

A number of solutions are available for estimating settlement of soft
ground treated with granular piles having constant modulus of deformation i.e. ,
homogeneous granular pile. The consideration of non-homogeneity of granular
pile is more realistic and would reflect the interaction more accurately between
the granular pile and the soil. Many factors related to non-homogeneity of
granular pile in terms of its deformation modulus are conceivable and discussed
below:

1. Installation of sand compaction pile/granular pile requires a proper insight
into and understanding of the site conditions. Various techniques have
been used the world over to install granular piles depending upon the
proven applicability and availability of equipment in the locality. Vibro-
floatation (Greenwood and Kirsch, 1983), rammed stone column (Datye
and Nagaraju, 1975) and vibro-compozer (Aboshi et al., 1979) are some
of the common techniques. Granular piles are constructed in stages with
granular material placed in lifts in the hole and compacted. Though the
energy input for compaction at each stage of construction of granular pile
may be constant, increasing in-situ confining stresses of surrounding soil
with depth may lead to different degrees of compaction and unit weights
with depth leading to non-homogeneity of granular pile in terms of its
deformation modulus.

2. Non-homogeneous granular pile material used at different stages of
construction may be the other cause for non-homogeneity.

3. Much evidence is now available that freshly deposited or densified
saturated granular material may exhibit substantial stiffening and strength
increase with time up to several months (Mitchell and Solymar, 1984).
The effects of this phenomenon may lead to non-homogeneity of granular
pile.

4. From the field study of Baez and Martin (1995) on vibro-stone columns
based on shear wave velocity test, the shear modulus of stone column
material has been found to vary linearly with depth in the 'King Harbour
tests'. The results indicate that shear modulus ratio, Gr, (the ratio of shear
modulus of stone column to that of improved soil) varies with depth
between 1 and 8 for well graded stone columns, whereas it varies
between 1 and 6 for poorly graded stone columns. A "best fit" linear
relationship is also shown in Fig. 1. It is also interesting to note that the
"best fit line" for the poorly graded column material data has the same
slope as that for the well graded data. These results have the relevance
and represent the non-homogeneity df granular pile. Variations in these
parameters may lead to non-homogeneity of granular pile in terms of its
deformation modulus. The simplest way of approximating this non-
homogeneity of granular pile is to consider its deformation modulus to
increase linearly with depth from ground surface or top to its tip.
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Fig. 1 Variation of Shear Modulus Ratio with Depth (Baez and Martin, 1995)

Problem Definition and Method of Analysis

Figures 2 (a) and (b) show respectively end bearing and floating granular
piles of diameter, d, and length, L, acted upon by a load P. The granular pile is
compressible and is characterised by the deformation modulus, Egp, increasing
linearly with depth. The deformation modulus Egp(z) at any depth, z, from the top
of the granular pile is

-A

Egp ( z ) = EgpQ (\ +Tlj ) 0)

Wherd, Egpo is the deformation modulus at the top and n -a non-
homogeneity parameter which can be expressed as

EgpL ~ EgpO
(2)/7 =

EgpO

where, EgpL is the deformation modulus of the granular pile at the tip. The
surrounding soil and the base are represented by their deformation moduli and
Poisson's ratios as Es and vs and Eb and vb respectively. The relative stiffness
parameter is defined as the ratio of the deformation modulus of the granular pile
at ground level to that of the soil i.e., Kgp0 (= Egp0/Es). The relative stiffness of the
bearing stratum is expressed as Et/Es.

The elastic continuum approach is employed to analyse the behaviour of
a non-homogeneous granular pile in an ideal elastic soil mass. The basic
assumptions in the analyses are:
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1. The analysis presented is based on the linear stress-strain behaviour of
granular pile material and surrounding soil.

2. The stone column base is assumed to be smooth and rigid across which
the load is uniformly distributed.

3. The disturbance effects in the in situ soil due to the installation of
granular piles are ignored and considered as homogeneous.

4. The settlement of granular pile depends on its deformation modulus and
geometry besides the magnitude of load. Based on the various studies as
discussed above, the consideration for the non-homogeneity of granular
pile is appropriate and close to in situ behaviour. Non-homogeneity of
granular pile is considered in terms of its deformation modulus with the
linear variation.

The load on GP is shared by mobilisation of shear stresses on GP-soil
interface and base pressure. The analysis is based on finding out the stress
system, {t}, along the soil-granular pile interface and the base stress, Pb, which
satisfy the compatibility of displacements along the interface for no slip or yield
condition (Mattes and Poulos, 1969). The essential steps of the analysis are:

Discretisation (Fig.3) for numerical integration of Mindlin's equation for
the vertical displacement due to vertical stresses is used for calculating
the soil displacements at the midpoint on the periphery of each element.
To account the influence of the bearing stratum in case of end-bearing
GP, the mirror-image technique is used.

(1)
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(2) Elemental displacements of floating GP are computed based on the
equilibrium relation for an infinitesimal element (Mattes and Poulos,
1969) with the consideration of non-homogeneity parameter, q of GP. In
case of end bearing, the GP displacements are calculated with the
consideration of finite compressibility of bearing stratum. Settlement of
any element 'i' is estimated as the settlement of the element 'i+T plus the
settlement of the element due to axial stress acting on it.

(3) Through the compatibility of displacements of the granular pile and the
soil, solution is obtained in terms of interface shear stresses and
displacements.
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Fig. 3 Discretisation Scheme

Soil Displacements

The GP is discretised into n cylindrical elements acted upon by shear
stresses (x) and with the base having a uniform pressure (pb). The
discretisation used for the integration of Mindlin equation is shown in Fig. 3. The
granular pile base is assumed to be smooth, across which the load is uniformly
distributed. The soil displacements of the nodes on GP periphery and the centre
of each element are evaluated based on the influence of the elemental shear
stresses. Thus soil displacements equations for a floating granular pile are

(3a)

and for a granular pile resting on a stiff bearing stratum (Poulos and Mattes,
1969)

I-*,-]]{f } (3b)
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where {Ss} and {ps} are soil displacement and normalised soil displacement
vectors respectively. {ps} is size of (n+1) and ‘n’ for floating and end bearing
GPs respectively. In case of floating granular pile, {t/Es} is a column vector ofsize (n+1) for the normalised shaft stresses and normal stress on the base whilein case of end bearing GP it is column vector of size ‘n’ excluding the basepressure. To account for the influence of the bearing stratum, the mirror imageapproximation (Poulos and Mattes, 1969) is used. The influence of the mirrorimage elements is taken as, K, times the influence of shear stresses on the realelements in the negative direction where, K is a non-dimensional parameter thataccounts for the compressibility of the base and lies between 0 and 1 for floatingGP and GP resting on a rigid stratum respectively (Fig. 4). [IJ is a square matrixof soil displacement influence coefficients of size (n+1) and ‘n' for floating andend bearing GP respectively. [Isim] is a square matrix of soil displacementinfluence coefficients due to image elements of size ‘n’.
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Fig. 4 Mirror-Image Technique for Granular Pile Resting on Bearing Stratum

Pile Displacements
GP displacements for floating and end bearing GP resting on relatively

stiff bearing stratum are obtained as follows:
Floating Granular Pile: GP displacements are obtained based on the
equilibrium relation for an infinitesimal element of GP (Mattes and Poulos, 1969)
as

dcrz _ 4r
(4)dz d

where o2 and x are the axial and shear stresses at depth z. Considering the
axial strain in the element, it is readily seen that
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d S p
(5)B, =-

dz EaXz ) £'
«»O (1+ '7j)

where Sp is pile displacement and Egp(z) is the deformation modulus of granular
pile at depth z. Differentiating Eqn. (5) with respect to z and substituting it in
Eqn. (4), one gets

E =-** L dz i <fe* <1
4T

(6)

The following non-dimensional parameters are selected:

S p
p

d
,K

where pp, z and Az are the normalised GP displacements, normalised depth
and normalised elemental length respectively.

KPO dE, d n

Equation (6) is written in finite difference form for elements i = 2 to (n-1) as

n z,2 <h+1+
{ L i d ) ( L i d )n p fP/I, -
Az" 2A z ( L ! d ) Az'

(7)
n£i+

( L l d ) 4r,n P U =+
Az* 2A z' ( L / d )

I (L l d )\ A= (a l - a2)X K l p0 / 4 .andWith a1 =
AZ*! 2A z' ( L l d )

/2 , and C = (a\ + a2 )X K^ / 4 , Eqn. (7) is expressed in theB =-a2 X K
form

T, (8)A p L + B p; +C p l , =-f-E,
9

The boundary condition (at z - 0, c r! = P l( n d1 / 4) ) is expressed in terms of
axial strain at the top of GP as
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dS 1’ P
(9)£Z / Z-0 dz { Kd1 IA)Eg>a

The above equation in finite difference form is
p

(10)Orrf 2 /4)£„0Az

where SQ is the mid-point displacement corresponding to an imaginary
element at the top. From Eqns. (8) and (10), the displacement equation for the
first node may be expressed as

4PAz*

Es
Displacement of the element, n, of the GP may be related to the

displacements of elements, n-2, n-1 and the base by fitting a third degree of
parabola. Using the finite difference scheme with points of non-uniform spacing
as per Eqn. (6)

[ A + B ] p[’ + Cp‘‘ + A (11)

dSp O.iy , -0.67S;_ , -0.5.S'; + 1.0675;,,
dz Az

d 2 s: .
-O.2S;_

2 + 2.0si , -5.0A;+ 3.2SI , (12)

dz 2 Az 2

Combining Eqns. (6) and (12), the settlement of the nth element is

T,o„ _ 2p;_ 2 + + Dp;+ D , p;tl = -f- (13)
E,

where, = -0.2(al -a2 )X K^ / 4 , = ( 2.0al -\34a2 ) XK^ / 4
D„ =-{a\-a2 )XKllg0 / 4 , D̂ =-.{?2a\- 2.\2a2)XK^ A

To evaluate the settlement of the base of the granular pile i. e., node
(n+1), Eqn. (5) is applied as

dSL, P„
(14)£zlz=L ~

^ E
^JI + TJ )

Using again the finite difference scheme for nodes with unequal intervals for the
same order of error as in Eqn. (12),

<+, -9.OS:+ 8.OA:;,
(15)dz 3.0Az

Thus the settlement of the base is expressed as

(16)
E.
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where =-n( \ + r j ) K^d /31, £ = 3n(\+ t j )K / L
E„+\ =-8n(l+ t j ) K p f,0d / 3L

Combining Eqns. (8), (11), (13) and (16), the GP displacements for nodes i=1 to
(n+1) are expressed as

f

(17)

where matrices [lp] and (X) are given in the Appendix.
End Bearing Granular Pile : Settlement of the base of a GP resting on a
bearing stratum of finite compressibility is approximated by the equation for the
displacement of a rigid circular disc on a semi-infinite mass as

s;: Pf,(i- yl )n / 4
(18)

Eb
From the equilibrium equation, the base pressure is expressed in terms

of shear stresses

/ =nP 4( L / d ) y
n d 2 / 4 n

(19)P b =

Thus the settlement of the base can be expressed in terms of the applied
load and mobilised shear stresses (using Eqns. (18) and (19)) as

4( L / d )^ r,1 n( \ - v 2
h )

n ^ E s\ y

4( E b / E s )
P (20)Pb =

E s n d 2 / 4

Settlement of n
,h element is estimated as the settlement of the base plus

the settlement of the element due to the axial stress acting on it as

c r n ( A z / 2d )
(21)P: = PH + E»,

where an/Egp is axial strain of the n
,h element and Az is element length. Thus the

settlement of any element i of GP is,

7=>-i rr

Jmn
(Az / d)+ (Az / Id )

The above displacement equations are expressed in matrix form as

(22)

(23)

where [Ai] is upper triangular matrix as per Eqn. (22) incorporating the non-
homogeneity of the granular pile. Further using Eqn. (20) for replacing the base
displacement, Eqn. (23) can be written as



INDIAN GEOTECHNICAL JOURNAL 258

ai-^) n( Lld ){ \-vp{ } - {!}- (24)( Eb!E,)d% n( Eh / Es )

where {1} and [1] are respectively column vector and square matrix of size n’ inwhich each term is unity. The shaft shear stresses and axial stresses ofelements are related (based on equilibrium relationship) as

P jy ^ jL 2T,L
{ nd1 / 4) nd nd (25)CT, =

The above equation may be written in matrix form for elements i = 1 to n as
pa

(26)Ej { nd1 / 4)ES
where [A2] is lower triangular matrix of size ‘n’ in which the diagonal and offdiagonal terms are 0.5 and 1.0 respectively.

Using the relationship between axial stresses and shaft shear stresses(Eqn. 26) the final form of displacement equations for elements i = 1 to n interms of shaft shear stresses (Eqn. (24)) are

(27)

where

(E„ IEK )d 2E, W +
(;rd2 / 4)£jA|lW

^[A,][A2 ]-
(28)

n(Ud )(\ -vl )

^[A]— n( EJE' )

Compatibility of Displacements

Satisfying the compatibility of displacements of the granular pile and thesoil, solutions are obtained in terms of interface shear stresses anddisplacements. Therefore for floating granular pile, from Eqns. (3a) and (17);

(29)

For granular pile resting on stiff bearing stratum (Eqns. 3(a) and (27)) theinterface shear stresses are

(30)
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For estimation of K, an iterative technique suggested by Poulos and
Mattes (1969) is used. With an initial chosen value of K, Eqns. (30) and (19) are
solved to estimate the n unknown shear stresses, x , and base pressure, pb.
Having obtained the solution for chosen value of K, a closer estimate of the
correct value of K is obtained by considering the compatibility between
displacements of soil and the bearing stratum at the pile tip. The soil
displacement at the pile tip is

pi J -K, ir/w« }|£j-
j=1 (31)

Ibj and lbjim are the displacement influence coefficients for the tip due to shear
stresses on real and imaginary elements j respectively. However due to
symmetry lbj = lbjinv Equating the soil displacement at the pile tip to the
displacement of the base due to base stress, pb (Eqn. 18) the new value of non-
dimensional parameter, K, is obtained as

ni\ - vl )ph
K = 1 — (32)j=n

J=I

Equation (30) is solved iteratively using the new value of, K, and the
process repeated until the required convergence is obtained for the value of K.
The top settlement of single non-homogeneous granular pile is obtained as

PS = / (33)
Esd

where I is settlement influence factor which depends on various parameters
related to granular pile and soil. The overall response of the non-homogeneous
granular pile is evaluated in terms of settlement influence factor, normalised
shear stress distribution along GP-soil interface and percentage of load
transferred to the base. Parameters affecting the overall response are (i) length
to diameter ratio of the GP, (L/d), (ii) the relative stiffness parameter, Kgpo
=(Egpo/Es), (iii) the relative stiffness of the bearing stratum Eb/Es in case of the
end bearing GP (iv) the degree of non-homogeneity of granular pile, q and (v)
Poisson’s ratio of the soft soil, vs and the base vb.

Results and Discussion

Results are obtained for the following ranges of non-dimensional
parameters;

Kgpo = Egpo/Es = 10-400, Eb/Es = 1-1000, q = 0-5, vs = 0.5, vb = 0.3, L/d = 5-40.

The results obtained by the above analysis have been validated with
those of Mattes and Poulos (1969) and Poulos and Mattes (1969) for single
compressible floating and end bearing homogeneous piles (q=0) respectively.
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The agreement has been very close as shown in the Table I.The
variation of settlement influence factor, I, with relative GP-soil stiffness
parameter, Kgpo, for relative length of floating granular pile, L/d=10 and Poisson
ratio of surrounding soil, vs=0.5, is depicted in Fig. 5. The figure also depicts the
effect of degree of non-homogeneity, r|. With the increase of relative stiffness
parameter, Kgpo, the settlement influence factor, I, decreases for all values of
non-homogeneity parameter, r|. The settlement influence factor decreases with
the increase of the degree of non-homogeneity, q. The effect of non-homogeneity is pronounced in the range of Kgp0 = 10 to 150. The settlement
influence factors at Kgp0 = 50 for q=0, 1, 2 and 4 are 0.225, 0.211, 0.202 and
0.19 respectively. Hence percentage decrease in settlement influence factors in
comparison to that of a homogeneous granular pile (q=0) are 6.2, 10.2 and 15.6
for T|=1, 2 and 4 respectively. The variation of settlement influence factor with
Kgpo is shown for a relatively longer floating GP (L/d = 20) in Fig. 6. The trends
are similar to those shown in Fig. 5.

The decrease in settlement factor with q for all values of Kgp0 is less for
longer GP in comparison to a shorter GP. The inset in Fig.6 depicts the relative
variations of GP moduli for different L/d ratios. For a given degree of non-homogeneity parameter, q, a longer GP would have relatively smaller moduli at
all depths compared to a shorter one. A consequence of the above fact is that,
the effect of degree of non-homogeneity on I decreases with increasing values
of L/d. The settlement influence factors for Kgpo = 50 for q = 0, 1, 2 and 4 are
0.209, 0.196, 0.187 and 0.173 respectively. The percentage reductions in
settlement influence factors for q = 1, 2 and 4 in comparison to the value for a
homogeneous granular pile (r| = 0) are thus 6.2, 10.5 and 17.2 respectively forL/d=20.

TABLE 1: Validation of Results with Mattes and Poulos (1969) and Poulos and
Mattes (1969)

Parameters Settlement Influence
Factor (0

Reference

(a) Floating pile
L/d = 10, Kgpo = 100, vs
= 0.5

(b) End bearing pile
L/d = 10, Kgp0 = 100,
vs = 0.5, Eb/Es = 100

(c) Floating pile (Same as
above)

(d) End bearing pile (Same
as above)

0.189 Mattes and
Poulos (1969)

0.0776 Poulos and
Mattes (1969)

0.1889 Present
Analysis
Present
Analysis

0.07756

The effect of relative length (L/d) of floating granular pile on settlement
influence factor (I) with the degree of non-homogeneity (q) is presented in Fig. 7
for Kgp0 = 100. As can be expected the settlement influence factor decreases
with the increase of q. The rate of decrease of I with q, in case of short granular
pile is slightly more due to higher values of modulus of deformation of GP at
shallower depths. The settlement influence factors for L/d = 10 and 20 are 0.189
and 0.162 for q = 0 while for q = 2, they are 0.173 and 0.145 respectively.
Hence the percentage reductions for L/d = 10 and 20 are 8.5 and 10.5
respectively for q increasing from 0 to 2.
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The variation of settlement influence factor with K9p0 can be seen in Fig. 8
showing the influence of degree of non-homogeneity (rj) for the granular pile
(L/d = 10) resting on a stiff bearing stratum (Eb/Es = 100). The general trends of
the curves are similar to those for floating granular pile (Fig. 5). The effect of
non-homogeneity of granular pile is pronounced for Kgpo in the range 10 to 150.

4
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The settlement influence factors for Kgp0 = 50 and for r| = 0, 1, 2 and 4 are0.123, 0.102, 0.088 and 0.071 respectively. The percentage decrements insettlement influence factors in comparison to that of homogeneous end bearinggranular pile are 17.1, 28.5 and 42.3 for q = 1, 2 and 4 respectively. The effectof non-homogeneity on settlement influence factor decreases with increasingvalues of Kgp0

Figure 9 shows the variation of settlement influence factor for relativelylonger GP (L/d = 20) resting on a stiff bearing stratum (Eb/Es = 100). The
reduction in settlement influence factor with q for smaller values of KgPo, say inthe range of 10 to 30, is less. This is due to relatively higher compressibility ofgranular pile in the upper zone and the presence of bearing strata at depth (ascan be seen in the inset). The effect of non-homogeneity is pronounced in therange of Kgpo = 30 to 200. The settlement influence factors for Kgpo = 100 and for
q = 0, 1, 2 and 4 are 0.104, 0.089, 0.079 and 0.066 respectively. Thepercentage reductions in settlement influence factors with respect to that of ahomogeneous granular pile works out to 14.4, 24 and 36.5 respectively. Thusthe percentage reduction in settlement decreases with the increase of degree ofnon-homogeneity, q.
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Figure 10 shows the variation of settlement influence factor with relative
stiffness of the bearing stratum (Eb/Es) for Kgp0 = 50 along with the effect of
degree of non-homogeneity, r|, and relative length of granular pile, L/d. The
settlement influence factor decreases as expected with the increase of relative
stiffness of bearing stratum due to more load transferred to it. For lower values
of Eb/Es, (3-5), the settlement influence factors of shorter (L/d = 10) GPs are
more than those for longer (L/d = 20) GPs. The transition in the relative
magnitudes of I with L/d occurs because of the opposite effects of L/d and TV
SETTLEMENT influence factor, I, decreases with L/d but with r| having larger effect
in case of shorter GPs. Therefore, end bearing shorter GPs have smaller
settlement influence factors for higher values of BJES. The rate of decrease of
settlement influence factor with Eb/Es is more in case of relatively shorter
granular pile (L/d = 10) due to the presence of the bearing stratum at a
shallower depth. The percentage reductions in settlement influence factors in
case of floating granular pile (Eb/Es = 1) for L/d = 10 and 20 are both
approximately 6.2 for ri = 1. For the end bearing granular pile (Eb/Es =1000) the
percentage reductions in settlement with respect to that of a homogeneous
granular pile (r| = 0), are 18.2 and 9.5 for r| = 1 and L/d = 10 and 20
respectively. The percentage reductions in settlement reduction factors for q = 2
for floating (Eb/Es = 1) and end bearing granular pile (Eb/Es = 1000) are 10.2 and
29.8 for L/d = 10 while in case of L/d = 20 reductions are 10.5 and 17
respectively. The effect of non-homogeneity on the settlement reduction is thus
pronounced in case of short granular pile resting on stiff bearing stratum.
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Fig. 10 Variation of I with Eb/E,- Effect of L/d and r)

The effect of relative length of the granular pile (L/d) and relative stiffness
of bearing stratum (Eb/Es) on settlement influence factor (I) with non-
homogeneity parameter (ri) is presented in Fig. 11 for Kgp0 = 50. The rate of
decrease of settlement influence factor with ri is more for relatively shorter
granular piles (L/d = 5 & 10). In case of longer granular pile (L/d = 40) the effect
of non-homogeneity is less on settlement influence factor due to the presence of
the bearing strata at great depth. As had . been discussed in previous
paragraphs, very less load is transferred to the lower reaches of a long
homogeneous (r| = 0) compressible GP. The same phenomenon had been
reported by Mattes and Poulos (1969) and Scott (1981). Consequently, even if
the modulus of deformation of the GP is higher (rj > 0) due to non-homogeneity,
its consideration to a reduction in settlement would be very little. For the same
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reason, settlements of long GP (L/d - 40) on a bearing stratum are little affectedby the relative stiffness of the bearing stratum. The values of I for L/d = 40, arevery close for the case Eb/Es = 50 and 1000, a twenty fold increase in thebearing stratum stiffness. The effect of relative stiffness of bearing stratum onsettlement influence factor is more for shorter GP and its effect increases withincrease of non-homogeneity parameter. Settlement influence factors for Eb/Es =50 and 1000 are 0.076 and 0.068 respectively for L/d =10 and r| = 4.
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Fig. 11 Variation of I with TI - Effect of L/d and Eb/Es

Variation of normalised shear stress x (= x/(P/7tdL)) with normalised
depth z (= z/L) can be seen in Fig. 12 for L/d =10 and Kgp0 = 50 showing the
effect of non-homogeneity parameter r| for a granular pile resting on stiff bearingstratum (Eb/Es = 100). It is seen that the interface shear stresses in the upperregion get reduced due to non-homogeneity of end-bearing granular pile, gettransferred to the lower region and the base. Beyond the normalised depth of
about z = 0.85, shear stresses increase slightly due to transfer of load from theupper region to the lower stiffer region. Shear stresses at these depths arenegative and result in a pseudo-down drag effect, i.e., the soil surrounding theGP settles relatively more than the deformation of GP. From the pattern of shearstresses it can be concluded that due to non-homogeneity of granular pile,larger loads are transferred to the base resulting in the reduction of interfacialshear stresses. The effect of non-homogeneity in reducing the interface shear
stresses is more for r) increasing from 0 to 1 in comparison to g increasing from1 to 2 or 2 to 4.

Figure 13 shows the variation of normalised shear stresses for relativelylonger granular pile (L/d = 20) and Kgpo = 100 resting on stiff bearing stratum(Eb/Es = 1000) showing the effect of the non-homogeneity parameter, rj. Thetrends of the curves are similar to those seen in Fig. 12 except that the slight
increase in shear stresses occurs beyond the normalised depth of about z =0.90. It is seen that normalised shear stresses get reduced almost by the sameorder as in Fig. 12 due to relatively stiffer granular pile and base (Kgpo = 100,Eb/Es = 1000) although the relative length of the granular pile is more. Shearstresses near the region of the bearing stratum are negative (i.e., at normalised
depth z > 0.90).
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Fig. 12 Variation of T* with z* for End-bearing Granular Pile, L/d=10, Kgpo=50 and
Eb/Es=100- Effect of rj
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Fig. 13 Variation of T* with z* for End-bearing Granular Pile, L/d=20, KBp0=1OO and
Eb/Es=1000- Effect of rj

Distribution of normalised axial load, P (= Pz/P) with normalised depth z
(- z/L) of GP resting on stiff bearing stratum (Eb/Es = 1000) is shown in Fig. 14
for L/d = 20 and Kgpo = 100 along with the influence of non-homogeneity
parameter, rv As can be expected, the normalised load of GP gets reduced with
depth due to transfer of load through interfacial shear stresses. Interestingly, the
normalised load in the GP increases slightly for z > 0.9L (approximately) due to
negative shear stresses along GP-soil interface (Fig. 13) near the region of rigid
bearing stratum. With the increase of degree of non-homogeneity of granular
pile, the normalised load along the GP increases at all depths and becomes
uniform due to reduction in interfacial shear stresses as seen in Fig. 13. The
values of P at the base i.e., z = 1.0 are 0.35, 0.49, 0.57 and 0.67 for degree of
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non-homogeneity of GP r| = 0, 1, 2 and 4 respectively. The non-homogeneity of
granular pile resting on rigid bearing stratum increases the transfer of load to the
base significantly. Increment in normalised load on base for r) increasing from 0
to 1 is more i.e., 0.14 in comparison to the increase for r| increasing 1 to 2 i.e.,
0.08 or 2 to 4 i.e.. 0.10.

f'V-P./P

Ud=20.K iongpO
l vs -O.S. |^m=](100

1.. A
Fig. 14 Variation of P* with z* for End-bearing Granular Pile, L/d=20, KgpO=100 and

E|JES=1000- Effect of ^
The influence of non-homogeneity parameter (r|) and the relative

stiffness of bearing stratum (Eb/Es) on distribution of normalised shear stresses
with normalised depth is presented in Fig. 15 for L/d = 20 and Kgp0 = 100.
Results are shown for homogeneous (r| = 0) and non-homogeneous granular
pile (r| = 2) for the floating (Eb/Es = 1), soft (Eb/Es = 10) and stiff (Eb/Es = 100)
base conditions. Firstly comparing the variation of normalised shear stress
variations with depth for a homogeneous (r| = 0) and non-homogeneous (r) = 2)
floating GP, it can be observed that non-homogeneity in deformation modulus
causes a reduction in the shear stresses in the top half and an increase of the
stresses in the lower half of GP. The shear stresses for r| = 2 are more uniform
compared to the stresses for r) = 0. Interestingly, the depth, above which
stresses get reduced and below which they increase, is close to 0.5L. Similar
trend in the modification of shear stresses due to the effect of rj (> 0), is
observed for end bearing (Et>/Es = 10 and 100) GPs. The neutral point, i. e., the
depth above which shear stresses get reduced and below which they increase,
moves down with increasing stiffness of the bearing stratum. The depth of the
neutral point is close to 0.7L and 0.9L for Eb/Es = 10 and 100 respectively. For
GP resting on a relatively stiff (Eb/Es = 100) bearing stratum, the shear stresses
below the neutral point are negative for both for r| = 0 and 2. The load applied to
the GP gets transferred to the soil in the top 90 % of the GP length (Fig. 14) and
base. Consequently, the soil in the bottom 10 % of the stratum settles more than
the adjacent pile elements, thus causing a pseudo-down drag effect.
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Fig. 15 Variation of -r* with z* for End-bearing Granular Pile, L/d=20, Kgp0=100-
Effect of r| and Eb/E5

The variation of the percentage base load, (Pb/P)x100, with non-
homogeneity parameter, r) , can be seen in Fig. 16 for Kgp0 = 50 and Eb/Es = 100
for different L/d. The percentage base load increases with the non-homogeneity
parameter due to transfer of more load from the top region of granular pile to the
base. The base load is larger for short granular pile, due to the presence of stiff
bearing stratum at a shallower depth. In case of short granular pile (L/d=5), the
rate of increase of the base load with q is less due to higher load transferred to
base even for a homogeneous GP (q = 0). For a long granular pile (L/d=40), this
rate is also less due to the presence of bearing stratum at great depth. The
percentage base loads for L/d = 10 for q = 0 and 4 are 50 and 74 respectively
while for L/d = 40 the corresponding values are 6 and 20 respectively.

4

Figure 17 shows the variation of percentage base load, (Pb/P)x100, with
relative stiffness of bearing stratum, Eb/Es, for different non-homogeneity
parameter (q) and relative length of granular pile (L/d) for Kgp0 = 100. The base
load increases both with relative stiffness of the bearing stratum (Eb/Es) and the
non-homogeneity parameter q. For the floating granular pile (Et>/Es = 1), the
effect of non-homogeneity of granular pile on base load is insignificant. The
percentage increment in base load for q increasing from 0 to 1 is more in
comparison to the increase for q increasing 1 to 2 for any relative length of the
pile. In case of long granular pile the percentage base load is less in comparison
to the base load for a short granular pile as established in Fig. 16. The effect of
non-homogeneity of granular pile on base load increases with the increase in
the relative stiffness of the bearing stratum. For Eh/Es > 1000 the bearing
stratum is almost rigid and the percentage base load becomes nearly constant.
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Fig. 16 Variation of Percentage Base Load with TI- Effect of L/d

Fig. 17 Variation of Percentage Base Load with EJE,- Effect of L/d and r|

Conclusions

Numerical solutions for the top displacement, normalised shear stresses,
load distribution and percentage of load transferred to base are obtained for
non-homogeneous floating and end bearing granular piles based on elastic
continuum approach described previously by Mattes and Poulos (1969).
Formulation for pile elemental displacement equations to incorporate the non-
homogeneity parameter for floating and end bearing GPs are presented.
Consideration of non-homogeneity of GP in the analysis reflects its true
behaviour and accounts for the changes in the state of the GP and in-situ soil
due to installation, stiffening and improvement effects. Specific conclusions
arrived at from the above analysis are as follows:

In the case of a floating non-homogeneous granular pile the reductions in
settlement with respect to the homogeneous granular pile are in the
range of 10 to 15 % depending on the degree of non-homogeneity.

1.
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The reduction in settlement for end-bearing non-homogenous granular
pile is in the range of 20 to 40 %, depending on the relative stiffness of
the bearing stratum and degree of non- homogeneity.

2 .

»

3. Non-homogeneity of granular pile has a marked influence on the
variation of shear stresses along GP-soil interface with depth. Depending
on the degree of non-homogeneity, the stresses along GP-soil interface
get transferred from the top to lower portion of the pile and to the pile-
base.

4. Depending on the degree of non-homogeneity of granular pile resting on
bearing stratum, the axial load distribution along GP depth gets increased
due to reduction in its interfacial shear stresses. The reductions in
interfacial shear stresses are mainly due to transfer of major part of load
to bearing stratum.

5. Percentage of load transferred to the pile base increases with the
increase of degree of non-homogeneity of the GP. In case of end-bearing
granular pile this increase is significant depending on the depth of the
bearing strata.
Consideration of the non-homogeneity of the granular pile in the analysis

represents the in-situ behaviour of granular pile, and the results of the above
analysis can be used for the more rational design of granular piles/sand
compaction piles.
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Appendix

[lp] is a square matrix of size, (n+1) of pile displacement influence
coefficients and {X}, is a column vector of size, (n+1) and expressed as

’ [ A + B ] C 0 - -
B C - -
A B C -

0 0 0
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