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Settlement of and load distribution in a granular piled raft
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Abstract. The interactions between a granular pile and raft placed on top are investigated using the
continuum approach. The compatibility of vertical and radial displacements along the pile - soil interface
and of the vertical displacements along the raft - top of ground interfaces are satisfied. Results show that
consideration of radial displacement compatibility does not influence the settlement response of or sharing
of the applied load between the granular pile and the raft. The percentage load carried by the granular
pile (GP) increases with the increase of its stiffness and decreases with the increase of the relative size of
raft. The normal stresses at the raft - soil interface decrease with the increase of stiffness of GP and/or
relative length of GP. The influences of GP stiffness and relative length of GP are found to be more for
relatively large size of raft. The percentage of load transferred to the base of GP increases with the
increase of relative size of raft.

Keywords: granular piles; stone columns; raft; continuum approach; settlement; contact pressures; load
sharing.

1. Introduction

Piled rafts are usually employed for the design of foundations on deep deposits of soft soils, to
reduce the total and differential settlements of structures. Granular piles may also be used in place
of concrete or steel piles because of their several additional advantages. A large number of
approaches have been proposed for the analysis of piled rafts. A similar approach may be used for
the analysis of granular piled raft foundations. The most conservative of them, which due to its
simplicity is often adopted in the design of such foundation systems, considers that the entire
building load is carried only by piles, resulting in very expensive solution. Eurocode (1995)
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recommends that the raft be assumed to carry a portion of the total load leading to acceptable
settlements, while the remaining load is supported by piles.

Various theoretical analyses have been proposed to assess the behaviour of treated ground with
granular piles (GP), based on the “Unit Cell” concept (Baumann and Bauer 1974, Aboshi et al.
1979, Goughnour and Bayuk 1979, Balaam and Booker 1981, Van Impe and De Beer 1983, Van
Impe and Madhav 1994, Priebe 1976 and 1995, Alamgir et al. 1996, Poorooshasb and Meyerhof
1997). Interest in the application of granular piles/stone columns in relatively smaller number beneath
ordinary footings is increasing in recent times. Muir Wood et al. (2000) report a study of footings
on large groups of stone columns and identify different deformation mechanisms or patterns such as
bulging, shear failure, asymmetric lateral deformation and compression. Watts and Serridge (2000)
and Watts et al. (2000) report studies on instrumented trial vibro-columns supporting strip
foundations at the Bothkenner site and in a variable fill. The former study assesses the consolidation
settlement and stress transfer mechanisms through stone columns beneath footings. The latter study
reports the effects of installation of GP on the in situ ground conditions. Most recently McKelvey et
al. (2004) report results on model footing on granular piles of various lengths.

Present study examines two of the mechanisms, viz., punching and elastic compression, identified
by Muir Wood et al. (2000), in relation to the behaviour respectively of short and long GP. It deals
with the computation of mobilized radial or confining stresses generated at the GP-soil interface and
their effect on the vertical displacements of the GP and the raft. The overall response in the linear
load - settlement response of the GP-raft foundation system in terms of the settlement influence
factor, the percentage of load taken by the GP and the normalized contact pressure distribution, are
evaluated.

2. Analysis of granular piled raft

Fig. 1 shows a granular piled raft foundation carrying a load, P. The raft is rigid and of diameter,
d. The granular pile is compressible with modulus of deformation, E,, Poisson’s ratio, Vg,
diameter, d (=2a), and length, L. The surrounding soft soil is characterized by it’s modulus of
deformation, E;, and Poisson’s ratio, ;. Fig. 2(a) depicts the applied force and the mobilized
interaction stresses on the raft and the GP with the discretisation scheme used for numerical
integration. Fig. 2(b) shows the stress system for the soil with 7 and o; the interface shear and radial
stresses between GP and the in situ soil and p, - the contact pressures at the raft-soil interface.

Analysis of a rigid raft over an incompressible pile was presented by Poulos (1968). Butterfield
and Banerjee (1971b) analyzed of the problem of pile group-pile cap interaction for the stiffness
range of concrete and steel piles. Randolph (1983) presented a simple analysis for an incompressible
pile with a rigid raft based on average factors for interaction between the raft and the pile. The
present analysis uses the continuum approach to determine the stress systems, 7 and o;,, along the
soil-granular pile interface and p,, at the raft - soil interface, which satisfy the compatibility of
displacements along the interfaces. For no slip or yield at the GP-soil interface, the GP and the raft
displacements are equated to the soil displacements at the corresponding nodes. The stresses and the
soil displacements for GP and raft are evaluated based on the interactions of raft on raft, raft on GP,
GP on GP and GP on raft. The essential steps of the analysis are the evaluation of: (a) Soil
displacements, (b) Granular pile and raft displacements and (c) compatibility displacements. The GP
is discretised into, ‘n’ cylindrical elements as shown in Fig. 2. Each cylindrical element is acted
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Fig. 3 Discretisation of Raft - Note Equal Areas

upon by shear, 7, and radial, o, stresses at the interface and uniform normal stress, p,, on the base
of GP. It is assumed that the sides of GP are perfectly rough while the base is perfectly smooth. The
analysis is presented for a smooth raft. The raft is discretised in to ‘k.” number of annular rings
(Fig. 3) of equal areas as division in to annuli of equal width did not give consistent results. It is
further subdivided in to ‘.’ number of angular or circumferential sub-divisions.

2.1 Soil displacements

Soil displacements along GP-soil interface and along the raft-soft ground interface are evaluated at
the mid-points on the side of each element by integrating Mindlin (1936) and Boussinesq’s
expressions respectively. The GP is divided in to ‘#’ elements of length, AL (=L/n). The stress
acting on a typical element, j, is 7. The displacement at the centre of an element, 7, due to stresses
acting on element, j, are obtained by the method described by Poulos and Davis (1980). Integrating
numerically, the Mindlin’s equation (1936) for a point load in the interior of a semi-infinite elastic
continuum over the cylindrical periphery of the element, the displacement, ,p;;, of the soil adjacent
to the centre of the i element due to stress, t;, acting on the element, j, is obtained as

d-l ;-1
p_‘.,,;f=#

s

(1)

where [ ; —is the soil displacement influence coefficient. The total soil displacement, p;;, adjacent
to node ‘i’ due to stresses on all the elements of the GPA, is obtained by summing up all the
displacements at node ‘i’, due to stresses on elements j=1 to n, as
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The soil displacements of all the nodes due to the shear stresses mobilized on it are collated to
arrive at
d-[[]-{7}
(o} =2 G)

s

where {p,} and {7} are respectively the soil displacement and shear stress vectors of size, n, and [/]
is the soil displacement influence coefficient matrix of size #n x n. Similar integrations are carried
out for the influences of the normal stresses at the bottom of GP, of radial stresses and the normal
stresses at the raft-ground interface on the settlements at various points along GP and raft-ground
interfaces.

Details of integration of Mindlin’s expressions for horizontal and vertical displacements due to
horizontal and vertical point loads within the semi-infinite elastic continuum follow the procedure
given in Poulos and Davis (1980) and Sharma (1999). Thus the normalized vertical soil displacements,
P, for nodes along the GP at the midpoint on the periphery of each element and at the centre of
the base due to influences of shear, base and radial stresses of GP and raft stresses, p,, in matrix

form are
{p\-ﬁv} _ {S’va} _ []_s-pvv]{_f} + []-"I”'V]{ﬂ} + []v[?l"av]{&} (4)
d Eq Eg Eq

where {S*"} and {r*'} are vertical and normalized vertical soil displacement vectors of size, (n+1)
each; [FP*Y] - is a square matrix of size (n+1) of the coefficients evaluated by integrating Mindlin’s
equation (vertical displacements due to vertical point load within the semi-infinite elastic medium)
for the effect of GP elemental shear stresses and base pressure; [/] - is a matrix of size, (n+1)xn,
of the coefficients evaluated by integrating Mindlin’s expression (vertical displacements due to
horizontal point load within the semi-infinite elastic medium) for the effect of elemental radial
stresses on GP; [[*4'] - is a matrix of size (n+1)xkr, of the coefficients evaluated by integrating
Boussinesq’s equation (vertical displacements due to vertical point load at the surface) for the effect
of raft stresses on GP nodes; {7} - is a column vector of size, (n+1), for the shaft stresses and the
normal stress on the base, p;; {o;} - is a column vector of size ‘n’ for the GP-soil interfacial radial
stresses; and {p,}- is normal contact pressure vector for raft of size, ..
The radial displacements at mid-points of the pile elements and at the raft-ground interface are

spry Si _ pVr _T Sprr ﬂ SPr ol &
{p }—{ p } [ ]{Es}+[l ]{Es}+[l ]{Es} )

where {S*"} and {p""} are radial and normalized radial soil displacement vectors of size, (n + 1)
each; [I""] - is a matrix of size, n x (n + 1), with the coefficients evaluated by integrating Mindlin’s
equation (horizontal displacements due to vertical point load within the semi-infinite elastic
medium) for the effect of GP elemental shear stresses and base pressure; [[¥"] - is a square matrix
of size ‘n’ of the coefficients evaluated by integrating Mindlin’s expression (horizontal displacements
due to horizontal point load within the semi-infinite elastic medium) for the effect of interaction
radial stresses; and [[¢"] - is a matrix of size, n x k,, of the coefficients evaluated by integrating
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Boussinesq’s equation (horizontal displacements due to vertical point load at the surface) for the
effect of raft stresses.

Soil displacements for raft nodes are evaluated based on the interaction of elemental stresses from
raft and GP. The soil displacement equations for raft nodes in matrix form are

SFu S‘”’a _rprarvy) T r,pr ﬂ ral'a &
R A B PR ©

where {S§”¢} and {p" ¢} are the soil displacement and normalized soil displacement column
vectors of size ‘k.’; [I"'*"] - is a matrix of size, k. x (n+ 1), whose coefficients are evaluated for
considering the effect of GP elemental stresses on displacements of raft nodes; [I%”] - is a matrix
of size, k. x n, for the effect of elemental radial stresses on raft displacements; [I"#“] - is a square
matrix of size ‘k,’ for the effect of raft stresses on the raft nodes.

2.2 Granular pile and raft displacements

The vertical and radial displacements of GP nodes are obtained as described in Sharma (1999).
The vertical GP displacements are expressed as

(P =pA1}+ [Dsl{é} + [cg]{%;} (7)

where {p"} is the normalized vertical GP displacement vector of size, (n + 1). p; is the normalized
top displacement of GP. Details of all the terms of the above equation are given in Sharma (1999).
The radial displacements of GP are obtained as

(P = [Gal{%:} + [Fﬂ{,%;} ®)

where {0} are the normalized radial GP displacement vector of size ‘»’. Details of all the matrices
are available in Sharma (1999).

The raft is considered as rigid and hence displacements of raft nodes are all equal. The displacement
of top of the GP (p)) is equal to raft displacement and expressed as

(A"} =p i1} ©)

where {} is the raft displacement vector of size ‘k,’.
2.3 Compaitibility of displacements

Satisfying the compatibility of displacements for granular pile and the raft, solutions are obtained
in terms of shear and radial and raft stresses at the GP-soil and raft-soil interfaces respectively.
Applying the compatibility condition for vertical displacements of nodes along GP - soil interface
(Egs. (4) and (7))

(073 = "} or
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[AAG]{E—’S} + [336]{%;} + [1]{2—} = p{1} (10)

where [A4q] = [I""]-{D5], of size (n+1)x (n+1) and [BBs] = [I"""]-{C;], of size (n+1) x n.
Satisfying compatibility of radial displacements along GP-soil interface, i.e., equating Egs. (5) and
8)

(P} = (" or

[CCG]{,;’S} + [DDG]{,%;} + [1]{2—} = {0} (11)

where [CCy] = [I"""]-[G5] is of size n x (n+ 1) and [DDg] = [I""""]-[F;] is of size n x n.
For the compatibility of displacements of the points along raft - soil interface (Egs. (6) and (9))

{p' e ={p"} or

[1‘*‘rapv]{é} + [l"a”"]{%} + [rvra,a]{g—;} =p i1} (12)

Egs. (10), (11) and (12) are solved to obtain the interfacial shear and radial stresses along GP with
raft stresses at raft-soil interface. Finally the displacements of raft and GP nodes are obtained.

In case the radial displacement compatibility of GP is ignored (i.e., the effects of radial stresses of
GP are not considered in the analysis), Eqs. (10), (11) and (12) get modified to

[AAé]{E’S} + [1]{%} =pd1} (13)
[CCG]{,;’S} + [1]{%} = {0} (14)
[f’a‘“V]{E—’S} + [f’a’a]{’;—’s} = pl1} (15)
Settlement of GP-raft foundation, §, is given as
s = %id]”’ (16)

where /7" is the vertical displacement influence factor for granular piled raft foundation.
The radial displacements, S, at the GP-soil interface are

S/ = PIEAI}" (17)

where [/ is radial displacement influence factor. The overall response of GP-raft foundation is
evaluated in terms of the vertical displacement influence factor, //, the normalized GP-soil interface
shear stress, 7, the load ratio, i.e., the percentage of the load taken by the GP to the total load and
the normalized contact pressure distribution below the raft. The parameters affecting the overall
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Table 1 Comparison of Results for Rigid-Piled Raft (L/d =10, v;= 0.5 and d,/d = 3).
Load on GP (%), Ratio of Settlements of Piled

Ke (P,/P)x 100 Ratft to Pile Alone (S”/S) References

0 72 0.92 Continuum Approach Poulos (1968)

0 76 0.96 Approximate Analysis Randolph (1983)
5000 71.2 0.94 Present Study

responses are (i) the geometric ones: the ratio of diameter of the raft to that of GP, i.e., diameter
ratio, (d,/d), and the length to diameter ratio of GP, (L/d), (ii) relative GP-soil stiffness, i.e., Kg, =
(Eg/Ey), and (iii) Poisson’s ratio of the soil, v;.

3. Validation

A parametric study was carried out for the following ranges of parameters:

d./d = 1-1, Lld = 5-40, K, = 10-400, v,, = 0.2-0.3, v; = 0.3-0.5. The number of elements ‘»n’ for
GP and ‘k.’ for raft chosen to satisfy the convergence criterion, vary between 10-50 and 8-20
respectively, depending on the relative length, L/d, of GP and diameter ratio, d,/d, of the raft.
Results obtained by the present analysis (with vertical displacement compatibility of GP) alone
compare well with the results of Poulos (1968) and Randolph (1983) for a rigid raft on an
incompressible pile (Table 1). The agreement is very close and thus, the proposed analysis
validated. Figs. 4 through 15 depict the results from the above analysis. All the results presented
below are with the consideration of radial displacement compatibility of GP.

4. Results and discussion

Fig. 4 compares the settlement influence factors, /", obtained with and without satisfying radial
displacement compatibility at nodes along GP-soil interface, for different relative GP-soil stiffnesses,

Vertical & Raduﬂ Displ. C()mp_..
Vertical Displ. Comp. only-.---..:
0.25 . . ]
"""" i e -dr‘fd=2 [Iszl'D, Vep=0.3, Vs =0.5]
"
- Ty o
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.\M\
- ; i i
0.05 P
10 100 400
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Fig. 4 Comparison of Settlement Influence Coefficients without and with Radial Displacement Compatibility
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K, and for L/d = 10. The differences in the values of /" obtained from the two analyses are in the
range of only 2 to 3% and decrease with increase of relative size of the raft (d,/d). Thus the
consideration of radial displacement compatibility of GP in the analysis does not influence the
settlement influence factors. A similar result that the radial displacement compatibility does not
affect the settlements of compressible piles was reported by Mattes (1969) for a single compressible
pile. The settlement influence factor decreases significantly with the relative stiffness, K, of
granular pile only in case the relative raft diameter is less than 3. The influence of the granular pile
in reducing settlements of the GP-raft system is relatively insignificant in case of large rafts (the
area covered by stiff GP is less than 4%) and consequently its influence on settlement influence
factor is very small, /””, decreasing marginally with K, increasing from 10 to 400.

Variations of settlement factor, 7, with relative GP-soil stiffness, K, for L/d=10 and 20 are
depicted in Fig. 5, for different raft to GP diameter ratios. If d,/d = 1, the raft is absent and only the
GP is loaded for which the results obtained agree closely with those of Mattes and Poulos (1969)
for a single compressible pile alone. The relative GP-soil stiffness ratio has a large effect on I™, the
values of which decrease from 0.26 for K, = 30 to 0.153 for K,, = 400 for GP alone without raft.
The settlement factor, /”, decreases significantly with the stiffness ratio, K, for smaller raft to GP
diameter ratios (d,/d = 2 and 3). Both the compressible pile and the rigid raft influence the overall
response of the piled-raft whose settlements decrease with increase in both d,/d and K, values. The
rate of decrease of /7 with K, is more for raft resting on longer GP compared to that on shorter
one. The values of /" for L/d =10 and 20 are respectively 0.201 and 0.196 for K,, = 30 and d,/d =
3. Corresponding values of /" for K, = 100 and d,/d = 3 are 0.160 and 0.140 for L/d = 10 and 20
respectively. However /7" values decrease marginally with K, for relatively large raft sizes (d,./d
>5.0), the influence of stiffness of GP is less significant as discussed above. /" values decrease
from 0.140 for K,, = 30 to 0.118 for K, = 400 for L/d = 10 and d,/d = 5.0.

The influence of relative length, L/d, of GP, on the variations of settlement influence factor, /7,
with relative stiffness of GP is depicted in Fig. 6 for d./d = 2 and 5. " decreases with increasing
GP stiffness. This reduction in /7" is significantly more for longer GPs (L/d > 20). For L/d = 10 and
d,/d=2, I’ reduces from about 0.298 for K, = 10 to 0.150 for K =400, while for a raft on GP with
relative length, L/d =25, the corresponding values of /" are 0.297 and 0.10 at K,, values of 30 and
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Fig. 5 Effect of Relative Pile Stiffness, K,,, and Raft Size, d,/d, on Settlement Influence Coefficient, /"
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400 respectively. Similar results are observed for relatively large size of raft (d./d = 5) except that
the decrement in I* with the increase of GP stiffness, K, or with relative length, L/d, of GP is less.
Most significant conclusion is that the settlement does not reduce significantly with increasing GP
length for relatively compressible GP (K, < 50). Very less to negligibly small loads are transmitted
to the bottom of compressible piles (Mattes and Poulos (1969). Consequently increasing the L/d
ratio of GP does not contribute settlement reduction for L/d ratios in excess of 15 to 20.

The radial displacement influence factor, /2", decreases with the increase of relative size of raft,
d,/d, except in the lower region of GP where it increases as shown in Fig. 7. The variations of 2"
with depth normalized with d, i.e., z| (= z/d), are presented for L/d = 10 and 20. The values of "
increase with increase of z] in the range 0 to 5 depending on the relative size of the raft (higher
depth for higher values of d,./d) and then decrease with increasing depths. The maximum radial
displacements of GP decrease and shift downward with the increase of d,/d due to increase in load
carried by raft resulting in an increase in the confinement effect of raft. For the same relative sizes

_ : P . J
i ' {Kgp—l()ﬂ. Vgp =03, vs=oﬂ

16+ . .
Lig=10 ——
i I | R

20 1 r L 1 L

Fig. 7 Effect of Pile Length on Radial Displacement Influence Coefficients
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of raft d./d, I’ values in the region near the top of GP are less for relatively longer GP (L/d = 20)
in comparison to those for shorter GP (L/d = 10) except for higher values of d,./d where the I is
slightly more for longer GP. The differences in the values of 2" decrease with increase of d./d. The
maximum values of 2" for d./d = 3 observed at a normalized depth of z] =2.5 are about 0.0037
and 0.0034 for L/d =10 and 20 respectively. In the lower reaches of GP, the radial displacements of
GP are very small and almost unaffected by the size of the raft.

The radial displacement influence factor, 2”, of GP decreases along its depth with the increase of
relative stiffness, Ky, of GP, as shown in Fig. 8. This decrement in 72" with K,, is more for
relatively smaller size of raft (d,/d =2) as compared to the reduction in case of larger one (d,./d =5).
The maximum value of F* for d,/d =2 is observed at a depth of 0.175L and its value decreases
from 0.008 for K,, =30 to 0.0022 for K., =1000. The maximum radial displacement for d,./d =5
shifts downward to z* = 0.35.

4.1 Percentage of load carried by granular pile

L s 0.01

2 oL

K, =30

Zp
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1.0 il A 1. s L i L |

Fig. 8 Effect of Relative Granular Pile Stiffness on Radial Displacement Influence Coefficients
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Fig. 9 Effect of Relative Pile Stiffness, K,,, and Raft Size, d,/d, on Percentage Load Carried by Granular Pile
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Fig. 11 Effect of Relative Pile Stiffness, K,,, and Raft Size, d,/d, on Percentage Load Carried to the Granular
Pile Base

The influence of the relative GP-soil stiffness as discussed with respect to Fig. 5, can be more
clearly noted from the variations of percentage of applied load carried by granular pile, (P,/P)x100,
with K, (Fig. 9), for L/d=10 and 20. For L/d=10 and d,/d=2, i.e., smaller raft sizes, the
percentage load transferred to GP increases from 40% for K, , =10 to 83% for K., =400. The
percentage load carried by the GP decreases with increasing values of d,/d. For very large raft sizes
(d./d=T), the percentage GP load is within a narrow range of 8% to 31% for L/d=10 and K,
increasing from 10 to 400. The percentage load carried by relatively longer GP (L/d =20) are more
as compared to the loads carried by a shorter one, i.e., L/d = 10.

The percentage GP load increases with the increase of relative length of GP, L/d, as shown in Fig.
10. This increment in percentage GP load increases continuously with K, though with a rate that
decreases with increasing K, For relative size of raft of d./d =2, the increments in percentage GP
load with relative length of GP are less as compared to those obtained for d,./d =5. The percentage
GP load for K, =100 and d,/d =2 increases from 71 to only 76 for L/d ratio increasing from 10 to
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Fig. 12 Effect of Relative Pile Stiffness, K, and Pile Length, L/d, on Percentage Load Carried to the
Granular Pile Base

40, a four fold increase.

The variation of percentage load transferred to the base of GP, (P,/P,) x 100 with K, is depicted
in Fig. 11 along with the influence of relative size of raft. As can be expected, the percentage load
transferred to the base of GP increases with the increase of K,,. With the increase of relative size of
raft, the percentage load transferred to the base of GP increases because of increase of the
interaction effects of raft stresses. For relatively longer GP (L/d=20), the base load is less as
compared to that for a shorter one (L/d=10) with similar variation with d,./d. Fig. 12 shows the
effect of relative length of GP on the percentage load transferred to the base of GP. The percentage
load transferred to the base for K, = 100 decreases significantly from 19.3 to 0.8 for relative length
of GP increasing from 10 to 25.

4.2. Contact pressure distribution

The contact pressure distributions at the raft-soil interface, p; (=p/q or p.(zD*4)/P), with

K] T T T T F T T
—— Solid Raft dy fd=3,v__=0.3,V_=0.5
| o Raft with GP, Lid=10 £ s
....... =20
2 L
F
nl||-|
1] B
*Cl-h
e
| Pile
Region
0 1
0

Fig. 13 Contact Pressure Distribution - Effects of Relative Granular Pile Stiffness and Pile Length
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Fig. 14 Contact Pressure Distribution - Effects of Raft Size and Pile Length

normalized distance from the center of raft, R = r/d (r is radial distance along raft) can be seen in
Fig. 13, for d./d=3 and L/d=10 and 20. The patterns are very similar to that of the raft or the
footing alone on the surface in that the normal stress beneath a rigid raft increases with distance
from the centre and tends to very high values at the edge of the raft. The compressibility of GP has
a very significant effect on the magnitude of these stresses. For a typical GP with L/d =10 and K,,
=30, the normalized normal stress close to GP is 0.255 and increases to 1.72 at a distance of 1.46
times the GP radius. The corresponding stresses for a relatively stiff GP (K, = 400) are about half
of the above values. The normal stresses on raft resting on longer GP (L/d=20) are less in
comparison to those on shorter GP (L/d=10) and the differences in the magnitudes increase with
the increase of K, Fig. 14 depicts the contact pressure distributions for different relative sizes of
raft for K, = 100 and L/d = 10 and 20. For smaller sizes of raft (d,/d = 2 to 3), a major part of the
total load is taken by the GP and as a consequence, contact stresses on the raft are very less. With
the increase of relative size of the raft, the magnitudes of normalized normal stresses increase with
radial distance. The influence of relative length of GP on normalized normal stresses on raft
increases slightly with the increase of its relative size.

5. Conclusions

An analysis of granular piled raft is presented, with and without consideration of radial displacement
compatibility of GP. The consideration of radial stresses in the analysis influences the vertical
displacement factor of the raft-GP system only marginally. The percentage load carried by GP
increases with the increase of its stiffness and decreases with the increase of the relative size of raft.
The normal stresses on the raft at the raft - soil interface decrease with the increase of stiffness of
GP and/or relative length of GP. The influences of GP stiffness and relative length of GP are found
to be more for relatively smaller size of raft. A significant change in the GP behavior due to the
presence of raft is to transfer the load to points at depth, i.e., the percentage of load transferred to
the base of GP increases with the increase of relative size of the raft but decreases significantly with
increase in the relative length of GP.
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Notation
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: diameter of the granular pile;

: diameter of the raft;

: Modulus of deformation of granular pile;

: Modulus of deformation of soil;

: Settlement influence coefficients;

: Modular ratio;

: Discretisation in the radial and tangential directions;

: Length of the granular pile;

: Number of elements the granular pile is discretised into;

: Load applied on to the raft;

: Contact stress at the raft-soil interface;

: Load transferred to the base of the granular pile;

: Load carried by the granular pile;

: Poisson’s ratio of the granular pile;

: Poisson’s ratio of the soil;

: Normalised settlement;

: Radial stress at the interface between soil and granular pile;
: Shear stress at the interface between soil and granular pile;





