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ABSTRACT

This paper presents a method to analyze strip footing resting on granular layer over soft ground
improved by granular piles (i.e., end bearing or floating). The granular layer beneath the strip
footing is idealized as incompressible shear layer. The natural weak soil layer is idealized by soft
Winkler springs and the granular piles is idealized as stiff Winkler springs. These springs is
connected at their heads by a thin membrane under uniform tension to overcome the drawbacks of
Winkler model related to the continuum nature of the soil. The finite element method is used to solve
the problem under consideration. The granular piles of different lengths, diameters and stiffness can
be modeled by the present analysis method. Validation of the proposed analysis method through
comparisons with field measurements, predicted results by other analysis method and results of
PLAXIS program are investigated.

INTRODUCTION

Use of granular piles, GP, in weak soils (e.g.t slay and loose sand) is now a well known ground
improvement technique. In case of loose granuldy the provision of granular pile enhances the
bearing capacity of foundation and reduces itd totd differential settlements. However, in case of
soft cohesive soil, it has an additional advantafproviding a drainage path, which accelerates
consolidation. Granular piles may be fully penetdatnd resting on strong soil layer (i.e., end
bearing granular piles, EBGP) or partially peneiati.e., floating granular piles, FGP). The

floating granular piles are considered an econattgrnative system to fully penetrated granular
piles in case of deep weak soil layer or in cadegbfly loaded structures.

Several literature pertaining to the behavior oipstootings resting on fully penetrated granular
piles are found (e.g., Deb et al. 2007; Maheshaad Khatri 2010; Maheshwari and Khatri 2011;
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Maheshwari and Khatri 2012). But, a little numbétiterature concerning the behavior of footings
resting on floating granular piles are found (ekgrsch 2006; Sivakumar et al. 2007; Kirsch 2009;
Zahmatkesh and Choobbasti 2010). For space limisti only review the technical literature
pertaining to the analysis of strip footing restiog weak soil improved by granular piles is
presented in this section.

Deb et al. (2007) proposed a mechanical modeleadigrrthe behavior of a Geosynthetic reinforced
granular fill over soft soil improved with end bewy granular piles. The granular layer, surrounding
soil, and stone columns were idealized by Pasteshalkr layer, Kelvin-Voight model, and stiffer

Winkler spring, respectively. The plane strain dtod was considered in the analysis and the finite
difference scheme is used to solve the governifigrdntial equations. Nonlinear behaviors of soft
soil and the granular fill were considered. Forrafarmly loaded strip footing, the presence of
granular layer helps to transfer stress from soilgtanular piles and reduce maximum and
differential settlements (Deb et al. 2007).

Maheshwari and Shukla (2010, 2011) proposed a meslimechanical model for analysis of strip
footing resting on granular layer over end beastane column reinforced earth beds. The granular
layer, weak soil and stone columns were idealize®dsternak shear layer, Kelvin-Voight model,
and stiffer Winkler spring respectively. The flealrigidity of strip footing and the nonlinearity o
granular layer, stone column and soft soil wereealknto consideration. The effect of different
parameters on the behavior of soil-strip footingtesn was investigated. Maheshwari and Khatri
(2012) proposed a generalized model for analysistop footing on Geosynthetic-reinforced
granular fill over stone columns improved soft syistem. The granular layer, Geosynthetic layer,
weak soil and stone columns were idealized by Resteshear layer, elastic membrane, Kelvin-
Voight model, and stiffer Winkler spring respectiveThe nonlinearity of granular layer, stone
column and soft soil were taken into consideration.

Strip footings have finite flexural rigidity are welly analyzed as beams on elastic foundation.
Many studies for the analysis of beams on elastimdation were presented in the literature (e.qg.,
Vallabhan and Das, 1988; Morfidis 2007). In thetedies, the two-parameter model or three-
parameter model used to idealize the soil.

In all the studies pertaining to the analysis afpstooting resting on weak soil improved by
granular piles, the weak soil and the granularspitere idealized as a series of independent vertica
soft and stiff Winkler springs and neglect the sheteraction between springs or the continuity of
granular piles-weak soil composite. In additiones studies do not incorporate the effect of
granular piles length (i.e., floating granular p)legranular piles arrangement and granular piles o
different diameters on the strip footing behavior.

In this paper, a method is developed to analyzetitie footing resting on granular layer over weak
soil improved by end bearing or floating granuldeq The nonlinear behavior of weak soil and
granular piles are taken into consideration. Coispas between the results of the present analysis
with the field measurements, results of other exgstinalysis method and results of PLAXIS
program are presented and discussed.

THE PROBLEM UNDER CONSIDERATION

Figure 1 shows the definition sketch of a striptiiog resting on a granular layer over top of
granular piles improved weak soil. The strip fogtia of width B and lengthL and subjected to a
number of concentrated loads (i.,, Q,,-....,.Q,). The thickness of granular layer lis; and its
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shear modulus i§,, . Diameter and spacing of granular piles Brg and S, respectively.
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Figure 1 The problem to be analyzed

Figure 2 shows the proposed model for the soipdtroting system under consideration. The strip
footing is modeled as a finite beam of flexuralidity, EI . The granular layer is idealized as
Pasternak shear layer. The weak soil and the grapiles are idealized as soft and stiff Winkler
springs respectively. These springs are connedtéies ends by a thin membrane under uniform
tension to take into account the shear interadbemveen the Winkler springs (Horvath 2002 and
Worku 2013). The Length of the granular piles isussed equal to the thickness of natural weak
soil stratum (i.e., case of end bearing granulspior less than the thickness of weak soil stnatu
(i.e., case of floating granular piles). While adhg the granular piles in weak soils, the orajin
stiffness of ground will increase (Kirsch 2009).wver, this effect is not considered in the present

analysis.
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Figure 2 The problem modeling
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MATERIAL METHOD
METHOD OF ANALYSIS

In the literature, a number of two-parameter modets presented to overcome the weakness of
Winkler model (i.e., the assumption that there s interaction between adjacent springs) in
modeling the behavior of elastic foundation. Insienodels, the first parameter represents the
stiffness of vertical springs, as in the Winklerdet and the second parameter was introduced to
account for the coupling effect between verticatirgps. These two-parameter models were
presented and discussed by a number of reseafehgrsHorvath 2002; Worku 2013).

The problem of a dense coarse grained soil lay@éndaon a compressible soil can be idealized as
an incompressible shear layer (i.e., Pasternakrslagar ) of stiffnessg over a weak soil
reinforced by granular piles idealized as soft atif Winkler springs of modulus of subgrade
reaction coefficientk, and k,, respectively. The soft and stiff Winkler springe @onnected at

their ends by a thin membrane under uniform ten§ioce per unit lengthT , to overcome the
drawbacks of Winkler model related to the sheaea$# or the continuity of the soil mass. The
governing equation of such a mechanical subgradaehis as follows (Horvath 2002, Colasanti
and Horvath 2010).

d?w

= kw~ (T +
p (T+9) v

(1)

Where pis the subgrade reactionk is the modulus of subgrade reaction (iles k, over weak
soil andk =k over granular piles) andis the vertical displacement. The differential egpraof a
beam is obtained by considering the bending ofl@amental segment.

The differential equation of the beam with unifoomoss section in the absence of any external
uniformly distributed load can be written as follaw

d*w
El o +p=q (2)

Combining equations (1) and (2), the following eifntial equation is obtained.

W
El +kw—(T + = 3
dX (T+9) o2 d )

WhereE is the modulus of elasticity of strip footingjs the moment of inertia of strip footing and
gis the applied transverse load on strip footinge Tlenlinear behavior of weak soil and granular

piles are expressed by hyperbolic stress-straatiogiships as suggested by Maheshwari and Khatri

(2011).
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Where k,, and k, are the initial values of modulus of subgrade reast of weak soil and
granular pile,o, and o, are the stresses on weak soil and granular gie.and q,, are the
ultimate bearing capacities of weak soil and granpile, R and R, are the hyperbolic curve

fitting constants for weak soil and granular péspectively. In the present analysis the lengtihef
granular pile is generally greater than 6 timediganeter (i.e., long granular piles) and therefore
the value ofq,,, is calculated based on the bulging deformatiothefgranular pile (Ambily and

Gandhi 2007, Black et al. 2007, Razeghi et al. 2011
The initial modulus of subgrade reaction of weald san be calculated by one of the methods
presented in the literature (Sadrekarimi and Akad@r2009). Here, the initial modulus of subgrade
reaction is calculated from the following equat{®viorku 2013).
_ EQ-vy)

Hl-v, -2v?)

(6)

S0

Where E, and v are the modulus of elasticity and Poisson's ratizveak soil layer andH is the

depth of influence. The depth of influence is theakken depth of either the depth of weak soill
below foundation level to the rigid base or thettdpelow foundation level at which the settlement
caused by foundation pressure equal to zero (Quiaaad Horvath 2010). The value ¢ is
dependent on beam dimensions, relative rigiditthefbeam with the soil and load pattern acting on
the beam and can be taken in the range of 2 tmdstbeam width (Colasanti and Horvath 2010,
Worku 2013).

For simplicity, the value of the second paramelerjs calculated based on the assumption that the
granular piles-soil composite behaves like a unifgoil mass with composite modulus of elasticity

and Poisson's ratidz,,, and v, as follows (Worku 2013). Such simplification useyl Priebe

(1995) to calculate the shear values of the imptayreund.

Eeorp =AEg + - A)E, (7)
I/con”p = A\Vgp + (l_ AY )Vs (8)
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Where E,, andv, are the modulus of elasticity and Poisson's ratigranular piles,A is the
area replacement ratid\,, is the number of granular piles,, is the cross sectional area of
granular pile, and, L are the width and the length of the strip footing.

The stiffness of incompressible shear layer (igggnular layer) can be calculated from the
following equation (Horvath 2002 and Worku 2013).

.- GyHy Hy( E, (1)
2 2 (2a+v,)

WhereH , and G, are the thickness and shear modulus of granujar.l&, and v, are the
modulus of elasticity and Poisson's ratig,, of the granular layer.

For end bearing granular piles, the coefficidqgf,can be calculated as the calculation of the
coefficientk,, as follows:

— Egp 1-Vy)
P H@-vg —2v2)

(12)

Where the parameters of Eq. (12) as defined above.

Partially improved ground with granular piles ahe underlying compressible weak soil create a
double-layered compressible foundation. So farreasonable solution is available to estimate the
modulus of subgrade reaction of such a double-a/éoundation. In the present study, the initial

modulus of subgrade reaction of floating granulde, pk is calculated from the following
equation:

fgpo »

_ Eey L Ve)
T H@A-v - 2v2)

(13)

Where E,, andv,, are the equivalent modulus of elasticity and eajeint Poisson's ratio for a
double-layered compressible foundation. The equmntai®@mogeneous, isotropic value Bf, and
Ve, are determined using the weighted average approach

Finite Element For mulation

The strip footing is divided into a number of elense(i.e., 4 d.o.f. beam element) taking into
account the locations of granular piles to be atelements nodes. Using the standard procedures in
the finite element method for the assemblage ohetds, the global stiffness matrix is constructed
as a half banded matrix. In matrix formulatiore thifferential equation, Eq. (3), can be expressed
as follows:

[Kw} ={F} (14)
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K1=3:006,)+ () (<) + (<, ) @)

Where[K] is the global coefficient matriW} is the global nodal displacements; §iRH is the
global nodal external load vector of the systiy) is the stiffness matrix of the flexure beam
element, (k) is the first foundation stiffness matrix to accothre effect ofk_, (K, ) is the second
foundation stiffness matrix to account the effe€t @ and (Kg) is the stiffness matrix of
incompressible shear layer to account the effeq of

The stiffness matrix of the beam element, the sadgparameterk(, T ) and incompressible shear

layer parameterg , were presented in the literature (e.g., Horv&022 Teodoru and Musat 2010).
The spring stiffness of the granular piles addeth&corresponding places on the diagonal of the
global stiffness matrix. Applying the proper boundaonditions, we get the solution of the
deformations (i.e., vertical displacements andtiana) in the strip footing. These deformations are
used to determine the internal forces in the dogting (i.e., shear forces and bending moments),
contact pressure and the nodes reactions.

At the edge of the beam, special boundary condiisorequired to replace the subgrade effects
beyond the edge of the beam. Colasanti and Hor\z4thO) suggested an additional independent
axial spring under the edge of the beam (i.ehatdavel of weak soil springs). The stiffness as
additional boundary condition springs can be cal&ad from the following equation (Colasanti and
Horvath 2010).

kbc = \/ks_T 166

RESULTSAND DISCUSSION

A computer program is developed based on the figikenent method to analyze the soil-strip
footing system under consideration using the almethodology. The developed program is able to
calculate vertical displacements, rotations, sheaes, bending moments, contact pressure, nodes
reactions. The analysis procedure is general endoglake into account different lengths,
diameters, and stiffness of granular piles, anaragements of granular piles and any types of
external loads acting on the strip footing (i.eoncentrated loads, uniformly and non-uniformly
distributed loads and moment loads).

Validation

For the purpose of validation, comparison betwéenpredicted values by the present method with
the field measurements, the results of other exjstinalysis method and the results of PLAXIS
program are presented and discussed in the folipaetions.

Comparison with field measurement

Watts et al. (2000) carried out a full-scale instemted load tests to study the performance of end
bearing stone columns supporting a strip footing wariable fill and the performance of a similar
strip footing on untreated ground. Watts et alO@0presented soil profile, results of variousito s
and laboratory tests and instrumentation. The daioeis of treated and untreated strip footings
were 9 m length, 0.75 m width and 0.25 m thicknesd subjected to three different uniformly
distributed loads. Here, only comparison with th@farmly distributed load of 123 kPa is
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considered. The number, diameter and spacing ofestmlumns were 9, 0.6 m and 1.8 m,
respectively. Thickness of the treated soil belbe/foundation level varies from 3.15 m at left edge
to 4.35 m at right edge with an average thicknéss®b m. Lengths of stone columns varied with
the thickness of the treated soil. The moduludasteity of untreated soil and stone columns were
5 MPa and 30 MPa, respectively (Watts et al. 20BB)sson's ratio of the soil and the granular piles
are taken equal to 0.35. The modulus of subgraalgion of the soil and the second paraméeter,
are calculated from Eq. (6) and Eqg. (10) respelstivEhe modulus of subgrade reaction of stone
column is taken 6 times the modulus of subgradeticaof the soil (where 6 is the ratio between
E, and E,). Linear analysis is considered. Figure 3 showsparisons between measured and

predicted vertical displacements for treated artdeated strip footings.

For untreated strip footing, the best match betweeasured and predicted vertical displacements
is obtained at the value of the depth of influeegeal to 1.65 times width of the strip footing as
shown in Figure 3. The difference between the prtesesults and the measured values at the left
part of the strip footing is because in the presmmlysis a constant soil layer is considered,
whereas in the field the soil thickness is varitzhg@ the beam length. However, for treated strip
footing, the predicted values by the present amabe compared well with the measured vertical
displacements at the edges and slightly smaller tha measured values at the middle part of the
strip footing as shown in Figure 3. One of the drvaeks of Winkler model is that a strip footing
subjected to a uniformly distributed load will unge rigid body displacements without any shear
forces or bending moments in the strip footing.e Tésults obtained by the present analysis for case
of untreated strip footing reveals that the impactof using two-parameter model to represent the
soil instead of using one-parameter model (i.enklér model).

Measured-untreated (Watts et al. 2000
Measured-treated (Watts et al. 2000)
Predicted-untreated (Present study)
Predicted-treated (Present study)

Displacement (mm)

0 1 2 3 4 5 6 7 8 9
Distance from edge (m)

Figure 3 Comparison between measured and predicted
settlements for untreated and treated strip fosting

Comparison with other existing analysis method

Maheshwari and Khatri (2011) developed a methodtlier analysis of strip footing resting on
granular layer over weak soil reinforced by granyldes. The present method is validated by
comparing its results with the results from Maheshvand Khatri (2011). The strip footing is of
flexural rigidity EI = 115500 kN.rfi and subjected to five equal concentrated loads. granular
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piles diameters are 0.5 m and its spacing is 1.5hma.stiffness,g, of the granular layer is 272.35

kN/m. The coefficients of subgrade reaction of weak and granular piles are 10000 kN/amd
100000 kN/m, respectively (Maheshwari and Khatri 2011). Linaaalysis is considered.

Figure 4 shows comparison between vertical disphaces obtained by the present analysis with
those obtained by Maheshwari and Khatri (2011).

0-0'lll|lll|lll|lll|lll'
B
£20
€
)
08)4'0
S & Maheshwari and Khatri (2011)
86-0 = Present study
[a)
8.0*"""""""""'

0 0.2 0.4 0.6 0.8 1
Normalized distance from center

Figure 4 Comparison between vertical displacements obtduyed
the present method and Maheshwari and Khatri (26%thod

At the center of the strip footing, the displaceimesiue obtained by the present method is 11.7%
greater than that obtained by Maheshwari and Kii2fx11). While at the edge of the strip footing,
the predicted displacement by the present method1lig% smaller than that obtained by
Maheshwari and Khatri (2011) as shown in Figuréhk difference between the present results and
the results presented by Maheshwari and KhatriXP&ldue to the fact that in the present study the
stiffness of granular laygr=H,G, /2, whereas Maheshwari and Khatri (2011) considehed t

stiffness of granular layer=H G,

Comparison with PLAXIS program

The present method is validated by comparing gsilte with the results from PLAXIS program.
The strip footing is of length 20 m, width 1.0 mdaflexural rigidity EI = 281300 kN.rh and
subjected to uniformly distributed load of 100 kN/rfihe thickness of the weak soil layer is 10 m.
The thickness of the granular layer and its modwfi®lasticity are 0.3 m and 20000 kN/m
respectively. The end bearing granular piles dianseare 0.5 m and its spacing is 1.5 m. The
modulus of elasticity of weak soil and granularepilare 6000 kN/mand 50000 kN/rf
respectively. The Poisson's ratio of weak soil,ngtar layer and granular piles is 0.25. Linear
analysis is considered. Triangular elements of déen are used in the finite element analysis by
PLAXIS program as shown in Figure 5. The mesh hab élements and 3037 nodes. The linear
elastic model under drained conditions, which isilable in PLAXIS program library, used to
model the weak soil, the stone column and the daatayer.
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Figure5 Finite element mesh of PLAXIS program

Figure 6 shows comparisons between the resultsL6XFS program and present program for
untreated treated cases. For untreated case,sihiésref the present method approximately equal to
the results of PLAXIS program at the center of lleam while, at the edge of the beam the results
of the present method smaller than that of PLAXt8gpam by 6.6% as shown in Figure 6. For
treated case, the results of the present prograailesnthan the results of PLAXIS program by
approximately 11.1% and 10.1 at the center an@édge of the beam respectively.

0|||||||||||||||||||

& PLAXIS program (Untreated
25 |- PLAXIS program (Treated)
<=+ Present program (Untreated
= Present program (Treated)

Displacement (mm)
\l
(3]

0 0.2 0.4 0.6 0.8 1
Normalized distance from center

Figure 6 Comparisons between the results of PLAXIS program
and present program for untreated treated cases

CONCLUSION

This paper presents a method for analysis of &ging resting on granular layer over weak soil
reinforced by end bearing or floating granular fil€he method of analysis taking into account the
shear effect or the continuity of the granular pieeak soil composite and the nonlinear behavior
of weak soil and granular piles. Comparisons betwtbe results of the present analysis with the
field measurements, the results of other existinglysis method and the results of PLAXIS
program show good agreement in case of linear aisaly
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