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Interaction analysis of displacements two granular pile anchors 
Analyse de l'interaction des déplacements deux ancres granulaires de pile 
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ABSTRACT 
Granular Piles (GP) offer significant improvement to over-all performance of the ground by improving bearing capacity, reducing
settlements, accelerating the rate of consolidation, facilitate drainage and mitigating liquefaction damage by reinforcement and
densification. GP resist compressive and shear loads but not tensile loads due to their inherent nature. A simple modification of
placing an anchor at the base and attaching the same by a cable or rod to the footing to transfer an applied pullout forces to the bottom
of the GP makes it resist tensile loads. Such an assembly is termed a Granular Pile Anchor (GPA). A linear analysis and another
considering slip at the GPA-soil interface for displacements of GPA are presented elsewhere. Analysis for displacements of group of
two granular pile anchors is presented in this paper. The shear stresses and displacements generated in the two GPA group are
analyzed and the influence of spacing between GPA, L/d and relative stiffness ratio of GP material with respect to ground, are 
quantified.  

RÉSUMÉ
Les piles granulaires (généraliste) offrent l'amélioration significative à l'exécution globale de la terre en améliorant la portance,
réduisant des règlements, accélérant le taux de consolidation, facilitent le drainage et des dommages de liquéfaction d'atténuation par
le renfort et le densification. Le généraliste résistent aux charges compressives et de cisaillement mais aux charges non de tension
dues à leur nature inhérente. Une modification simple de placer une ancre à la base et d'attacher la même chose par un câble ou tige à
la pose pour transférer les forces appliquées d'un dégagement au fond des marques de généraliste il résistent aux charges de tension.
Une telle assemblée se nomme une ancre granulaire de pile (GPA). Une analyse linéaire et une glissade considérante différente à
l'interface de GPA-sol pour des déplacements de GPA sont présentées ailleurs. L'analyse pour des déplacements du groupe de deux
ancres granulaires de pile est présentée en cet article. Les efforts et les déplacements de cisaillement produits dans le groupe de deux
GPA sont analysés et l'influence de l'espacement entre GPA, L/d et rapport relatif de rigidité de matériel de généraliste en ce qui
concerne la terre, sont mesurées. 
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1 INTRODUCTION 

Granular piles (GP) are best suited for improving soft soils and 
loose silts/ sands. Granular piles improve bearing capacity of 
foundations and stability of embankments founded on soft 
ground, reduce settlements, increase the time-rate of 
consolidation and mitigate liquefaction related damage by 
reinforcement and densification effects. The utility of the 
granular piles is restricted as they can only transfer compressive 
loads of foundations to the ground and resist shear stresses.  

Considerable research is under progress to extend the utility 
of the granular piles to resist uplift or pullout forces. Pullout or 
tensile forces applied on the granular piles can be resisted by a 
simple modification of placing an anchor at the base and 
attaching the same by a cable or rod to the footing to transfer 
the applied pullout force to the bottom of the GP. Such an 
assembly is termed a Granular Pile Anchor (GPA). Phani 
Kumar (1997) reported tests on model granular pile anchors to 
control heave in expansive soils. White et al. (2001) studied the 
application of reinforced geopi ers for resisting tensile loads and 
settlement control. Lillis (2004) reported results from in situ 
tests on pullout response of GPA. Kumar et al. (1997, 1999 & 
2003) and Ranjan et al. (2000) present results from laboratory 
and field tests on pullout response of GPA in cohesive and 
cohesionless soils. A linear analysis of displacements of GPA is 
presented by Madhav et al. (2008).  

2 PROBLEM DEFINTION 

A group of two granular pile anchors each of length, L, and 
diameter, d, spaced at centre to centre distance, s, with the soil 
and pile material characterized by moduli of deformation, Es

and Egp, and unit weights, s and gp, respectively is considered 
(Fig.1). The Poisson’s ratio of the soil is s. Forces, Po, applied 
at the bases of the two GPA are resisted by the shear stresses, τ,
acting along the peripheries of the piles (Fig. 2).  

  Figure 1  Schematic of GPA 
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Fig. 2  Schematic of Two GPA Group 

The group action of the GPA due to the pullout loads is 
analyzed by incorporating the influence of one GPA on the 
other in terms of displacements. The GPA surface is divided in 
to ‘n’ elements of length, ΔL (=L/n).  The stress acting on a 
typical element, j, is τj. The displacement at the centre of an 
element, i, 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, 

sρ,ij, of the soil adjacent to the centre of the ith element due to 
stress, τj, acting on the element, j, is obtained as 
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where Is,ij – is the soil displacement influence coefficient. The 
total soil displacement, ρs,i, 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  
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where {ρs} and {τ} are respectively the soil displacement and 
shear stress vectors of size, n, and [Is] is the soil displacement 
influence coefficient matrix of size nxn. Similarly the 
displacements generated in the first GPA due to shear stresses 
generated around the second GPA are estimated in terms of the 
relative spacing, s/d. The total soil displacement, ρs,j’, due to 
stresses on all the elements of the first & the second GPA, is 
obtained by summing up all the displacements at node ‘i’, due 

to stresses on elements j=1 to n. The net displacements 
generated due to the two pile group interaction are   
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where                                                                       
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(5)

            and the elements of the matrix [sI1,2] are the coefficients of 
influence of the stresses acting on the second GPA on those of 
the first one. 

2.1   Displacements of gpa 

The vertical displacements of a GPA are obtained considering it 
to be a compressible pile. Figure 3 depicts the stresses on an 
infinitesimal element of GPA of thickness, Δz. Poulos and 
Davis (1980) and Mattes (1969) have established that 
lateral/radial stresses have negligible effect on the vertical 
displacements.  

Fig. 3  Stresses acting on an Infinitesimal Element 

The equilibrium of forces in the vertical direction reduces to 
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where σz is the normal stress in the GPA. The stress-strain 
relationship for the GPA material, is 
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where εz and ρgp are respectively the axial strain and GPA 
displacement. For a homogenous GPA, Egp is constant. 
Combining Equations (6) and (7) and simplifying one gets 
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Equation (8) is solved along with the boundary conditions, 
viz., at z = 0 (i.e. at the top of GPA) P=0 (free boundary) and at 
z = L (tip of the GPA), P=P0 (the applied load). Since Equation 
(7) cannot be integrated directly, a numerical (finite difference) 
approach is adopted. Equation (8) in finite difference form 
becomes 
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where ρgp,i and τi are respectively the displacement at the centre 
of node ‘i’ and the shear stress on the interface of element, ‘i’, 
of the GPA. Equation (9) can be written directly for nodes i = 2 
to (n-1). Invoking the first boundary condition, P = 0, i.e., σz = 0 
and hence εz = 0 leads to  

1,1, ' gpgp
ρρ =

               
                                                          (10) 

where ρgp,1’ – is the displacement at the imaginary node 1’ 
above the GPA. Equation (9) can now be written for node 1 as 
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well. All the equations for nodes 1 to (n-1) are collated and 

written as
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where [Igp] is the GPA displacement influence coefficient 

matrix, of size nx(n-1), 
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The compatibility of displacements requires 

{ s} = { gp}                                                                            (13) 

Combining Equations (5), (11) & (13) and simplifying one gets  
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3  RESULTS AND DISCUSSIONS OF THE TWO PILE 

GROUP

The two GPA group is analysed using equation 14 obtained as a 

function of L/d and spacing, s/d. The results are verified with 

the results of two incompressible pile group obtained by Poulos 

and Davis (1980). Parametric study is carried out for L/d= 5, 10, 

25 & 50; K=10, 20, 50, 100, 200, 500 1000 & 10000; s= 0.5; 

s/d = 2, 3, 5, 10, 20 & 100.

3.1 Shear stresses and axial force 

The variation of the normalized shear stress, *= / avg, for two 

GPA group with depth is presented in Figure 4 for s/d equal to 

2, 3, 5 and 10 for L/d=10, K=50 and s=0.5.  The effect of s/d 

on the variation of the normalized shear stresses with depth is 

negligible. The shear stresses increase gradually with depth in 

the upper half (z/L<0.5) but sharply with increasing z/L 

thereafter.

Fig. 4  Variation of * vs. z/L for L/d=10 & K=50 – Effect of s/d 

Fig. 5  Variation of P* vs. z/L for L/d=10 & K=50 – Effect of s/d 

The variation of the pullout force, P*, with depth is also 

studied (Fig. 5) for the same parameters as above. The effect of 

s/d on the variation of P* with depth is negligible.

3.2 Settlement interaction factor

The analyses of the two GPA group and single GPA are 

identical with the exception that the soil displacement influence 

coefficient matrix for the former includes the contributions of 

the second granular pile anchor on to the first. The influence of 

the second GPA on the additional settlement of the first is 

quantified by an interaction factor, , defined as

The variations of the influence factor, , with s/d are shown 

in Figures 6 & 7 for s=0.5 for different L/d in Figure 6 and for 

different K in Figure 7. The parameter, , decreases with s/d as 

can be expected due to the reduced effect of the influence of the 

second GPA on the first one with increasing s/d. The interaction 

effect is more for shorter GPA, and decreases with increasing 

L/d.

The settlement influence factor, , decreases with increasing 

s/d for all values of K. The decrease of  with increasing s/d is 

small for compressible GPA (K=10) and significant for stiffer 

GPA (K>200). Values of  increase with increase K.    

Fig. 6  Variation of with s/d for K=50 – Effect of L/d.
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Fig. 7  Variation of α with s/d for L/d=50 – Effect of K.

3.3 Ratio of tip to top displacements 

The variations of the ratio, Iul/Iu0, of tip to top displacements in 
the two GPA group with s/d are presented in Figures 8 (for 
effect of L/d for K=50) & 9 (for effect of K for L/d=10). The 
ratio of tip to top displacement increases with increasing L/d. 
The ratio is nearly constant for shorter L/d and increases with 
increasing L/d. For shorter GPA of L/d=5, the settlements 
generated at the tip and top have a marginal difference but the 
settlements vary for higher L/d. 

Similarly, the effect of K on the variation Iul/Iu0 with s/d is 
presented in Fig. 9 for L/d=10. The ratio of displacements, 
Iul/Iu0, is near constant for incompressible or relatively rigid 
GPA (K>500) but varies significantly for relatively 
compressible GPA (K=10) especially for smaller s/d but 
becomes constant with s/d for increasing s/d. 

Fig. 8  Variation of Iul/Iuo with s/d for K=50 – Effect of L/d. 

Fig. 9  Variation of Iul/Iuo with s/d for L/d=10 – Effect of K.

4   CONCLUSIONS 

An analysis of two GPA group is presented for stresses, axial 
load and displacements generated as functions of spacing, s/d, 
length to diameter, L/d and relative stiffness parameter, K. 
Variations of shear stresses, pullout load, with depth, and 
displacement interaction factor and variation of tip to top 
displacements with s/d for different ratios of L/d & K are 
presented. The response of two GPA group appears very similar 
to that of compressible pile groups. 
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