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ABSTRACT 

Granular piles are one of the most commonly used ground improvement techniques 

worldwide. Granular piles, especially those constructed by vibration techniques, are 

now seen as environmentally and economically acceptable ground improvement 

method. Granular piles increase the bearing capacity of the soft ground and reduce 

total and differential settlements of the superstructures constructed on the soft soils. 

The critical consideration for a single pile or a small group of granular piles is 

usually the immediate bearing capacity under a rapidly applied load. 

On the other hand, it is usually the long-term drained settlement of large pile 

groups that is important. The group effect in pile groups of limited size, though 

increases the bearing capacity by transferring the applied stresses to deeper depths, 

gives rise to high concentration of stresses by allowing less spreading of the applied 

stresses in the surrounding soil. This results into a high long-term drained settlement 

in large pile groups. 

Presently available methods for calculating long term settlement may be 

classified as either (i) simple, approximate methods which make simplifying 

assumptions or (ii) sophisticated methods based on finite element theory. All of these 

methods, however, are based on unit cell concept which assumes an infinitely wide 

loaded area reinforced with granular piles of a constant diameter and spacing. For 

stone column groups less than about 20 to 40 columns, the methods based on unit cell 

idealization are known to be overly conservative. Unlike in the case of the unit cell, 

the stress applied to a granular pile group of limited size spreads out laterally with 

depth into the surrounding cohesive soil. This spreading of stress leads to considerably 

smaller settlement in case of granular pile groups of limited size as compared to that 

of the unit cell. This settlement reduction is sometimes empirically considered by 
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using yielding boundaries of the unit cell in a two-dimensional finite element analysis. 

Moreover, these methods are applicable only for fully penetrating granular piles and 

not for floating piles. 

In this thesis, non-dimensional charts are developed for computation of the long 

term, drained settlement of granular pile group-mat-soft soil foundation based on 

laboratory model tests and numerical analyses. 

The laboratory tests are conducted on adequately instrumented small scale 

physical models of the granular pile group foundation. Fully drained, long term, load 

controlled tests are performed on the model foundation placed in slurry deposited 

samples. Effect of various group foundation parameters, such as the diameter, length, 

spacing and density of granular piles; soil physical state, etc. is evaluated. 

The numerical analyses consist of three-dimensional, elasto-plastic, finite 

element analyses of the model and the prototype foundation system. The soft soil 

behavior is represented by the modified Cam-clay model while the granular pile and 

mat are represented by the Mohr-Coulomb model. The constitutive parameters are 

evaluated by triaxial tests on representative samples. The predicted results by 

numerical analyses are calibrated against the laboratory model test results. A detailed 

parametric study of the prototype group foundation is then carried out using the finite 

element analyses to evaluate the relative importance of various foundation parameters 

on the group response and develop design charts. 

The three-dimensional finite element analysis was successful in predicting the 

model test results. However, the magnitude of induced stresses and settlement in the 

model tests should not be compared with the prototype group foundation owing to low 

initial geostatic stresses and consequently, low Young's modulus of granular material 

in the model. 
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Load settlement responses for some typical prototype granular pile group 

foundations are presented along with the corresponding responses for the unit cell and 

the single pile. Typical variations in the responses due to changes in various 

foundation parameters are also presented for all the three cases. 

The major foundation parameters affecting the group response are area ratio, 

pile length, Young's modulus of pile, initial geostatic stresses and soft soil properties 

(? , x, M and past maximum consolidation stress avm). The minor parameters are mat 

thickness, and angle of shearing resistance and dilatancy of the granular material. 

As certain foundation parameters, namely, area ratio, pile modulus, pile length, 

initial geostatic stresses, past maximum consolidation stress and stress ratio M of soft 

soil increase, the stiffness of the granular pile-mat foundation increases. Consequently, 

at any given applied vertical load, the footing settlement decreases. On the other hand, 

as ? and K decrease, the soil becomes stiffer and the settlement decreases. 

In general, the settlement S„ of the unit cell is found to be higher than the single 

pile settlement Si and the group foundation settlement Sg. As the applied load 

approaches the failure load, the single pile and the group settlement increase sharply 

and become higher than the settlement of the unit cell. The single pile settlement is 

found to be smaller than that of the group settlement. 

In the granular pile group foundation of limited size, the spreading of stress 

occurs similar to that in a homogeneous soil. However, the granular piles attract 

relatively higher proportion of the applied stresses as compared to the surrounding soft 

soil. The bulging of one pile is resisted by the bulging of the neighboring piles and in 

the process, the applied stress is transferred to deeper depths. This mechanism known 

as the group effect gives rise to higher stress concentration in the soft soil below the 



footing and consequently, higher settlement in the group foundation as compared to 

that in the single pile. 

In the case of single pile, the absence of group effect leads to higher spreading 

of stress and consequently, lower settlement as compared to that in the group piles. 

The unrestraint bulging is also responsible for the lower settlement. 

The unit cell represents the response when the group consists of infinite number 

of piles. The boundaries of the unit cell are rigid and unyielding giving rise to a 

complete stress transfer to deeper depths. There is no spreading of the stress and a 

minimal bulging of the pile. The higher stresses inside the unit cell lead to higher 

settlement as compared to the group piles. 

The ratio of group settlement to single pile settlement Sg/S1 increases as the 

number of piles increases. Sg/S1 is expected to reach a constant value at large number 

of piles (approximately greater than 40). The data are compared with the range and 

average values recommended by FHWA (1983) on empirical basis. The average 

values in both cases compare well. 

The ratio of unit cell settlement to group settlement S„/Sg  decreases as the 

number of piles increases. Su/Sg  is expected to reach the value of 1.0 at large number 

of piles (approximately = 70 to 80). 

Charts are presented for the estimation of the long term drained settlement of 

granular pile group foundation. The estimation of the group settlement envisages first 

estimating the settlement of the corresponding unit cell or the single pile and then 

calculating the group settlement using Sg/ Si or S„/Sg  charts. For the foundation 

structures or material properties for which the responses are not available, suitable 

interpolation or extrapolation is recommended. 
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