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Abstract Stone columns can be designed to bear on the

hard stratum or as a floating system where the toe is

embedded in the soft layer. Most of the existing design

methods for stone columns adopt unit cell idealization

which is not applicable to spread footing. From the view of

settlement analyses, current available methods to evaluate

the settlement performance of a footing on a limited

number of stone columns are more or less rough approxi-

mations derived from the elastic theory or using simple

empirical approach. None of these methods incorporate the

idea of optimum length and the yielding effect in the

plastic zone. This paper introduces a new mechanical

method to account for these. This method works for

homogenous and non-homogenous ground condition. The

settlement predictions made by the proposed method are

compared with the finite elements results and field mea-

surement. Good agreements are obtained not only for load

settlement response but also the displacement profile.

Keywords Stone columns � Settlements � Small

foundation � Finite element method

Introduction

Two essential criteria that govern the design of foundation

are ultimate bearing capacity and tolerable settlements. In

many cases, it is more likely that settlements under oper-

ating conditions than bearing capacity is more critical.

Stone columns have been proven to reduce the induced

settlement by making the composite ground stiffer [1–3].

The load carrying mechanism for small column groups is

different from large loaded areas [4]. There exists a com-

plex interaction between column-soil, column–column,

column-footing and soil-footing [5, 6]. Moreover, the

vertical stress beneath the footings decays rapidly with

depth, allowing floating columns (partial depth treatment)

to be used. In most applications, the column heads are not

in direct contact with the applied load, but normally dis-

tributed via a load transfer layer e.g. granular mat. Very

few designs are developed for small column groups and all

make major simplification, especially for the settlements

calculation [7]. McCabe et al. [3] commented on the great

number of field data pertaining to large loaded area, but

very few data for strip or pad footings on small column

groups.

By using the concept of equivalent coefficient of volume

compressibility, Rao and Ranjan [8] proposed a simple

elasticity theory-based method to predict the settlement of

soft clay reinforced with floating stone columns under

footing or raft foundation. The calculation methodology is

similar to the equivalent raft or pier method [9–11]. The

equivalent coefficient of volume compressibility is applied

for the improved layer only. The applied stress is assumed

to dissipate at 2 V: 1H from the base of the footing depth.

The total settlement for the floating system is then calcu-

lated from the sum of settlement contributed from the

improved layer and the unimproved layer. This simple
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analytical method does not justify the load sharing mech-

anism correctly due to the assumptions that the stress

concentration ratio is proportional to the respective elastic

modulus thus resulting in overestimation of the load that

can be carried by the columns. In addition, a few important

design factors (e.g. plastic straining, deformation modes,

optimum length) are not considered.

Based on elastic and spring theory together with the

assumption of the Westergaard stress distribution, Lawton

and Fox [12] proposed a settlement analysis method for

rammed aggregated piers, RAP. This improvement system

is normally of short floating columns so the analysis is

separated into two zones. The upper zone thickness

includes the column length plus one diameter of the col-

umn while the lower zone extends to a depth of twice the

footing width (i.e. square footing) measured from the

bottom of the footing. Calculation of settlement for upper

zone required spring stiffness (coefficient of subgrade

reaction) constant which is best obtained through a field

load test because it is not a fundamental soil parameter;

rather it is dependent on the dimensions of the foundations.

Conventional consolidation settlement theory or elastic

settlement procedures can be used for the lower zone, as

appropriate.

Unlike piles, stone column material is compressible that

even at small working loads, nonlinear behavior of the soils

and columns could influence the column settlements sig-

nificantly. The importance of nonlinear stress–strain char-

acteristics in the soil-structure interaction has also been

highlighted by Jardine et al. [13]. Due to these reasons, the

consistent success in predicting the settlement performance

of floating group columns has remained elusive for the

methods that are based on the simple elastic theory or

Winkler spring concepts [14].

On the other hand, the numerical approach (e.g. finite

element and finite difference) is best known as the most

rigorous solution to obtain accurate displacement profiles

of complex foundations, as in this case the stone column

reinforced foundation. However, the approach requires

high computational effort and is time consuming especially

for full three dimensional models and is often too difficult

for practicing engineers. Use of more sophisticated soil

models to capture the nonlinear behavior, and realistic soil-

column interaction complicates the problem further espe-

cially when the soil parameters are difficult to obtain by

conventional field and laboratory tests.

From a practical viewpoint, there should be a method

which is simple, but based on a sound theoretical basis and

able to capture the major features of the problem with

important parameters considered. Hence, a method with

above attributes was developed to predict the settlements

for foundation supported by a group of stone columns. This

method is extended from the Tan et al.’s [15] work where

FEM drained (long term with no excess pore pressure built

up) analyses was performed on the small floating columns

group in soft ground subjected to a typical working loading

range of 0–150 kPa. The idea of optimum length is

incorporated into this method.

Optimum (critical) Length Determination

The finite element study by Tan et al. [15] and Wood [16]

showed the existence of the optimum length, Lop for stone

columns which is the column length where lengthening it

will not significantly contribute to the reduction of settle-

ment. The optimum length, Lopt for stone columns are

controlled by the dimension of the footing and somewhat

influenced by the footprint replacement ratio, AF. Numer-

ical models and small model tests [16] indicated the failure

mechanism occurred in the conical region as shown in

Fig. 1. The angle d is influenced by the footprint replace-

ment ratio and the composite strength, /comp of improved

layer, estimated as:

d ¼ 45� þ
ucomp

2
ð1Þ

tanucomp ¼ AF tanuc þ ð1� AFÞ tanus ð2Þ

The quantity AF = Ac/Af is referred as the footprint

replacement ratio (Af is the footing area, and Ac is the total

area of stone column). Similar to the area replacement ratio

in infinite grid columns, it is a measure of the extent to

which the soil area under the footing is replaced by the

column material. The symbols of /c and /s are the internal

friction angle of the column and soil respectively.

Subsequently, the wedge failure depth, lc can be calcu-

lated easily. The value of d = 59o–63o, and lc = 0.832D–

0.981D were estimated for AF = 0.2–0.7 if /c = 40o and

/s = 25o are used (NOTE: D = diameter of the footing,

not the diameter of the column). In this case, intuition tells

lc

Fig. 1 Failure mechanisms of group columns (adapted from Wood

[16])
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us that the column length should surpass this failure depth

for optimal design of the floating stone column. On one

hand, Tan et al. [15] demonstrated that in all the analyzed

cases (4, 9, 16, 25, 36, 49, 64, 81 and 100 numbers of

columns), the Lopt are ranging from 1.20D to 2.2D (higher

than the wedge failure depth lc obtained above) for foot-

print replacement ratio from 0.2 to 0.7. In the authors’

analysis, spread footings were placed upon a 0.5 m thick

transfer layer (granular mat or crust) overlying soft soil.

Thus, it was suggested that the optimum length can be

assumed as shown in Table 1 based on numerous trial to fit

the total settlement and settlement profile. These ranges of

values are not exact for all cases because the number of

columns in a group, e.g. 9, 16, 25, 36, 49, 64, 81 and 100,

also affects the figure slightly taken that the footprint

replacement ratio is the same for these numbers of groups.

The concept of design with the incorporation of stone

column optimum length is the first of its kind. It is useful

for the column groups with columns toe resting on a

compressible soil layer while the foundation is uniformly

loaded.

It is the common belief that there exists no rational

relationship between the settlement of single column at a

given load and that of column groups due to the different

modes of failure, e.g. simple bulging mode in single col-

umn and multiple modes (shearing, bending, and bulging)

in group columns. It is noteworthy to mention that

punching failure can happen to both single and group

columns when the columns are short. Besides, the concept

of the optimum length described here should not be con-

fused with the optimum length findings by others [17–19]

for undrained (rapid) loading where 3 to 6 times the

diameter of a column is required to force bulging as the

dominant type of failure mechanism in a column. (Note not

the diameter of the footing as used in our study here, and

the finding was mostly on single column and focus on the

load-carrying capacity).

Design Concept

Conceptually, the settlement computation for a pile group

foundation based on an equivalent raft method is not sig-

nificantly different from a column group foundation. It is

possible that the design procedure of the equivalent raft

method can be extended to stone column group with some

modification to account for the inherent differences.

Numerical modeling by Tan et al. [15] was adopted as

reference during the development of this design approach.

In the study, 2D axisymmetric models were used. The

column stiffness and soil stiffness were taken as

Ec = 30000 kN/m2 and Es = 3000 kN/m2 respectively.

This method was developed for homogenous and Gibson

soil profile. The prediction of settlement is only valid for

columns with optimum length and useful for column

groups of 9–100. For the details of model setup and anal-

ysis procedure, please refer to Tan et al. [15].

Homogenous Soil

The design concept to compute settlement of homogenous

subsoil reinforced with floating stone columns is shown in

Fig. 2. The improved layer (i.e. the zone of reinforced

subsoil up to optimum length) is divided into two parts:

plastic zone and elastic zone. Figure 3a shows the plastic

straining of the 36 columns group of AF = 0.4. For all the

cases analyzed, the plastic yielding occurred in the range of

0.9D to 1.5D for AF = 0.2 to AF = 0.7, measured below

the transfer layer. Therefore, plastic zone with the thick-

ness of L1 is taken as 0.6 times the optimum length (after

numerous try and error to best fit the settlement over depth

profile) with the remaining length, L2 = Lopt - L1 for the

elastic zone thickness. If the transfer layer thickness is

other than 0.5 m thick, the plastic zone thickness, L1 has to

be calculated as:

For t\ 0:5 m : L1 ¼ 0:6Lopt þ 0:5� tð Þ ð3Þ

t[ 0:5 m : L1 ¼ 0:6Lopt� t� 0:5ð Þ ð4Þ

Equations 3 and 4 are only approximations. The larger

the difference in the transfer layer thickness to the refer-

ence case (t = 0.5 m), the larger the error will become.

Table 1 Optimum length for stone columns

AF 0.2 0.3 0.4 0.5 0.6 0.7

Lopt 1.2D 1.4D 1.6D 1.8D 2.0D 2.2D
Fig. 2 Settlement of homogenous subsoil stratum reinforced with

floating stone columns
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Although this layer normally contributes to very little set-

tlement when compared to the soft layer below.

It is assumed that the applied stress, q, at the footing/raft

base is considered to fully act on the transfer layer and then

transfer it to the composite ground with 80 % stress

remaining (0.8q). Plastic zone subjected to this constant

stress of 0.8q is first assumed to be resisted by the com-

posite stiffness, Ecomp determined as:

Ecomp ¼ AF Ec þ ð1� AFÞEs ð5Þ

where Ec = stiffness of column, and Es = stiffness of the

surrounding soil. The 80 and 60 % stress transfer mecha-

nism proposed here are the results observed from the series

of test for different footprint replacement ratio and differ-

ent numbers of columns obtained from the previous study

to best fit the settlement profiles.

However, the elastic settlement calculation in this

plastic zone does not correspond to the actual settlement

where the yielding has reduced the composite stiffness

substantially (possibly in the excess of 30 % underesti-

mation for very small group columns). To account for this

plastic deformation which is due to the effect of different

failure mode, a correction factor, fy was used.

Eeq ¼
Ecomp

fy
ð6Þ

The correction factors, fy for different number of col-

umns are shown in Fig. 4. These values are obtained from

fitting the gradient of plastic zone for different settlement

profiles (more than 40 cases with varying AF and numbers

of columns) obtained from FE analyses as described in Tan

et al. [15]. Correction factors are high if the number of

columns is low attributed to the lack of confining stress for

smaller groups of columns. As the load increases, more

plastic straining developed leading to a reduced stiffness in

the plastic zone of the improved layer. Therefore the

equivalent stiffness (Eq. 6) should be used instead of

composite stiffness. This equivalent stiffness has included

non-linear load settlement response due to the changing of

correction factors under different loading intensity. Actu-

ally, the correction factors are not only influenced by

loading and number of columns, they are also influenced by

the footprint replacement ratio. However, the influence is

small and is therefore ignored in the development of this

method.

Then, the 60 % of stress acts as an equivalent footing

placed on the plane a‘–a’. From this depth, the stress is

assumed to disperse by 2(V):1(H) until the depth of

3D. The composite stiffness should be used in the elastic

zone of the improved layer. Figure 3b with the settlement

profile suggested the remaining settlement at depths

beyond 3D is about 10 % of the total settlement. In view of

that, the settlement contributed from the deeper depth than

Fig. 3 a Depth of plastic zone;

and b displacement shading and

profile, for 36 columns group

with AF = 0.4

Fig. 4 Correction factors for composite stiffness—homogenous soil
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3D can be assumed as 11 % of the settlement contributed

from the upper layer (\3D). Nevertheless, it is a gross

approximation but sufficient to give reasonable estimation

for settlements contributed from depth over 3D.

The settlement calculation for the entire layer can be

easily carried out in one step without the need to divide the

ground into many layers since the virgin ground is

homogenous and the simple elastic theory is adopted. The

total settlement of column groups can be computed as:

s ¼ 1:11
q

Est

tþ 0:8
q

Eeq

L1 þ
qi

Ecomp

L2 þ
qj

Es

ð3D� Lopt � tÞ
� �

ð7Þ

where q = applied stress; Est = stiffness of transfer layer;

t = thickness of the transfer layer; qi = the stress at the

mid-layer of the elastic zone having a thickness of L2;

qj = the stress at the mid-layer of soil between column toe

and 3D.

Design Approach: Gibson Soil

In actual site condition, the virgin subsoil modulus can be

constant, increasing with depth or decreasing with depth.

However, as been observed in many cases, a close

approximation to reality is to consider the soil stiffness as

increasing linearly with depth (a Gibson soil). In this sec-

tion, the soil with Gibson soil profile is assumed where the

virgin subsoil soil stiffness is linearly increasing with

depth:

EðzÞ ¼ Eð0Þ þ Eincr z ð8Þ

where E(0) is the soil stiffness at the ground surface while

Eincr is the incremental stiffness expressed in kN/m2/m and

z is the soil depth. In order to retain the same column-soil

stiffness ratio, the column stiffness has to increase

accordingly. The design concept is similar to the

homogenous soil condition (i.e. the concept of optimum

column length, thickness of plastic zone and the stress

distribution mechanism) except that the correction factors,

fy for composite stiffness are different as shown in Fig. 5.

These values were obtained from numerous trial to fit the

results using the some selected cases but with changing

stiffness where Eincr = 300 kN/m2/m and the assumption

that fy is independent of Eincr. The value of fy for the

Gibson soil is slightly higher than for the homogenous

soils. Thus the use of correction factor for homogenous soil

may underestimate the settlements of Gibson soil profile.

Besides, due to the changing stiffness over depth, the

calculations should be made in more layers until the depth

reaches four times the footing diameters (4D) in order to

increase the accuracy. No assumption to the settlement

contributed from zone deeper than 3D is required since the

calculation is best carried out until 4D where further set-

tlement is small and can be ignored.

Validation

This method provides quick hand calculations for the

complex foundation problem. This part of the study

examined the validity of the proposed method for different

stiffness of soil by comparing it to finite element method. A

total of twelve cases with different number of columns per

group and varying the footprint replacement ratio were

randomly selected to cater for a wide range of possible

circumstances (Table 2). Stone columns in homogenous

soil with constant stiffness (in Table 2, Es = E (0)) were

tested first followed by that of Gibson soil.

Small foundation improved by stone columns is a three

dimensional problem. The interactions of column-soil-

footing are complex, so as the deformation modes. How-

ever, a well calibrated approximation method can convert

the 3D to 2D problem without distorting the deformation

mechanism severely; indeed the study by Tan and Ng [20]

has shown that the concentric ring model [21] is able to

simulate the 3D problem with good agreements. Taking

advantages of this 2D axisymmetric model, the 12 vali-

dation case were modelled with this approach.

In all cases (both calculation and FEM), the transfer

layer is 0.5 m thick with a stiffness of 10000 kN/m2, while

stone column stiffness is always ten times the stiffness of

soil, i.e. effective modular ratio, Ec/Es = 10. Based on field

data, Han [22] suggested the modulus ratio (Ec/Es) should

be limited to 20. On the other hand, Ng [23] has discussed

on the influence of the soil stiffness and the column stiff-

ness on the settlement performance. Changing the columns

stiffness while keeping the same soil stiffness results in

negligible influence when the Ec/Es ratio is higher than 10.

In other words, the soil stiffness is a more important factor

in settlements calculation. This is intuitively correct since

stone column behavior depends directly on the lateral

support of the surrounding soil [24]. Hence, the proposed

method here suggested the columns stiffness of 10 times

higher than the surrounding soil should be used. Using the

higher Ec/Es ratio in the proposed method will result in

wrong predictions or over predictions of stone columns

improved ground. In view of that, the composite stiffness

can be written as:

Ecomp ¼ ð1þ 9AFÞEs ð9Þ

In FEM analysis, the initial earth pressure, K of 0.7 was

selected to take into account the slight increment in hori-

zontal stress due to installation effects. The effective Pas-

sion’s ratio, v’ is assumed to be 0.3 for all the soil

materials. In addition, the shear strength of the column

material and soil are always assumed to be /c = 40o and
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/s = 25o respectively even though the stiffness are varied

in the validation cases. The Mohr–Coulomb yield criterion

with non-dilantacy was adopted. In all validation cases, the

rigid spread footings were loaded to 150 kPa. In the finite

element model, no horizontal displacement is allowed on

the vertical boundaries of the model placed three times the

footing diameter away from the center axis while the bot-

tom boundary is completely fixed in both the vertical and

horizontal direction, located at least four times the footing

diameter [15].

Homogenous Soil

Validation cases for homogenous soil are represented by

Case 1 to Case 6. The stiffness of the homogenous soil in

this study is a constant but can be as low as 500 kN/m2 to

as high as 30,000 kN/m2. These two extreme values rep-

resent very soft soil and stiff clay type. The results for Case

1 to Case 6 validation cases are presented in Figs. 6 and 7.

All cases in Fig. 7 show settlement profiles under maxi-

mum load of 150 kPa except Case 1 and 5 were subjected

to 100 kPa of loading. Generally, the prediction of settle-

ments not only gives good matches with FEM results in all

the load-settlement curves for footprint replacement ratio

of 0.2–0.7 but also be able to provide a close resemblance

of the settlement profiles.

Case 1, 2 and 5 are having stiffness less than 3000 kN/

m2. These cases show slight underestimation of settlement

with the maximum difference of 9 % occurred in Case 5.

Even so, Case 5 with the lowest stiffness (i.e. 500 kN/m2)

gives good predictions up to 100 kPa, beyond which two

lines diverged. The settlement profile in this case shows

satisfactory settlement calculation for improved layer, but

give a lower prediction of settlement for layer beyond

3D. This is due to the approximation where only 10 %

settlement contributes by layer beyond 3D is not always

accurate especially when the footprint replacement ratio is

high.

Cases with modulus higher than 3000 kN/m2 are pre-

sented by Case 3, 4 and 6. The improvements obtained by

prediction and FEM for Case 4 (virgin subsoil with the

highest stiffness among all cases and AF = 0.7) are 8 % in

differences. In Case 4, the prediction curve for displace-

ment profile matches the curve by FEM fairly well. How-

ever, the load settlement curves exhibits larger settlement

prediction right from the early stage of loading. Even

though the equivalent stiffness for the composite layer is

correct (judging from the curve gradient), the use of 0.6

Lopt has overestimated the plastic zone thickness slightly.

Gibson Soil

Gibson soil with the changing of stiffness with depth is

represented by Cases 7 to 12. The symbol ‘‘i’’ in the last

column of Table 2 denotes the rate of change in the

function of surface stiffness. The values spread between

0.05 and 0.4 to represent a low rate stiffness change to high

rate stiffness change over depth, whereas the stiffness

0

40

80

120

160

1 1.5 2 2.5 3 3.5

Lo
ad

in
g 

(k
Pa

)

fy

9 col.

25 col.

49 col.

64 col.

100 col.

Fig. 5 Correction factors for composite stiffness—Gibson soil

Table 2 Validation cases for

homogenous soil and Gibson

soil type

Cases No. of col. AF E(0) (kN/m2) Eincr (kN/m
2) i: E(z) = E(0) 9 (1 ? iz)

1 9 0.2 2000

2 16 0.3 1500

3 100 0.2 10000

4 49 0.7 30000

5 25 0.6 500

6 64 0.4 7500

7 49 0.4 750 100 0.4

8 81 0.6 15000 1500 0.1

9 9 0.5 5000 1000 0.2

10 64 0.2 1000 300 0.3

11 36 0.7 4000 800 0.2

12 25 0.3 8000 400 0.05
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increment ranges as low as 100 kN/m2/m to as high as 1500

kN/m2/m.

In the settlement calculation using the method proposed

above, the problems are divided to one layer for transfer

layer, three layers in plastic zone and two layers in zones

beneath plastic zone. All the stress of each layer is

calculated at the mid-plane of the layers. The settlement

predictions for the validation cases are shown in Figs. 8

and 9.

In general, the prediction with the proposed method

produced reliable answers except when the footings are

reinforced with large spacing of the columns or the
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Fig. 6 Load-settlement plots for Case 1 to Case 6
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stiffness is very low. As in Case 10 when the footprint

replacement ratio, AF is 0.2, the settlements are under-

predicted for about 20 % although the settlement profiles

are showing a fair agreement. On the other hand, in very

low stiffness soil like what happened to Case 7, equivalent

stiffness are over predicted results in less estimated set-

tlement (11 %) compared to the FEM.

For large group column cases with high replacement

ratio in stiff soil condition, the proposed method predicts

settlements that exceed the FEM results by approximate
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Fig. 7 Settlement profiles for Case 1 to Case 6
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11 % exemplified in Case 8. This is because the assump-

tion of the plastic zone thickness is not always correct and

exact in which the current method suggests 14 m thick

while FEM approximated its thickness as 10 m.

Discussion

In all the twelve validation cases, the predictions from the

current proposed method are good compared to FEM in
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Fig. 8 Load-settlement plots for Case 7 to Case 12
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terms of total settlement and displacement profile espe-

cially for AF = 0.3–0.5 and soil stiffness Es between 1000

and 8000 kN/m2. The discrepancy between the results of

proposed method and FEM are kept below 20 % for all the

circumstances represented by these 12 cases. It is common

in construction practice to adopt higher replacement ratio

for the soft soil while lesser in stiff soils, therefore this

method can produce a reliable answer to the settlement

value for typical ranges of AF = 0.3–0.5 for footing sup-

ported by small groups of columns.
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Fig. 9 Settlement profiles for Case 7 to Case 12
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Stiffness of the soil, Es is the key geotechnical parameter

in settlement calculation. Most of the design approaches

which adopt elastic theory, their soil stiffness is seldom a

constant but depend on many factors (e.g. soil types, initial

stress state, stress history, and stress level). Contrary, the

proposed approach here is not founded on elastic contin-

uum theory but developed on the basis of elastic–perfectly

plastic theory, the Young’s modulus of soil, Es is therefore

a constant and can be easily obtained from the drained

triaxial test (the authors would suggest secant modulus

correspond to 50 % ultimate load). Hence, it is a much

easier design approach than the simple elastic approach

where the selection of the soil stiffness is more difficult to

be justified as it needs to account for the plastic straining

(which only happen at the upper part of a footing system)

or the effects of different stress level. A good prediction of

settlement is always contingent upon the correct use of soil

parameters rather than the method itself [25], so the pro-

posed method is able to reduce the risk of injudicious

selection of soil parameters in design.

The concept of optimum length in small columns group

analyses has invoked the idea of optimal design. There

would be saving in terms of construction time and cost by

avoiding unnecessary long columns to be built. In column

groups, the failure modes especially the bending and

shearing mode that happened to outermost columns are a

two dimensional problem that occurs in the plastic zone.

The effect of this has been taken into account by presenting

a correction factor to the composite stiffness in conjunction

with the yielding effect.

The movement of the soil does not vary linearly with

depth illustrated in settlement profile. There are actually

three distinct gradients in the settlement profiles: plastic

zone, elastic zone, and between column toe and depth of

3D. The accuracy of this prediction lied on the good

assumption on the optimum length, thickness of the plastic

zone, equivalent stiffness of the composite ground and the

stress distribution mechanism; those are the essence of this

developed method. None of the current available methods

for group columns settlement calculation have provided the

comparison in terms of the settlement profile in which the

proposed method here has shown.

Even though the proposed method is based on circular

footing, but it can be extended to square footings. The study

by Tan et al. [15] has shown the square footing and the

equivalent circular footing yielded similar results, hence, it

will not be discussed here. The proposed method is not only

suitable for the floating columns but also for end bearing

columns provided the column length is longer than the

optimum length suggested for floating columns (Table 1).

At the present, the state of the art reveals that no attempt

has been made to design the group columns with the idea of

optimum length, subsequently to incorporate the yielding

effect in the reinforced layer. The present work has

demonstrated sensible estimation of final settlement as well

as settlement profile compared to finite element method for

the homogenous and non-homogenous soil layer. Next

section the prediction was made against a field load test for

a 5 columns group problem.

Comparison with Field Data

There is only one partially suitable field case known to

authors that can be used to perform comparison against the

proposed design method. Kirsch [26] carried out an

extensive instrumented load test in order to investigate the

behavior of a group of five stone columns loaded by a rigid

square footing of 3 9 3 m. The 9.0 m long partially pen-

etrating stone columns with a diameter of 0.8 m were

installed within 11.0 m thick soft alluvial sediment. The

footprint replacement ratio is determined to be AF = 0.28.

Undrained shear strength, cu of the soft soil was determined

to be approximately 12–18 kN/m2. The load test was

conducted as a maintained load test with the kentledge load

system. The test was carried out in several stages held over

a period of 10 days with one unloading reloading cycle.

The details of the load test description can be found in

Kirsh [26].

The proposed method adopted constant soft soil modu-

lus of Es = 2200 kN/m2, using Eu = 200 cu, and cu = 13

kN/m2 as the first approximation. Even though it may not

be fully appropriate to use an undrained stiffness parameter

to predict drained stiffness parameter, it is actually quite

convenient and suitable if this is for design purpose and not

for back analysis. The correction factor, fy for composite

stiffness for 5 columns has not been established, therefore

the fy for 9 columns was adopted. Using the proposed

method suggested in ‘‘Homogenous Soil’’ section, the

results are compared against the field measurements of the

load test as shown in Fig. 10. The predicted settlement

correlates well with the field measurements, although in the

early stage of loading the proposed method is over-pre-

dicted. When the loading is larger than 100 kPa, the pre-

dicted settlement curve appears to be stiffer. The

discrepancy of the result is because the columns tested had

almost reached ultimate capacity when the loading is larger

than 100 kPa, which can be seen by the plunging shape in

the measured curve. The comparison with the FEM anal-

ysis by Kirsch [26] was also made and presented in the

same figure. In Kirsch model, the material properties of the

columns and soil are idealized as being non-linear using an

elasto-plastic flow rule with isotopic hardening. The results

of the numerical and the current analytical method com-

pared quite well. The total capacity of the reinforced

ground is also over-predicted in the FEM simulation

compared to the load test results.
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The settlement profile was not measured in situ and

therefore is not shown here. This prediction can be carried

out in less than five minutes using a readily developed

spreadsheet program. The prediction is considered good

albeit simple in the design approach.

Method Limitation

While the proposed method can predict the final settle-

ments performance of the rigid footing supported by a

group of columns to an acceptable accuracy as well as the

settlement profile, it has inherent limitations as follows:

1. The settlements calculation is valid only to problems

where column length has achieved optimum length. If

the columns toe reached hard layer in depth shallower

than the optimum length, this method is also suitable.

2. The correction factor for composite stiffness has taken

into the account the yielding effect and the failure

mode but only applicable to the column groups of

9–100.

3. The method was developed based on the loading range

of 0–150 kPa. It is understood that if loading are

larger, more plastic straining will occur, that results in

reduced of composite stiffness in the improved layer.

Therefore, it is not advisable to apply this method to a

higher stress level since the correction factor given

here is limited to the range studied.

Conclusion

In this paper, a novel method of computing vertical set-

tlements of small rigid foundations over weak subsoil

deposits reinforced with floating stone columns was pro-

posed. The method is useful due to its versatility to

accommodate changing subsoil conditions with depth and

based on the soil parameters which can be easily deter-

mined. The predicted settlements under the design loads

are compared with the settlements obtained through

numerical approach. The comparison has demonstrated the

capability of the suggested method to produce reliable

results. In addition, the proposed method allows fast esti-

mation of group settlements without recourse to a numer-

ical computer analysis. It is not only that the load-

settlement solution that can be obtained through hand

calculation but also the variation of settlements over depth.

Besides that, the sensitivity studies of the footing dimen-

sions and footprint replacement ratios can be easily carried

out which is useful for early design optimization, before

resort to detail FEM analysis.

A good design procedure is a procedure must be backed

by scientific theory rather than based on fortuitous coin-

cidence as normally happened in the results obtained from

most linear elastic based method. Hence, the proposed

method in this study is based on sound theory by including

the postulation of optimum length and the thickness of the

plastic zone, which are the first ever attempted in stone

column design approaches. The interactions of column-

soil-footing are mooted in this method by introducing the

correction factor to the elastic composite stiffness in the

plastic zone. The validation cases have proved the feasi-

bility of this approach under various circumstances. How-

ever, it is not true to predicate the proposed method works

under all conditions due to the limitations discussed above.

Besides, it deserved to be corroborated by more compar-

ison with field data, as they become available.

Soil modulus has the most profound influence on the

settlements of footing reinforced by stone columns. The

proposed method suggested the use of uncorrected secant

Young’s modulus obtained from the drained triaxial test

leaving reducing uncertainties in the selection of soil

parameters as the column stiffness is also assumed to be ten

times the soil stiffness. In other words, this proposed

method is able to minimize the sensitivity to the estimated

settlements of a column group, making it another advan-

tage over the current methods that are based on purely

elastic theory.
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