
Ng: Settlement Ratio of Floating Stone Columns for Small and Large Loaded Areas    89 

Manuscript received September 20, 2016; revised December 8, 
2017; accepted January 20, 2017. 

1 Professor (corresponding author), Faculty of Civil Engineering, 
University Teknologi MARA, Pulau Pinang Branch, 13500 Per-
matang Pauh, Malaysia (e-mail: ngkokshien@ppinang.uitm.edu. 
my). 

SETTLEMENT RATIO OF FLOATING STONE COLUMNS FOR 

SMALL AND LARGE LOADED AREAS 

Kok Shien Ng 
1 

ABSTRACT 

This paper presents two set of 2D finite element analyses that study on the settlement ratio of floating stone column for small 
and large column groups. The settlements of floating stone columns are difficult to be predicted especially for large column 
groups. Unit cell model was used in this study for large column group assuming infinite column grid. The influence of key 
parameters such as column length, area replacement ratio, loading intensity and post installation lateral earth pressure on the 
settlement ratio were investigated. Based on the results, a simplified solution was proposed to calculate the settlement ratio for 
floating stone columns. On the other hand, the settlement performance of floating stone column in small group was examined for 
different area replacement ratio and column length. Design chart developed from this study was validated by a case study where a 
reasonable agreement was obtained. 
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1.  INTRODUCTION 

Stone column is a proven technology in improving the soft 
ground for many geotechnical applications such as road em-
bankment, airfield, residential and light commercial and industri-
al structures. Stone columns are normally constructed to pene-
trate soft soil layer and founded on more competent soil layer. 
This is termed as fully penetrating columns or end bearing col-
umns. Nonetheless, partially penetrating columns or floating 
columns with toe embedded within soft clay layer are sometimes 
used. Most of the time, stone columns are used in groups, either 
under the large loaded area or small loaded area. Understanding 
the differences in failure mechanisms of the large and small 
column groups are vital in estimating the performance of stone 
columns.  

The complex interactions of column-foundation-surrounding 
soil influence the load settlement behavior and the failure mech-
anism of the stone column improved ground. As the size of stone 
column groups increase, the spreading of vertical stress decreases 
and the stress transfer resembles that of a unit cell (Barksdale and 
Bachus 1983). Most of the design methods for calculating 
drained settlements for large column groups are developed based 
on the unit cell model (e.g., Balaam and Booker 1981; Priebe 
1995; Ng and Tan 2015). Large number of field data is available 
for large column groups (McCabe et al. 2009). However, almost 
all of them reported on the stone columns of end bearing type. 
Very limited information is available on the settlement perfor-
mance of floating stone columns for large column groups. Hence, 
it will be useful for the practical engineers if the performance of 
floating stone columns can be predicted from the results of end 
bearing columns. 

There is no distinct definition for small and large column 
groups. However, it should be related to the width of foundation 
and the thickness of layer needing improvement. It is suggested if 
the width of foundation is more than 2 times the soft soil thick-
ness, the stone columns can be regarded as large column groups, 
or otherwise. For large column groups, the settlement of inner-
most column can be simulated using unit cell concept by consid-
ering infinite grid condition. On the other hand, the settlement 
prediction for small column groups is more complicated than 
large column groups because of the stress attenuation with the 
soil mass over the depth and it is also due to the lesser degree of 
confining effect. Most of the design procedure deals with elastic 
approach (e.g., Rao and Ranjan 1985; Lawton and Fox 1994; 
Sehn and Blackburn 2008) do not incorporate the idea of opti-
mum length (Tan et al. 2014). Wood et al. (2000) discussed the 
idea of optimum length invoked from the small scale model test 
where in small column groups the depth at which the prevalent 
strains are found is primarily controlled by the diameter of the 
footing itself, and somewhat influenced by the area ratio. Until 
today, there is no study to investigate the settlement behavior of 
small group floating stone columns using the results of large end 
bearing stone column groups. This study tried to fill the gap of 
knowledge. 

This paper reports on the settlement performance of floating 
stone columns for small and large column groups by means of 
finite element (FE) study. The FE results are presented in terms 
of settlement ratio (S / Suc, where S is the settlement of floating 
column group and Suc is the settlement of end bearing column in 
the unit cell model). In other words, the performance of floating 
stone columns either for large or small groups can be predicted 
using the results of large group end bearing type columns. So far, 
the literature review has shown the convenient of reporting the 
beneficial of column inclusion in soft ground using settlement 
improvement factor, n (ratio of settlement of untreated ground 
over settlement of treated ground) or settlement reduction ratio, 
1/n in almost all stone columns studies or case histories. With the 
introduction of this settlement ratio, it would be of great practical 
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use if the floating stone columns are to be designed since the 
performance of end bearing columns for large stone column 
group can be readily predicted by many available methods such 
as the most popular method by Priebe (1995). The author’s earli-
er works based on the same study (Ng and Tan 2014) has pro-
posed a simple method to obtain the settlement improvement 
factor for the end bearing columns under infinite grid condition, 
valid for   0.1 ~ 0.45 as shown in Eq. (1). 

29.43 1.49 1.06n       (1) 

where  (area replacement ratio) is the ratio of stone column area 
over the area of treated soil. 

2.  LARGE COLUMN GROUPS 

2.1  Numerical Model 

In this study, a large group of stone columns was modeled 
adopting unit cell idealization in FE analysis using the geotech-
nical program PLAXIS 2D. The analyses utilized the Tan et al. 
(2008) model as reference case where a unit cell was modeled as 
axial- symmetry with instantaneous vertical loading of 100 kPa 
uniformly applied through a rigid plate overlying a 10.0 m fully 
penetrating stone column (i.e., depth ratio  L / H  1.0; L  
length of column, H  thickness of soft soil) as shown in Fig. 1. 
The unit cell model utilized an area replacement ratio,  of 0.11 
with column diameter of 0.85 m and influence radius, re of  
1.275 m. The standard boundary conditions in the model were 
assumed such that the vertical boundaries are free vertically and 
constrained horizontally while the bottom horizontal boundary is 
fully fixed. Full saturation condition was assumed in the study 
and drained analyses were performed for all the cases analyzed. 
Both stone column and soft soil were modeled as elastic-    
perfectly plastic model i.e., Mohr-Coulomb (MC) model. Materi-
al properties are shown in Table 1. The strength parameters for 
soft soil and columns materials (friction angle,  and cohesion, 
c) are typically adopted design values. The modular ratio, m   
Ec / Es was taken as 10 which is in the typical range of 10-20 
according to Barksale and Bachus (1983) for soft soil, where Ec 
is the Young’s modulus of column material and Es is the Young’s 
modulus of surrounding soil. Initial stresses were generated with 
Ko procedure with the proposed value of lateral earth pressure,  
Ko  0.7 for both column and soil reflecting wish-in-place ap-
proach adopted in the model. 

A parametric study was conducted to examine the influence 
of key parameters on the settlement ratio of floating stone col-
umns. The key parameters include area replacement ratio, friction 
angle of column material, loading intensity and post installation 
lateral earth pressure. The details of this series of tests are tabu-
lated in Table 2. One parameter was altered from the reference 
case each time to investigate the influence of each parameter on 
the settlement performance. The results and discussion are shown 
in the following sections. Comparison can be made to Ng and 
Tan (2014) where the numerical results are presented in terms of 
settlement improvement factor. Current study has also highlight-
ed on the changes in stress concentration ratio, ns (ratio of stress 
acting on the column to the surrounding soil) when the key pa-
rameters varied. 

 

Fig. 1  Baseline case Tan et al. (2008) model 

Table 1  Materials properties for the unit cell models 

ID Name Type 
sat 

(kN/m3) 
v 

E 
(kN/m2)

c 
(kN/m2)


(  )

1
Soft 
soil 

Undrained 15 0.3 3,000 0.1 22

2
Stone 

column
Drained 15 0.3 30,000 1 40

Table 2  Test series for parametric study 

Influence factor Range of value 

 0.11*, 0.15, 0.2, 0.25, 0.35, 0.45 

c (  ) 40*, 45, 50, 55 

q (kPa) 50, 100*, 150, 200, 250 

K0 0.7*, 1.0, 1.5 
* indicates the parameter for the reference case 

2.2  Influence of Area Replacement Ratio 

The settlement of untreated ground with similar loading 
condition as in the reference case is 248 mm. Figure 2 shows the 
results on the settlement of floating stone column in the unit cell 
for different area replacement ratios. As the depth ratio of stone 
column increases (fully penetrating if   1), the settlement re-
duces. This result proves the potential of floating stone columns 
in reducing the compressibility of soft soil by providing higher 
composite stiffness for the improved layer. If 125 mm of settle-
ment is to be achieved, the necessary replacement ratio () for 
the end bearing column is 0.25. For the floating column with  of 
0.7, it is = 0.45. 

Similar to the performance of end bearing columns, floating 
stone columns demonstrate improved performance when the area 
replacement ratio,  increases. The increase is the result of higher 

Load, q 

Rigid plate 

Roller boundary

Fixed boundary

re 

rc

L



Ng: Settlement Ratio of Floating Stone Columns for Small and Large Loaded Areas    91 

 

 
Fig. 2  Settlement of floating stone column in unit cell 

composite stiffness attained when more number of columns per 
unit area are installed in the ground. Besides, as the area re-
placement ratio increases, more stresses are concentrated on the 
column compared to the surrounding soil (Fig. 3). The stress 
concentration ratio, ns (ratio of stress acting on the column to the 
surrounding soil) increases from 4 to 5, obtained for depth 0.1 m 
below ground surface. These values fall within the typical range 
(i.e., ns  3 ~ 6) measured at site. End bearing columns and float-
ing columns yielded the same results. The stress concentration 
ratio reduced from 5 to 2.4 (at   0.45) as the depth goes deeper. 
The reduction of stress concentration ratio with depth was also 
reported by Lee (2000) and Hong (2003). However, at depth  
5.0 m below ground surface, the stress concentration ratio re-
mains constant as area replacement ratio increases. The result can 
be represented by Eq. (2) which relate the area replacement ratio 
to the stress concentration ratio at the column’s head. 

3.1 3.6sn      (2) 

The settlement ratio of large group floating stone column is 
presented in Fig. 4. The settlement ratio reduces as the column 
length increases until unity (end bearing condition where   1.0). 
Higher area replacement ratio results in a higher settlement ratio. 
For instance, at   0.1, the settlement ratio is near to 3.5 which 
means about 3.5 times the settlement of floating stone column 
compared to the end bearing columns. A near-linear relationship 
of settlement ratio with area replacement ratio and depth ratio can 
be represented by Eq. (3). Area replacement ratio is the most 
important variable in floating stone columns design other than 
the length of columns. By careful selection of these two variables, 
a design engineer can provide optimum design for the stone 
column improved ground.  

1.41 7.9 (1 )
uc

S

S
      (3) 

2.3  Influence of Friction Angle of Column Material 

Figure 5 depicts the effect of different friction angles of 
column material on the settlement ratio. The settlement ratio re-
duces when the friction angle of column reduces. It is known that 
higher friction angle deters the occurrence of plastic points due to 
material yielding at low strain by increasing the yield limit of the 
column material. The effect reduces for low value because the 
failure mechanism change from shearing in the column to 

 

Fig. 3 Stress concentration ratio for different area replacement 
ratio 

 
Fig. 4  Influence of area replacement ratio on settlement ratio 

 

Fig. 5 Influence of friction angle of stone column material on 
settlement ratio 

punching. In a few studies, laboratory shear box test produces 
high friction angle (c  50) for stone column material (Herle et 
al. 2008). However, it is difficult to achieve high friction angle 
(or high degree of compaction) during actual stone column in-
stallation especially when the surrounding soils are very weak 
(low confining strength). From this study, the relationship of 
settlement ratio with friction angle and depth ratio can be pre-
sented by Eq. (4). 

 1 0.029( 40 ) 0.38 (1 )
uc

S

S
       (4) 
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The settlement ratio can be predicted using Eq. (5) by com-
bining the effect of area replacement ratio and column’s friction 
angle: 

1.41 7.9 0.029( 40 ) (1 )
uc

S

S
          (5) 

Stress concentration ratio, ns is much affected when the fric-
tion angle of the column material changes. For example, floating 
column with   0.7 and c   50 has stress concentration ratio, 
ns of 6.5 near the surface while ns  3.5 at depth of z  5 m. The 
increase of stress concentration ratio with the increase of the 
column friction angle is well demonstrated in Fig. 6. Identical 
results are obtained for floating columns and end bearing col-
umns. Higher shear strength of column material prevent earlier 
yielding of column, and enable columns to attract more loads. In 
addition, less load transfer to surrounding soil simply means less 
induced settlement for the whole improved system. The stress 
concentration ratio can be predicted using Eq. (6).  

0.0012s cn   2.2   (6) 

The combined effect of area replacement ratio and column’s 
friction angle on the stress concentration ratio is computed as 
follows: 

3.1 0.4 0.0012s cn      2.2  (7) 

2.4  Influence of Loading Intensity 

The influence of the applied loading on the settlement ratio 
of floating stone columns is depicted in Fig. 7. As the load in-
creases, the settlement ratio reduces. However, the difference is 
small especially for q beyond 100 kPa. This reduction is mainly 
due to plastic straining of the column and soil. As load increases, 
more plastic points are developed around the soil near the column. 
In other words, there is little gain in shear strength for the im-
proved ground while the loading keeps increasing. The column 
length has not much effects on the settlement ratio. 

The effect of applied loading on the stress concentration ra-
tio, ns, was examined as well. It was found that the increase of ns 
with the increase of loading intensity is negligible (ns  3.9 to 4 
for q  50 to 400 kPa). Ichmoto (1981) and Kim (2001) drew the 
same conclusions while other researchers like Watts et al. (2000) 
reported the increase of the stress concentration ratio due to the 
increase of loading intensity obtained from field load test results 
while Greenwood (1991) load test result showed significant re-
duction of stress concentration ratio as the applied load increased.  

2.5 Influence of Post Installation Lateral Earth Pressure 

To account for the installation effect, the post installation 
lateral earth pressure, K was utilized. Based on the back analysis 
for a full scale load test, Elkasabgy (2005) showed the values of 
K fell between 0.7 and 2.0 with average of 1.2. In the current 
study, the influence of this parameter on settlement ratio is 
shown in Fig. 8. Higher K value results in higher settlement ratio 
but the effect is negligible. Similar to other key variables, the 
effect dismisses as  increases. Again, the study here shows the 
stress concentration factor is not much affected by the variation 
in K value (ns  4.0 for K  0.7, 1.0 and 1.5). 

 
Fig. 6 Influence of column’s friction angle on stress 

concentration ratio 

 
Fig. 7  Influence of loading intensity on settlement ratio 

 
Fig. 8 The influence of post installation lateral earth pressure 

on settlement ratio 

2.6 Comparison of Settlement Ratio Prediction with 
Other Methods 

The prediction model using Eq. (5) was compared with three 
different methods, namely Aboshi et al. (1979); Priebe (1995); 
Chai and Pongsivasathit (2010). All these methods require the 
settlement to be calculated for both improved and unimproved 
layer. The settlement of unimproved layer was calculated using 
the constraint modulus of soil, Es,oed.  

In Aboshi’s method adopting vertical equilibrium concept, 
the stresses in the soil, c is calculated as:   

 1 ( 1)
c

sn


 

  
  (8) 

n s
 

z  0.1 m

z  5.0 m

  0.7 m

c  

S/
S u

c 
S/

S u
c 

 

 

q  50 kPa
q  100 kPa
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q  250 kPa
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Ko  1.5
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where  if the applied vertical stress. The stress concentration 
ratio, ns in the above equation can be predicted using Eq. (1). 
Assuming fully penetrating condition, the settlement of improved 
layer can be computed using one dimensional settlement ap-
proach, Suc  c L / Es,oed. Priebe (1995) proposed the settlement 
improvement factor, n2 to calculate the settlement for the end 
bearing columns. On the other hand, Chai and Pongsivasathit 
(2010) proposed the settlement calculation procedure for floating 
cement columns based on a finite element analysis. 

The comparison results in terms of the settlement ratio for  
  0.2 and 0.35 are shown in Figs. 9 and 10, respectively. Iden-
tical results are obtained for Eq. (5) with FEM since the simpli-
fied solution is based on the current FEM analysis. Aboshi’s 
method compared quite well to the prediction model albeit 
slightly under prediction when  and  are small. The good pre-
diction of Aboshi’s method is because of right stress concentra-
tion value being chosen. Both Priebe (1995) and Chai and Pong-
sivasahit (2010) predicted higher S / Suc. In other words, these two 
models overestimated the settlement for floating stone columns. 
However, the magnitude of overestimation reduced when  gets 
larger. Overestimation of Priebe’s method is probably due to the 
fact that this method is customized for end bearing condition 
where punching behavior of floating columns are not considered. 
For Chai and Pongsivasahit’s method, it is developed for cement 
column with high stiffness and characterized using elastic model, 
therefore the yielding of stone columns cannot be captured.  

3.  SMALL COLUMN GROUPS 

3.1  Numerical Model 

Unlike most of infinite column group, small column groups 
are normally constructed to “float” where column’s toe does not 
reach the competent layer. Wood et al. (2000) described that 
column length is relevant only up to a certain point, beyond that 
point, increasing the length of the columns, L confers no further 
advantage. This study investigated the influence of column 
length over the settlement performance and intended to search 
the optimum length, Lopt. Spread footings supported by a group of 
columns (i.e., 4, 9, 16, 25, 36, 49, 64, 81 and 100 columns) were 
investigated using FEM 2D axisymmetrical models. Concentric 
ring model proposed by Elshazly et al. (2008) was used to con-
vert the off center columns to the equivalent cylindrical rings. 
This 2D simplification has been validated in Tan et al. (2013) 
where good agreement was obtained compared to 3D model.  
Figure 11 shows the numerical model for 9 column group. A 
uniform load, q  100 kPa was applied over a rigid footing of 
diameter, D overlying on a granular bed of 0.5 m thick. All col-
umns studied are of the floating type with diameter, dc of 1.0 m. 
Boundary effect was studied where horizontal boundary has to be 
at least 3 times the footing diameter away while vertical bounda-
ry has to be 4 times deeper than the footing diameter. Material 
properties are presented in Table 3. More details on the numeri-
cal models can be referred to Tan et al. (2014).  

3.2  Numerical Results and Discussion 

Physical observations from the numerical study explained 
that the settlement performance of a column group is a combined 
effects of few complex mechanisms (shear, bending, and punch-
ing failure modes) corresponding to the load applied associated 

 
Fig. 9  Comparison results for settlement ratio at   0.2 

 
Fig. 10  Comparison results for settlement ratio at   0.35 

                                                                                                         

  

Fig. 11  Numerical model of small column groups 

Table 3  Materials properties for column group 

Name Soft soil Stone column Granular bed

b orsat (kN/m3) 18 18 18 

v 0.3 0.3 0.3 

E  (kPa) 3000 30000 10000 

c (kPa) 0.1 0.1 0.1 

 ( ° ) 25 40 30 

Ko 0.7 0.7 0.7 

S/
S u

c 

 

S/
S u

c 

 

  0.2

  0.35

FEM 
Eq. (5) 
Priebe (1995) 
Chai & Pongsivasathit (2010)
Aboshi et al. (1979) 

FEM 

Eq. (5) 
Priebe (1995) 

Chai & Pongsivasathit (2010)

Aboshi et al. (1979) 

General information 
Model: Axisymmetry 
Elements 15-Noded 
Nr of soil elements: 5291 
Nr of nodes: 42695 
Average elem. size: 0.4546 m
Boundary > 4B 
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with other fundamental aspects like overall stability and stiffness 
(Tan et al. 2014). Key finding is that the size of the footing inter-
acts with the individual columns to produce a global mechanism of 
deformation in the columns system. This study has shown that for 
all the cases analyzed, the Lopt / D values are ranging from 1.20 to 
2.2 for low to high area replacement ratios as presented in Table 4. 
For the same number of columns, higher area replacement ratio 
means a smaller diameter of footing and a closer spacing of col-
umns. Greater optimum length for higher area replacement ratio in 
fact explains the ability of longer columns to transfer the stress 
from the top to a depth further below. Castro (2014) recommended 
the optimum length as two times the breath of footing. 

The settlement ratio, S / Suc, relates the settlement of small 
group floating columns with the end bearing columns of infinite 
column grid. This study examines column up to 32 m even 
though the length of 40 m using wet construction method has 
been constructed and it is quite common to see soft soil with 
thickness more than 40 m. The range of number of columns ex-
amined is between 4 to 100. The settlement ratios of floating 
stone columns of   0.2, 0.4 and 0.6 are shown in Figs. 12 to 14. 
The settlement of end bearing column in unit cell model, Suc was 
calculated based on the thickness of improved depth, H (where H 
is equal to column length, L) with Es,oed  4,038 kN/m2 using Eq. 
(1). The settlement ratio increases with the increasing number of 
columns or area replacement ratio. Generally, S / Suc is larger than 
unity due to the dominant punching behavior in the short col-
umns and the relatively closer spacing causing the block failure 
effect. When the number of columns and area replacement ratio 
are small, the settlement ratio can be less than unity. Besides, 
lateral spreading of soil below footing also contribute to more 
settlements. As the column length exceeds the optimum length, 
no additional settlement is observed in floating stone columns, 
but in the unit cell model, the settlement increases as the thick-
ness of treatment increases, thus leading to the slight reduction in 
S / Suc. Figures 12 to 14 can be used as design charts for practical 
engineer to predict the settlement of floating stone columns. The 
influence of loading intensity has not been studied. However, the 
effect of plastic straining in the improved layer for floating columns 
is assumed to be similar to the end bearing columns and hence they 
compensate each other. The design example is given as below: 

Design example: A group of 9 stone columns with area re-
placement ratio,  of 0.2, loading intensity, q, of 100 kPa, and 
length, L, of 10 m is to be installed in a thick soft ground with 
constraint modulus of Es,oed  of 4,038 kPa. The settlement of this 
floating stone column group is calculated as follows.   

Step 1: Calculate the settlement of untreated ground under  
oedometric condition, Ss,oed  

Ss,oed  qL / Es,oed  100/4038  10  0.248 m 

Step 2: Use Eq. (1) to predict the settlement improvement   
factors of end bearing columns in unit cell condition.  

n  9.43(0.2)21.49(0.2) 1.06  1.735 

Step 3: Calculate the settlement of end bearing columns in  
unit cell condition, Suc 

Suc  Ss,oed / n 0.248 / 1.735  0.143 m 

Step 4: Obtain S/Suc from Fig. 12 with   0.2 and L  10m  
S/Suc  1.2 

Step 5: Compute the settlement, S of floating column groups. 
S  S/Suc  Suc  1.2  0.143  0.17 m 

Therefore, the settlement of 9 floating column groups is es-
timated to be 0.17 m. 

Table 4  Optimum length for small column groups 

No. of columns  D (m) Lopt (m) Lopt / D 

4 
0.2 4.47 8 1.79 

0.7 2.39 5 2.09 

9 
0.2 6.71 10 1.49 

0.7 3.60 8 2.22 

16 
0.2 8.94 12 1.34 

0.7 4.78 10 2.09 

25 
0.2 11.18 14 1.25 

0.7 6.00 12 2.00 

36 
0.2 13.42 16 1.19 

0.7 7.17 16 2.23 

49 
0.2 15.65 18 1.15 

0.7 8.37 18 2.15 

64 
0.2 17.89 22 1.23 

0.7 9.56 20 2.09 

81 
0.2 20.13 24 1.19 

0.7 10.76 22 2.04 

100 
0.2 22.36 28 1.25 

0.7 11.95 26 2.18 

 
 
 

 

Fig. 12  Settlement ratio of   0.2 for small column groups 

 

Fig. 13  Settlement ratio of   0.4 for small column groups 
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Fig. 14  Settlement ratio of   0.6 for small column groups 

Priebe (1995) presented a design chart relating the settle-
ment ratio of spread footing for the end bearing column consid-
ering the stress distribution below the footing and the lateral con-
finement effect. No details on the area of footing and area re-
placement ratio are provided. It is known that the increase in the 
area replacement ratio reduces the settlement for small and infi-
nite column grid. The author claimed that the settlement of small 
column groups and the settlement of infinite column grid com-
pensated each others for stone columns with   0.1. There was 
no discussion on the optimum length made by Priebe (1995). The 
current study focuses on the floating column type and therefore 
no direct comparison can be made with Priebe’s results. However, 
for reference purpose, the results of   0.2 in this study was 
plotted together with Priebe (1995) as shown in Fig. 15. Non 
dimensional form is used for the length of column, denoted as 
depth ratio,   L / dc. However, current study has shown the set-
tlement performance is governed by the size and area replace-
ment ratio, not the diameter of columns. All curves produced by 
Priebe’s have the value of S / Suc  1. It should be noted that S in 
Priebe’s curve is the settlement for end bearing column for 
spread footing and not the floating columns as used in this study. 
The settlement ratios in this study are much higher than in 
Priebe’s curve. It can be seen that reduction of settlement ratio 
for all curves are steeper in this study than those in Priebe (1995) 
when the depth ratio increases. 

3.3  Comparison with Published Field Data 

The validity of Figs. 12 ~ 14 as design charts is assessed 
with a field data published by Kirsh (2009) where a load test was 
conducted on a group of 5 columns with 9.0 m in length installed 
within soft alluvium sediment of 20.0 m. The floating stone 
columns were loaded by a 3 m square footing. The area replace-
ment ratio of the foundation system is 0.28. Undrained shear 
strength of the soft soil was determined to be 12 kPa to 18 kPa. 
The load test was conducted as a maintained load test with load-
ing stages held over a period of 10 days in total. At the end of the 
first loading stage a total displacement of 9 cm was measured 
under a load 105 kPa. Since the settlement of a large group of 
end bearing columns was not measured at the same site, Suc was 
predicted using Eq. (1). This results in S / Suc  1.3 which is 
slightly lower than S / Suc  1.55 determined from the design 
charts (extrapolation from figures of 2 and  4) which 
gives 10.7 cm settlement for floating stone columns. Slightly 
small settlement measured at site maybe due in part to the slow 
consolidation process of soft soil because of the short duration of 

 
Fig. 15  Comparison of settlement ratio with Priebe (1995) 

load test. Even though the above results provide reasonable 
agreement, however, more real case studies verifications are 
needed before the approach above can be used with confidence. 

4.  CONCLUSIONS 

Finite element analyses were conducted to examine the in-
fluence of key parameters on the settlement ratio for both small 
and large column groups. Some conclusions can be made here: 

Large Column Groups 

 1. The settlement ratio of floating stone columns is much af-
fected by the column length and the area replacement ratio.  

 2. A near-linear relationship exists between the settlement ratio 
and the column length. 

 3. Friction angle of column material has profound influence on 
the stress concentration ratio and moderate influence on the 
settlement ratio. 

 4. Load intensity and post installation lateral earth pressure 
have negligible influence on the settlement ratio and stress 
concentration ratio. 

 5. Predictive model was developed for large column groups to 
predict settlement ratio. It agrees well with Aboshi et al. 
(1979). 

Small Column Groups 

 1. The optimum length, Lopt is mostly controlled by the size of 
the footing ranging from 1.2D to 2.2D. 

 2. The optimum length is not much affected by the number of 
columns but more by the area replacement factors. 

 3. For a given number of stone columns, the settlement ratio 
increases when the area replacement ratio increases. 

 4. As the column groups become larger, the settlement ratio 
also increases.  

 5. The design charts generated in this study has been validated 
by a case study where reasonable agreement is obtained.  

REFERENCES 

Aboshi, H., Ichimoto, E., Enoki, M., and Harada, K. (1979). “The 
compozer—A method to improve characteristics of soft clays by 
inclusion of large diameter sand columns.” Proceedings of In-
ternational Conference on Soil Reinforcement: Reinforced Earth 
and Other Techniques, Ecole des Ponts ParisTech/Laboratoire 
Central des Ponts et Chaussées (ENPC/LCPC), Champs-sur- 
Marne, France, 1, 211216. 

S/
S u

c 

L (m) 

  0.6
No. of columns 

S/
S u

c 

 

This study 
Priebe (1995)   0.2

Increasing no. of columns 



96  Journal of GeoEngineering, Vol. 12, No. 2, June 2017 

Aboshi, H. and Suematsu, N. (1985). “Sand compaction pile method: 
State-of-the-art paper.” Proceedings of the 3rd International 
Seminar on Soil Improvement Methods, Singapore, 112. 

Balaam, N.P. and Booker, J.R. (1981). “Analysis of rigid rafts sup-
ported by granular piles.” International Journal for Numerical 
and Analytical Methods in Geomechanics, 5(4), 379403. 

Barksdale, R.D. and Bachus, R.C. (1983). Design and Construction of 
Stone Columns, Volume I, Washington, DC, USA: Federal 
Highway Administration. 

Castro, J. (2014). “Numerical modelling of stone columns beneath a 
rigid footing.” Computers and Geotechnics, 60, 7787. 

Chai, J. and Pongsivasathit, S. (2010). “A method for predicting 
consolidation settlements of floating column improved clayey 
subsoil.” Frontiers of Architecture and Civil Engineering in 
China, 4(2), 241251.  

Elkasabgy, M.A. (2005). Performance of Stone Columns Reinforced 
Grounds. M.Sc. Thesis. Zagazig University, Faculty of Engi-
neering at Shobra, Cairo. 

Elshazly, H.A., Hafez, D.H., and Mossaad, M.E. (2008). “Reliability 
of conventional settlement evaluation for circular foundations on 
stone columns.” Geotechnical and Geological Engineering, 
26(3), 323334.  

Herle, I., Wehr J.J., and Arnold, M. (2008). Soil improvement with 
vibrated stone columns-influence of pressure level and relative 
density on friction angle. Proceedings of the 2nd International 
Conference on the Geotechnics of Soft Soils, Glasgow, 235240. 

Hong, Y.K. (2003). A Study on Characteristics of Bearing Capacity 
and Stress Concentration of Clay Ground Improved with Sand 
Compaction Piles. Ph.D. dissertation, Kangwon National Uni-
versity, Korea. 

Ichmoto, E. (1981). Results of design and construction of sand com-
paction pile method. The 36th JSCE Conference Discussion, 
Japan, 5155.  

Lawton, E.C. and Fox, N.S. (1994). “Settlement of structures sup-
ported on marginal or inadequate soils stiffened with short ag-
gregate piers.” Vertical and Horizontal Deformations of Foun-
dations and Embankments, Geotechnical Special Publication, 
ASCE, 962974. 

 
 

Lee, K.S. 2000. Finite-Element Modeling of the Stone Column with 
Varying Cross Section. M.Sc. Thesis. Myunggi University, Ko-
rea (in Korean). 

McCabe, B.A., Nimmons, G.J., and Egan, D. (2009). “A review of 
field performance of stone columns in soft soils.” Proceedings of 
the Institution of Civil Engineers-Geotechnical Engineering, 
162(6), 323–334. 

Ng, K.S. and Tan, S.A. (2014). “Design and analyses of floating stone 
columns.” Soils and Foundations, 54(3), 478487.  

Ng, K.S. and Tan, S.A. (2015). “Simplified homogenization method 
in stone column designs.” Soils and Foundations, 55(1), 
154165. 

Ng, K.S., Tan, S.A., and Sun, J. (2014). “A new approach to the 
estimation of settlement and ultimate bearing capacity of stone 
columns supported shallow foundation.” The 8th European 
Conference on Numerical Methods in Geotechnical Engineering, 
Delft, 541546. 

Priebe, H.J. (1995). “The design of vibro replacement.” Ground 
Engineering, 28, 3137. 

Rao, B.G. and Ranjan, G. (1985). “Settlement analysis of skirted 
granular piles.” Journal of Geotechnical Engineering, 111, 
12641283. 

Sehn, A.L. and Blackburn, J.T. (2008). “Predicting performance of 
aggregate piers.” The 23rd Central Pennsylvania Geotechnical 
Conference, Hershey, Pennsylvania, 2830. 

Tan, S.A. and Ng, K.S. (2013). “Stone columns foundation analysis 
with concentric ring approach.” Proceedings of the Third Inter-
national Symposium on Computational Geomechanics, Krakow, 
Poland, 495504. 

Tan, S.A., Ng, K.S., and Sun, J. (2014). “Column groups analyses for 
stone column reinforced foundation.” From Soil Behavior Fun-
damentals to Innovations in Geotechnical Engineering, GSP 233, 
ASCE, 597608. 

Tan, S.A., Tjahyono, S., and Oo, K.K. (2008). “Simplified plane- 
strain modeling of stone-column reinforced ground.” Journal of 
Geotechnical and Geoenvironmental Engineering, 134(2), 
185194. 

Wood, D.M., Hu, W., and Nash, D.F.T. (2000). “Group effects in 
stone column foundations: Model tests.” Geotechnique, 50(6), 
689698.

 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (Japan Color 2001 Coated)
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 400
        /LineArtTextResolution 1200
        /PresetName <FEFF005B9AD889E367905EA6005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed true
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


