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FOREWORD 

 

 

Welcome to the 10
th

 volume and 1
st
 issue of the ESTEEM Academic Journal (EAJ), an online 

peer-refereed academic journal of engineering, science and technology.Since the beginning of 

this year, a number of articles have been sent to us; some of which still being under review in 

their first or second phase, and the first eight of them are being published now, others 

following in the subsequent issue. Article submissions came from different UiTM branch 

campuses across the country and the manuscripts covered a wide range of engineering, 

science and technology topics, all of them being interesting and innovative. 

 

First and foremost, we would like to extend our sincere appreciation and utmost gratitude to 

Associate Professor Dr. Ngah Ramzi Hamzah, Rector of UiTM (Pulau Pinang), Dr.  Mohd 

Mahadzir Mohammud@Mahmood, Deputy Rector of Academic Affairs and Dr. Mohd Subri 

Tahir, Deputy Rector of Research, Industry, Community & Alumni Network for their 

generous support towards the successful publication of this issue. Not to be forgotten also are 

the constructive and invaluable comments given by the eminent panels of external reviewers 

and language editors who have worked assiduously towards ensuring that all the articles 

published in this issue are of the highest quality. In addition, we would like to thank the 

authors who have submitted articles to EAJ, trusting Editor and Editorial Board and thus 

endorsing a new initiative and an innovative academic organ and, in doing so, encouraging 

many more authors to submit their manuscripts as well, knowing that they and their work will 

be in good hands and that their findings will be published on a short-term basis. Last but not 

least, a special acknowledgement is dedicated to those members of the Editorial Board who 

have contributed to the making of this issue and whose work has increased the quality of 

articles even more. Although there will always be cases in which manuscripts will be rejected, 

our work so far has shown that the board members' motivation has been, and will be, to make 

publications possible rather than to block them. By means of intensive communication with 

authors, academic quality is and will be guaranteed and promising research findings are and 

will be conveyed to the academia in a functional manner. 

 

Dr. Chang Siu Hua 

Chief Editor 

ESTEEM Academic Journal 

Vol. 10, No. 1 (2014) 

(Engineering, Science & Technology) 
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PARAMETRIC STUDY ON THE SETTLEMENT 

IMPROVEMENT FACTOR OF STONE COLUMN 

GROUPS 

Ng Kok Shien
1
 and Tan Siew Ann

2  

1
Faculty of Civil Engineering, UiTM (Pulau Pinang), Malaysia. 

2
Department of Civil and Environmental Engineering, National University of Singapore, 

Singapore. 
1
ngkokshien@ppinang.uitm.edu.my; 

2
ceetansa@nus.edu.sg  

ABSTRACT 

In the design of floating stone column groups, the footprint replacement ratio 

is of great importance when attempting to reduce the amount of settlement. 

This paper shows the parametric study performed to determine the effects of 

other contributing parameters such as friction angle of column material, 

thickness of granular bed, column stiffness, soil stiffness and their relationships 

with footprint replacement ratio and loading intensity. The study was 

conducted using finite element method via the commercial geotechnical 

software PLAXIS.  The parametric results have shown that the friction angle of 

the stone column material and the thickness of granular bed have the most 

profound effect on the settlement improvement factors. The influence of these 

factors are larger if the numbers of columns in a group is smaller, and the vice 

versa. Column stiffness is of less influence compared to soil stiffness and when 

the modulus ratio is larger than 20, the influence of these two parameters are 

very small and negligible. The stress transfer mechanism and the yielding 

characteristic were discussed pertaining to the influence of the key parameters 

on the settlement improvement factor. Finally, design recommendation was 

given to help the practicing engineer in designing the stone column group.  

Keywords: floating stone column; settlement improvement factor; optimum length; finite 

element; parametric study. 

1. INTRODUCTION 

Lack of suitable land for development has prone the use of the marginal site. This site requires 

treatment before it can be used to facilitate construction of buildings and infrastructure. Stone 

column is therefore come into place as it allows more loads to be placed on the improved 

ground with lesser settlement induced. Stone column has gained its reputation through 

successful application in many case histories (Munfakh, Sarkar, & Castelli, 1983; Raju, 2002; 

Arulrajah, Abdullah, BO, & Bouazza, 2009; Stuedlein & Holtz, 2013). Most of the case 

histories are about improvement of soft ground for large structures such as embankments and 

industrial tanks, and not many are on small foundations supported structures. These small 

foundations are supported by limited number of columns and the design for this is different 

from the infinite columns grid. Current design approach to calculate the settlement of small 
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stone column groups supported foundation are either simple in approach e.g. elasticity theory 

by Rao & Ranjan (1995) or semi-emperical in nature e.g. Lawton & Fox (1994). 

In addition, the stone columns for small foundation can be of floating type as the stress 

concentration happens near the foundation base. However, none of the current design 

approach adopts optimum length concept except in the previous work of authors (Tan, Ng, & 

Sun, 2014).  In the study, the optimum length, Lopt was suggested to be 2.2D where D is the 

diameter of footing. The optimum length was defined as length in which beyond it will not 

confers extra advantage. Besides, the relationship between the footprint replacement ratio, AF 

and settlement improvement factor, n was established (Figure 1). Footprint replacement ratio, 

AF = Ac /A, where Ac = area of columns, and A = footing area while settlement improvement 

factor, n = the ratio of settlement without stone column over settlement with stone column. 

The results demonstrated the importance of the footprint replacement ratio in reducing the 

settlement. The analyses was conducted using two dimensional finite element method where 

stone columns were simulated as series of concentric ring as shown in Figure 2 for 36 

columns with AF = 0.5. The details of the numerical model is describe in following section. 

     

Figure 1: Settlement improvement factors.            

 

Figure 2: Numerical model. 
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This paper is the extension of work from Tan et al. (2014). Table 1 shows the material 

properties for the reference case used in parameteric study. The effects of other contributing 

parameters such as friction angle of column material (c’), thickness of granular bed (t), 

column stiffness (Ec), soil stiffness (Es) and their relationship with footprint replacement ratio 

(AF) and loading intensity (q) are presented in this paper. One parameter was altered from the 

reference case (Table 1) each time to investigate the influence or the sensitivity of each 

parameter on the settlement performance. Only the results of floating stone columns with 

optimum lengths are showed here.  

Table 1: Materials properties for group columns. 

Name Soft soil Stone column Granular bed 

Type Drained Drained Drained 

b /sat [kN/m
3
] 18 18 18 

v’  0.3 0.3 0.3 

E’ [kN/m
2
] 3000 30000 10000 

c’ [kN/m
2
] 0.1 0.1 0.1 

’ [ ° ] 25 40 30 

Ko  0.7 0.7 0.7 

 

2. NUMERICAL MODEL 

Finite element code PLAXIS 2D 2011 was adopted to analyze the spread footing supported 

by group of columns (i.e. 4, 9, 16, 25, 36, 49, 64, 81 and 100 columns). Axisymmetrical 

concentric ring model proposed by Elshazly, Hafez, & Mossaad (2008) was used to convert 

the off center columns to cylindrical equivalent rings. The properties in the ring element are 

kept the same as the stone column material while the radius and thickness of the rings are 

calculated so that the area ratio between column and the footings remains the same. The stone 

columns are always 1.0 m in diamter and this implys that change of footprint replacement 

ratio is obtained from changing the diameter of footing for a same group of columns. A 

uniform footing pressure of intensity q is applied over a footing of diameter (D) on a granular 

bed of 0.5 m thick. Stone columns with optimum length were used to perfomed the parametric 

study. The boundary and mesh sensitivity analyses were conducted for all the column 

configurations in order to reduce the influences of the mesh and boundary on the results of the 

simulations. The standard boundary conditions in the model were assumed such that the 

vertical boundaries are free vertically and constrained horizontally (ux = 0; uy = free) while the 

bottom horizontal boundary is fully fixed (ux&y = 0).  

Uniform loading was applied through a footing with stiffness of EI = 2.1 x 10
5
 kN/m

2 
 which 

can be taken as relatively rigid material compared to soils below. The columns were simulated 

as “wish in place” which means the installation process was not modeled. In this study, the at 

rest earth pressure coefficient is assumed to be 0.7 for all the materials which value is higher 

than the one estimated by the Jaky’s equation (K0 =1 − sin ’) for normally consolidated soils 

but lower than hydrostatic value of 1 adopted by Priebe (1995). In numerical simulations, 

same initial stress was imposed for column and soil to reduce the problems of unbalanced 

forces during the loading stage. Ground water table is located just below the granular bed and 

drained analysis was conducted for all simulations.  
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3. PARAMETRIC STUDY 

3.1 Influence Of Column’s Friction Angle 

Figure 3 indicates the performance of the improved ground when the value of the column’s 

friction angle increases (c’ = 40
o
 to 55

o
) for the column groups of 9 and 64. Generally, the 

settlement reduces as the friction angle increases. As the load level increases, the influence of 

friction angle becomes more significant, as it is also evident from the length of plastic zone 

observed at the upper part as shown in Figure 4. More plastic points  were developed and 

extended to a deeper depth for columns with lower friction angle (45°). While columns with 

higher friction angle (55°) exhibits very little plastic deformation since substantial overburden 

is required in order to fully mobilize the shear strength of the columns. This demonstrates the 

importance of maximum densification needed in course of the installation process.  

The influence of friction angle of column material is larger in small column group than in big 

column group especially when the loading is large. In other words, the effect of slow 

development of irrecoverable plastic yielding in small group due to the higher friction angle is 

more profound than in large column group.  Almost linear trend of improvement is observed 

as the footing replacement ratio increases. However the relationship of footprint replacement 

ratio, loading and friction angle of column material is not clear. For example, under 150 kPa 

loading, 9 columns group shows greater influence of column’s friction angle as footprint 

replacement ratio increases, but on the contrary, the larger groups (i.e. 64 columns) 

demonstrate lesser influence of this friction angle as footprint replacement ratio increases. 

However, for small load level (i.e. ≤ 50 kPa), the influence of friction angle is negligibly 

small for high footprint replacement ratio in particular. 
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Figure 3: Influences of stone column’s friction angle. 

 

Figure 4: Plastic points for AF = 0.3, 25 columns group with (a) c’ = 45
o
 and  (b) c’ = 55

o
. 

3.2 Influence Of Granular Bed Thickness  

The thickness of the granular bed was half meter thick in the reference case. The thickness 

was then varied to 1.0 m and 1.5 m to examine the influence of the thickness to the 

improvement factors. For better comparison, the thickness of the non-improved ground is 

varied accordingly as well. Figure 5 shows the influence of this variable to the settlement 

improvement factors. Increase of granular bed thickness reduce the settlement because of the 

higher stiffness and higher friction angle of the granular bed material compared to the soft soil 

below, true for both of the treated soil and the untreated soil. However, if the ratio of 

                                9 columns                                                                100 columns  1 

  2 

  3 
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settlement is compared, it was found that the settlement improvement ratio reduces as the 

thickness increases. In other words, the contribution of the stone columns to the performance 

of the footing system is lessened.   

The influence of the granular bed thickness is greater as the footprint replacement ratio 

increases. Since the number of column in a group is unchanged, larger replacement ratio 

would also means smaller diameter of footing. As the size of the footing is smaller, then the 

effect of the thickness is relatively larger. This effect is the same as the number of group 

becomes larger. Hence it is the size of the footing that governs the influence of the granular 

bed thickness. Separate study was done to examine the influence of shear strength of granular 

bed.  Negligible influence was observed for different friction angle (35
o
, 40

o
, 45

o
) of granular 

bed for loading range of 50 kPa to 150 kPa. The details of the results are not discussed here. 

                                
Figure 5: Influences of granular bed thickness. 

3.3 Influence Of Column Stiffness 

Stone columns are much stiffer than the surrounding ground. However, the stiffness of 

column is much dependent on the lateral support given by the soil around the column since 

the column material is  a cohesionless material. In this study, columns stiffness are varied 

from Ec = 30000 kN/m
2
 (reference value) to 15000 kN/m

2
, 60000 kN/m

2
, 90000 kN/m

2
, 

120000 kN/m
2
, and 150000 kN/m

2
 (i.e. from modular ratio, Ec/Es of 10 to 5, 20, 30, 40, 50) 

while the soil stiffness, Es remain the same as 3000 kN/m
2
. Figure 6 shows the load-

settlement curves for 9 and 49 columns respectively. The influence of column stiffness is very 

                                   9 columns                                                              25 columns 1 

 2 

 3 
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minor especially when the modular ratio is greater than 20 (Ec = 30000 kN/m
2
). The influence 

is even negligible  when the column groups are small as shown in the results of 9 columns 

group. Low modular ratio i.e Ec/Es = 5 has adverse impact on the settlement performance and 

the effect is more pronouced in larger column group. However, in practice, such a low 

modular ratio is rarely encountered unless the column is not well compacted due to poor 

workmanship or that the original ground is extremely soft, for example, peaty clay with 

undrained shear strength less than 5 kN/m
2
. In addition the impact of different column 

stiffness on settlement performance is greater when the footprint replacement ratio increases 

and this is more obvious in larger group of columns.  

 

Figure 6: Influences of stone column’s friction angle. 

 

Figure 7: Yielding zone (a) Ec = 15000kN/m
2
; and (b) Ec = 150000 kN/m

2
. 

 

 

9 columns                                                              49 columns 1 

   2 

   3 

(a) (b) 
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Figure 7 shows the yielded zone is larger for footing improved with higher stiffness as in the 

example of 100 columns group with AF = 0.4. On the other hand, columns with higher 

stiffness tends to produce friction support to a greater depth compare to the columns with 

lower stiffness although the total settlements are smaller in the case of columns with higher 

stiffness. As a result, the deformation mechanishm is pushed downward and this has created 

larger toe movements in columns with higher stiffness viz. Figure 8. This effect can be easily 

observed if the loading is much larger than the cases here.  

 

Figure 8: Total displacement shading (a) Ec = 15000 kN/m
2
; and (b) Ec = 150000 kN/m

2
. 

3.4 Influence Of Soil Stiffness 

Similar approach as above was adopted, the soil stiffness are varied from Es = 3000 kN/m
2
 to 

6000 kN/m
2
, 1500 kN/m

2
, 1000 kN/m

2
, 700 kN/m

2
, and 600 kN/m

2
 (i.e. modular ratio Ec/Es 

from 10 to Ec/Es = 5, 20, 30, 40, 50) while the column stiffness, Ec remain the same as 30000 

kN/m
2
. Figure 9 presents the plots of settlement improvement factor against different modular 

ratios for 9 and 49 columns respectively. Compared with the influence of column stiffness, 

the influence of soil stiffness on the settlement performance is more significant especially 

when the loading is small e.g. 50 kPa. This is probably due to the improved ground that still 

behave mainly as eleastic under small loading range. While the modular ratio is small i.e. 

Ec/Es = 5, the settlement improvement factors for loading case of 50 kPa is lower than that for 

100 kPa, but when the Ec/Es larger than about 15, the settlement improvement factors for 50 

kPa is higher than that for 100 kPa. This is because when the surrounding soil is weak, the 

improved ground shear strength and equivalent stiffiness are also low and hence the ground 

exhibit mostly plastic behaviour under higher loading. Another explanation to this is that in 

untreated ground, the soil with high stiffness exhibits stronger resistance to the applied load 

(high tangent gradient in load-settlement curve) and this is more influential than the ground 

improvement obtained with stone columns where the contribution of stone column comes in 

at a later stage of loading.   

Under the same loading, group with larger column number gives larger influence in the 

settlement improvement factor as the modulus ratio increases. The reason lies on the greater 



ESTEEM Academic Journal  

Vol. 10, No. 1, June 2014, 55-65  

 

  

 

p-ISSN 1675-7939; e-ISSN 2289-4934 

© 2014 Universiti Teknologi MARA (Pulau Pinang) 

 

63 

interactions among columns in larger groups than in smaller groups. The same explanation is 

also applied to high footprint replacement ratios where the columns spacing are closer and the 

footings are smaller. 

 

Figure 9: Influence of soil stiffness on settlement improvement factors for column groups of 9 and 49. 

Columns surrounded by low stiffness soil attracted more loads than columns surrounded by 

higher stiffness soil as depicted in Figure 10. Stress concentration ratios, ns (ratio of stress in 

the stone columns to that in the intervening ground) for soil with Es = 600 kN/m
2
 are 3.04 and 

3.00 for the inner and outer ring of columns respectively, while for case of Es = 6000 kN/m
2 

the stresss concentration ratios for the inner and outer ring of columns are ns = 2.0 and ns = 

2.6 respectively. In other words, there are more stress relief in the soil with lower stiffness 

compared to the soil with higher stiffness. 

 

Figure 10: Stress concentration for 9 columns group at 50 kPa for soil with (a) Es = 600 kN/m
2
, and (b) Es = 

6000 kN/m
2
. 

Lower stiffness of soil results in larger deformation hence the development of plastic points at 

the upper portion of footing are extended further compared to the results for soil with higher 

stiffness. This can be clearly seen in smaller loading case i.e. 50 kPa as shown in Figure 11a 

& Figure 12a where significant yielding has occurred for soil with stiffness of 600 kN/m
2
 in 

contrast to soil stiffness of 6000 kN/m
2
 where little yielding of improved ground occurred 

around the outer columns. There exists an intrinsic mechanism when the stone column 

contribution kicked in at early stage (during small loading applied) when the surrounding soil 

is soft. Figure 11 (a) shows substatial development of plastic points along the columns while 

    1 
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the surrouding soil is still mainly in the elastic state. As the load increases, the surrounding 

soil around the columns are turned into plastic state (Figure 11b &12b). 

  

Figure 11: Plastic points for 49 columns group with Es = 600 kN/m
2
 group under loading of (a) 50 kPa; and (b) 

100 kPa. 

 

Figure 12: Plastic points for 49 columns group with Es = 6000 kN/m
2
 group under loading of (a) 50 kPa; and (b) 

100 kPa. 

4. CONCLUSION 

A parametric study with numerical approach was carried out to investigate the influence of 

other key parameters on the settlement improvement factors of stone column improved 

foundation. The conlusion drawn pertaining to the drained analysis are as follows: 

a) Friction angle of column material has moderate influence on the settlement 

improvement factors especially when the loading is large and the number of columns 

is small. 
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b) Increasing the thickness of granular bed results in reduction of settlement performance 

particularly for small footing size.  

c) When the soil stiffness is unchanged while the columns stiffness increases, the 

settlement reduction is negligible except when the modulus ratio is small i.e. Ec/Es = 5.  

d) The influence of soil stiffness is more than the influence of column stiffness. Better 

settlement improvements are achieved when the soil is softer and/or subjected to a 

smaller loading.   
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