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Abstract 

The issue of constructing foundations and embankments over highly compressible 

soft soils is of great importance for geotechnical engineers due to their undesirable 

characteristics such as excessive settlement and low bearing capacity. A number 

of techniques including column-like elements, such as settlement-reducing ‘piles’ 

and vibro stone columns, are available for improving strength of weak soils. These 

techniques are mainly used to reduce the applied pressure on soft soils without 

altering the soil structure significantly.    

Several piled-embankment design procedures (i.e. Hewlett and Randolph, 1988 

and the German method (EBGEO), 2004) currently used by industry appear to 

yield significant difference in predicting the load transfer mechanism within the 

embankment material due to lack of modelling various aspects of the embankment 

geometry, soil properties, and load transfer mechanism with the embankment 

material. 

The use of column-like elements, for improving both the settlement performance 

and bearing capacity of foundations constructed over soft soils is well rehearsed 

for large groups of columns support an infinitely wide load area such as 

embankments and slabs where all columns are equally restrained on all sides; but 

little is understood for lightly loaded low-rise structures supported by pad 

foundations constructed on stone columns, particularly when a crust layer is 

available at the top of the soft soil.  

A two-dimensional Finite Element analysis (FEA) in conjunction with a hardening 

soil model was used in this research to investigate the load transfer mechanism 

within embankment fill using Zaeske’s model (Zaeske, 2001). A frictional design 

method which depends to a large extent on the coefficient of lateral earth pressure 

(K) was used to investigate the load transfer mechanism. It is shown in this 

research that using the friction method in conjunction with a plane of equal 

settlement method can be very useful tool to investigate the load transfer 

mechanism within embankment material. It is also shown in this study that BS 

8006 (2010) revealed unrealistic results when analysing Zaeske (2001) model 

test. 
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This research includes the first comprehensive three-dimensional FEA modelling 

of the presence of a stiff crust layer overlying soft soil for lightly loaded structures 

supported by stone columns. The soft soils at Bothkennar site, Scotland, were 

modelled in this research. The modelling of the Bothkennar field trials has shown 

that both drained and undrained analyses agree very well in predicting a long-

term settlement. The presence of a stiff crust has a significant influence on the 

deformational mode of the stone columns which is not normally captured by 

laboratory tests. It was found that the lateral bulging is constrained by the crust 

at the upper part of the column. It has been demonstrated in this research that 

the use of geogrid encasement around the column improves the column bearing 

capacity and their stress-displacement behaviour beyond an average applied 

pressure of 70 kPa. The greater the length of encasement used, the more the total 

and differential settlement are reduced. The encasement of the top metre of the 

column reduces the lateral bulging considerably. However, the lateral bulging can 

also reduce significantly by extending the encasement below the maximum lateral 

bulging zone (around 2 times the diameter of the column). It was found that the 

most common design method (Priebe, 1995) underestimates the settlement of the 

stone columns; this is attributed to the fact that Priebe (1995) method does not 

consider the presence of a stiff crust layer, also it does not take account the 

disturbance of the sensitive soft clay during the installation of the stone columns 

which will contribute to the increase of footing settlement during the field trials.  

Finally, a simplified design method derived by Satibi (2009) has been modified to 

estimate the relative settlement reduction ratio (RSR) of small and large groups 

of stone columns with the knowledge of the foundation applied pressure, column 

diameter, column spacing, and the column installation effects. It appears that the 

effectiveness (RSR) of the stone columns lies in the range 0.6-0.95 and (0.35-0.6) 

times the soil layer thickness for small and large groups, respectively. The RSR 

ratio predicted by the FEA agrees quite well with the analytical model when the 

soft layer thickness over critical column length ratio is in the range of 2 to 5. 
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CHAPTER 1  

Chapter 1: INTRODUCTION 

1.1 Background 

Soft soils cannot sustain external loads without exhibiting large deformations. 

Several solutions are available to improve the strength and mechanical 

characteristics of soils such as ground improvement and stabilisation methods. 

Ground improvement and stabilisation is a broad field which may include a variety 

of techniques such as soil consolidation, soil replacement and column-like 

elements. This research, however, limits itself to ground stabilisation methods 

using column-like elements. Piled-embankments and vibro stone columns provide 

a possible solution for the construction of roads, railways and foundations over 

soft soils. The fundamental principle of the piled-embankment and vibro stone 

columns techniques is to relieve the stress on the weak soils without a major 

change in that soil’s structure. The installation of both large displacement piles 

and stone columns will displace soft and loose soils laterally altering in-situ soil 

properties such as the lateral stress in the soil. Therefore, any change to the initial 

stress state may be attributed to the lateral soil displacement as a result of 

installation. 
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The vibro stone columns can be installed using various methods in a regular grid 

in low bearing capacity or high compressibility soils. A component material of 

columns is stiffer than the surrounding soft soil. Therefore, they attract a 

significant portion of applied load at ground level. The loads taken by the soil thus 

can be reduced as a result of ground improvement to a level where the foundation 

settlement and bearing capacity becomes satisfactory and in line with the structure 

specified performance. Embankments and foundations constructed on piles and 

stone columns have advantages over conventional forms of ground improvement 

(i.e. preloading and surcharging) as they are relatively rapid to construct and do 

not require extended time periods that other ground improvement techniques 

demand (Liu et al., 2007).  

Piled-embankments are used in construction of railways and highways on weak 

soils because the majority of the load will be carried by the piles rather than the 

soft soil leading to a significant reduction of the total and differential settlement 

compared with traditional soft soil improvement methods (Han et al., 2014). If a 

load is applied on top of the piled-embankment system, a differential settlement 

tends to occur between piles and the surrounding soft soils which will cause the 

granular embankment material above the relatively rigid piles to settle less than 

the material above the soft soil. Shear stresses will be developed within the 

embankment as a result of the differential settlement of the underlying weak soil 

leading to vertical stress redistribution from the embankment over the weak soil 

to the top of the piles (arching). The settlement performance of the piled-

embankment system relies upon the ability of the embankment material to arch 

between two adjacent piles.  

While the bearing capacity of the piles has been well investigated by many 

researchers, a dearth of information exists regarding the effect of using soil lateral 
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pressure as an illustration for embankment arching phenomena. The most 

common design methods used in the UK (i.e. the ‘Guido’ method, 1987; Hewlett 

and Randolph, 1988; BS 8006, 2010) can estimate quite variable stresses acting 

on top of the soft soil ignoring completely the soft soil properties. Little work has 

been carried out to investigate the arching action using the profile of normalised 

earth pressure coefficient (K/Kp) on a vertical profile at the midpoint between piles 

after the application of embankment surcharge (Zhuang, 2009). Previous works 

have not comprehensively modelled the material of the piles and the surrounding 

soils. Piles were modelled as a rigid support and the soft soil is simulated as a 

vertical stress applied at the bottom boundary of the model. Zhuang (2009) 

presented the profile of normalised earth pressure coefficient (K/Kp) on a vertical 

profile at the midpoint between piles method claiming that this method gives a 

good illustration of arching behaviour. The research reported in this thesis used 

the frictional method presented by Zhuang (2009) in combination with the plane 

of equal settlement method to describe the development of arching within the 

embankment fill material in an attempt to address the lack of knowledge and 

understanding of embankment arching. 

The use of stone columns as a ground improvement technique has been 

successfully implemented around the world. Foundation design in soft soils is 

usually governed by settlement performance criteria rather than bearing capacity 

due to their compressibility. The majority of studies are related to the bearing 

capacity of large groups of stone columns (Black, 2006; McCabe et al., 2009; 

McCabe and Killeen, 2016). The lack of information regarding the settlement of 

stone columns used to support a narrow shallow foundation for lightly loaded low- 

rise structures was identified by McCabe and Killeen (2010) and Serridge (2013). 

It is difficult due to scale effects associated with the laboratory tests to draw 
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definite conclusions with regard to the settlement and deformational behaviour of 

stone columns (McCabe and Killeen, 2016), and also the influence of lateral 

bulging and stone column reinforcement on the settlement performance at 

working stress levels. 

1.2 Research aims and objectives 

The aim of this research is to build upon previous studies and use commercial 

software to predict the effect of installing column-like elements (precast concrete 

piles and stone columns) upon granular embankment arching and pad foundation 

behaviour. Mechanically, the modus operandi of precast piles and stone columns 

differ significantly, the former operates largely by carrying stress down to a more 

substantial stratum better able to carry the load whilst the latter tend to improve 

the upper weak soil. Yet both seek to address the same problem and can be 

analysed with similar tools. To achieve the above aim, an in-depth investigation 

was carried out by building a numerical model based on the Finite Element 

method. The numerical analyses were verified against well-established case 

studies as presented by Zaeske (2001) and Serridge (2001). The specific 

objectives of the study reported herein have been to: 

i. Examine the development of embankment arching after the application of 

embankment surcharge using the profile of normalised earth pressure 

coefficient (K/Kp) on a vertical profile at the midpoint between piles method 

combined with the plane of equal settlement method. 

ii. Investigate the effect of shallow crust layer upon the behaviour of the stone 

columns beneath pad footings for lightly loaded structures.   

iii. Investigate the settlement performance of ordinary and encased stone 

columns surrounded by soft soil in short and long-term conditions. 
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iv. Combine a simplified analytical design method derived by Satibi (2009) 

with the Priebe (1995) method to calculate the relative settlement 

reduction ratio associated with small groups of “floating” stone columns 

(i.e. columns not penetrating the full-depth of the weak soil). 

1.3 Methodology 

A series of two (2D) and three-dimensional (3D) Finite Element analyses are 

presented to investigate arching of piled-embankments and the settlement 

performance of small groups of stone columns beneath pad footings. PLAXIS is a 

Finite Element program which is specifically developed to perform geotechnical 

analysis and is adopted for this thesis (Killeen, 2012). An advanced constitutive 

model is used to simulate soil stress- strain behaviour of soil and stone columns. 

The soil profile adopted for piled-embankment analysis is that of the well 

characterised test model described by Zaeske (2001) and Kempfert et al. (2004). 

A soil profile and set of material parameters is used for the well-characterised 

Bothkennar test site to develop a better understanding of the behaviour of small 

groups of stone columns. The adopted soil profile and material properties are 

validated against published data by Jardine et al. (1995) and field trials of Serridge 

(2001). The analysis is extended to perform a parametric study to investigate the 

influence of key parameters. The effect of column spacing, length, foundation 

depth and dimension and the presence of a stiff crust play a key role in the 

settlement performance of stone columns. Furthermore, a simplified analytical 

model has been used to investigate the improvement of footing settlement due to 

the installation of stone columns.  
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1.4 Outline of thesis 

A detailed description of the piled-embankment and the stone columns are 

provided in Chapter 2. A comprehensive review of the piled-embankments 

standards and available design methods is presented. Furthermore, a 

comprehensive review of the previous investigations of the stone columns such as 

laboratory modelling, field trials, analytical models, and numerical analysis is 

presented. Numerical analysis of arching effect and reinforcement materials 

tension (geogrids) developed in the piled-embankments are also reviewed. 

Column installation effect modelling in FEA is also discussed. The material model 

(Hardening Soil model) used in the FEA is discussed. Finally, the drained and 

undrained analysis (long-term behaviour) of the soft soil in PLAXIS program is 

discussed.  

The accuracy of PLAXIS 2D to capture the load-settlement, geogrid tension force 

and pile loads is assessed in Chapter 3. The adopted soil profile and material 

parameters are described by Zaeske (2001) and Kempfert et al. (2004). Zaeske’s 

model test is simulated with PLAXIS 2D and the predicted pile loads, geogrid 

tension force, and efficacy are validated with Zaeske (2001) measurements. The 

results from the piled-embankment analysis of this thesis regarding the influence 

of the normalised earth pressure coefficient upon characterising the arching effect, 

the developed tension in the geogrid reinforcement, and the influence of the key 

design parameters are presented and interpreted in Chapter 3.  

A series of field tests installed in the Bothkennar site by Serridge (2013) are 

simulated and the predicted settlement are compared with the measured 

settlement on site. A well characterised Bothkennar soil profile and soil parameters 

are taken from a thorough investigation conducted by McCabe et al. (2009) which 
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also validated against Jardine et al. (1995) field trials. The Bothkennar field trials 

are simulated by PLAXIS 3D and the results of this thesis regarding the settlement 

performance, ground settlement profile at ground level, lateral bulging and the 

influence of encasement and their depths upon the settlement performance are 

presented and interpreted in Chapter 4.  

A simplified analytical design method to estimate the improvement of footing 

settlement as a result of stone column installation for a group of stone columns is 

presented in Chapter 5. The analytical model is further developed to evaluate the 

effectiveness of stone columns to support pad and strip footings. The results of 

the analytical design method are compared with 2D Finite Element analysis. The 

influence of soft soil thickness, lateral earth pressure coefficient, column effective 

length upon settlement reduction ratio is discussed. The mode of deformation for 

a specific column length is presented and interpreted, accordingly. 

Finally, the conclusions and the recommended future works are presented in 

Chapter 6. A better understanding of the piled-embankment arching and of the 

behaviour of lightly loaded narrow footings supported by small groups of stone 

columns installed using the dry bottom- feed technique is gained, and the findings 

can be used by the industry to relate with the existing design methods and 

standards.  
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CHAPTER 2 

Chapter 2: LITERATURE REVIEW 

2.1 Introduction 

The design and construction of foundations over soft compressible soils is a real 

challenge for the industry and geotechnical engineers due to the insufficient shear 

strength and high compressibility of the soft soils. A variety of techniques are 

available to overcome the difficulties associated with excessive settlement and low 

bearing capacity of the soft soils. Column-like elements such as piles and vibro 

stone columns are considered to be the most known (column-like elements) 

ground improvement techniques used to enhance the bearing capacity and 

settlement performance of the foundations constructed over soils with undesirable 

characteristics (Kempfert and Gebreselassie, 2006). Deep foundations such as 

piles as a technique have been used in civil engineering construction industry for 

a very long time. In Britain, examples of pile foundations can be dated back to the 

Romans who used piles in bridge works (Tomlinson, 2015). However, stone 

columns as an improvement technique were developed from the vibro compaction 

technique in mid 1930’s (Serridge 2013). The vibro stone column technique was 

developed in 1956 to allow the treatment of the cohesive fine-grained soils using 

the vibratory action of the vibroflot (the principal piece of equipment used to install 

the stone columns). Piles can be installed to different lengths (depending on 

technique) and their main function is to transfer the loads to a deeper bearing 
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layer. Stone columns can be installed up to 15 m and can replace up to 35% of 

the soft soil (McKelvey et al., 2004). Vibro concrete columns and stone columns 

encased with geotextile developed by Van Impe and Silence (1986) are hybrid 

vibro techniques. In soft clays, bulging is the most common mode of failure due 

to insufficient lateral confining pressure provided by the surrounding soil. 

Therefore, it is more convenient to use encased stone columns in very soft soils 

to enhance the column bearing capacity and settlement performance because of 

the lateral support provided by the geotextile casing (Han and Gabr, 2002).  

2.2 Classification of soft soil 

Soft soil layers may extend to a depth of more than 30 m in the UK and elsewhere 

(Kempfert and Gebreselassie, 2006). In the UK, many cities and towns are located 

at river crossings for ancient strategic reasons, near estuaries, deltas or lakes. 

New roads and railway alignments frequently pass over soft soils or loose sands. 

Therefore, it is important to describe and classify soft soils to identify their 

characteristics among the wide variety of soil types to be understood by the 

geotechnical engineers and researchers. Soft soil (very soft to soft consistency) is 

normally defined as a normally consolidated fine grained soil (Bjerrum, 1973). 

Consistency of soils is determined from hand tests and can be used alongside other 

parameters to classify fine grained soils. Consistency has no quantitative 

connotation. Soil may be classified as soft clay if the following criteria have been 

fulfilled (Gaba et al., 2017): 

- very soft to soft consistency with a consistency index;  

𝑰𝒄 =  
𝑳𝑳 − 𝒘

𝑳𝑳 − 𝑷𝑳
 < 𝟎. 𝟓 (2.1) 

where LL is the liquid limit, w is the water content, and PL is the plastic limit. 
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- the undrained shear strength Cu ≤ 40 kPa (where laboratory or field tests 

of strength are available); 

- Finger easily pushed in by up to 10 mm. Moulds with light finger pressure 

(BS5930, 2015). 

The nature and properties of the soil such as sensitivity to vibration (soil sensitivity 

is defined here as the ratio between the undisturbed shear strength at failure and 

the remoulded shear strength in the field vane shear test) must also be carefully 

investigated. Some applications, such as the vibro stone column technique, are 

not recommended in very sensitive soils with a sensitivity greater than 5 due to 

the dramatic reduction in the soil shear strength if the soil is disturbed by the 

installation of the columns (Serridge, 2013). 

The study of soil behaviour may be approached by measuring index properties, 

compression properties, strength properties, and deformation properties. The 

study of soil behaviour is out of the scope of this research topic and can be found 

in various resources (Lambe and Whitman, 1979; Terzaghi et al., 1996). 

2.3 Soil primary compression 

The ratio of the lateral effective stress to the vertical effective stress is known as 

the coefficient of lateral earth pressure K, and is given by: 

𝑲 =  
𝝈𝒉

′

𝝈𝒗
′  (2.2) 

𝝈𝒗
′ =  𝝈𝒗 − 𝒖  and  𝝈𝒉

′ =  𝝈𝒉 − 𝒖   (2.3)  

where 𝛔𝐡
′  and 𝛔𝐯

′  represent the effective lateral and vertical stresses respectively, 

u is the pore water pressure, and 𝜎ℎ and 𝜎𝑣 represent the lateral and vertical total 

stresses respectively. The soil stress increases during the sedimentation process 
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of a normally consolidated soil (Lambe and Whitman, 1979). Where there has been 

no lateral deformation, the value of K is then known as the ‘at rest’ value and is 

given the symbol Ko.   

Ko can be determined either from laboratory tests carried out on an undisturbed 

sample or from field tests. However, in the absence of tests or for simplicity Ko 

can be estimated from the well-known empirical formula (Jaky, 1948): 

𝑲𝒐 = 𝟏 − 𝒔𝒊𝒏 ∅′ (2.4) 

where φ ̕ is the soil effective angle of internal friction. However, there are also 

other empirical equations to estimate Ko, particularly in soft soils. Jaky’s formula 

which is widely accepted among engineers and researchers underestimates the Ko 

value for soft soils. In order to find out the right approach to calculate Ko, 

measured Ko values from Scherzinger (1991) and published work by Alphan 

(1967), Lee and Jin (1979) and Sherif and Koch (1970) were compared with Jaky’s 

formula (Figure 2.1) for lacustrine soft clays.  

 

Figure 2.1 Empirical equations after Kempfert and Gebreselassie (2006) to 

estimate K0 from (a) plasticity index Ip, (b) liquid limit WL and (c) effective angle 

of friction φ ̕ (Scherzinger, 1991). 
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The Ko values obtained from Jaky’s formula lies outside the range of Ko values 

measured by Scherzinger (1991). Hence, the Ko values calculated based on 

Scherzinger’s (1991) work are adapted in the subsequent piled-embankment 

numerical analysis (see Figure 2.1). The effective angle of friction of the soft soil 

was used to determine the coefficient of lateral pressure at rest (Ko). 

2.4 Soil improvement and stabilisation techniques 

There are several foundation solutions available to overcome the undesirable 

characteristics of the soft soils. These solutions could be classified as follows: (1) 

change the embankment material by using lightweight materials, (2) improve the 

ground by the use of preloading, surcharging, stone columns, (3) acceleration of 

consolidation process such as vertical drainage, (4) technique to use structural 

support such as piles, (5) technique to use reinforced embankment fill (Magnan, 

1994). 

Each solution has its own advantages and disadvantages. Ground improvement 

and stabilisation methods are used to control the undesirable characteristics of the 

soft soils like excessive settlement, differential settlement and global instability of 

the foundations. Figure 2.2 illustrates and categorises the different methods and 

techniques available.  

The benefits associated with each technique are out of the scope of this research. 

This research is limited to soil stabilisation methods using column-like elements 

such as stone columns and piled-embankment techniques. The main advantage of 

the latter technique is to reduce the applied stress on the weak soils without 

significant alteration in the soil structure, while stone columns can combine the 

action of piles with the improvement of weak soil. Therefore, it is important to 



Chapter 2 Literature Review 

13 

 

highlight the benefits associated with the use of each soil stabilisation method 

discussed in this thesis. 

Consolidation

Soil improvement and stabilization 

methods

Soil replacement
Column type 

element

Static 

consolidation
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consolidation
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- Displacement piles
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Figure 2.2 Overview of the soil improvement and stabilisation techniques 

(Kempfert and Gebreselassie, 2006). 

Underlined text indicates aspects of the stone column technique as discussed 

further in this thesis. 

2.4.1  Piled-embankment system advantages 

There are many advantages associated with the use of the piled-embankment 

system and they are as follows (Liu et al., 2007):  



Chapter 2           The University of Nottingham 

14 

 

- various geotechnical techniques can be addressed using a pile supported 

embankment method; 

- rapid to construct and do not require extended time periods that many 

conventional forms of ground improvement demand; 

- reduce total and differential settlement significantly. 

Figure 2.3 shows several factors that are related to the settlement of the improved 

ground. Therefore, it is important to elucidate the mechanism of the settlement of 

improved ground with friction or end bearing piles. 

 

Figure 2.3 Main four elements influencing (reinforced) piled-embankment 

system. 



Chapter 2 Literature Review 

15 

 

The piled-embankment technique is one of the most common options when 

constructing roads and railways over soft soil because it is an economic and 

effective solution in comparison to other techniques (Ishikura et al., 2006). The 

piled-embankment technique enables the efficient construction of roads or high 

embankments on soft ground with a deep soil layer. 

Ground improvement methods using column-like elements have been used since 

the 1960’s in road and railway embankments (Kempfert and Gebreselassie, 2006). 

The basic principle of a reinforced embankment on rigid piles is to relieve the load 

on the soft soils and to transfer applied loads to a competent layer to avoid 

aforementioned problems in soft soils. Piled-embankments have been used with 

or without geosynthetic reinforcement at the base of the embankment (called 

conventional and reinforced piled embankments, respectively). The pile-

embankment system is a complex system where four materials including soft soil, 

embankment fill, column-like element and geosynthetic (if reinforced) mainly 

influencing the settlement performance and the load transfer mechanism within 

the embankment fill. 

Since column-like elements used to support the embankments are typically 

constructed with larger column diameters, therefore, this solution negates the 

need for a column cap (Han and Gabr, 2002). The arrangement of column-like 

elements and embankment geometry are very important for load transfer 

mechanism from the embankment to the columns, reinforcement, and soft soils. 

A closer column spacing, and/or larger column caps are required for the 

conventional piled-embankments compared with reinforced piled-embankments. 

A minimum embankment height is very important to ensure a sufficient load 

transfer mechanism within the embankment fill. It was found that the load transfer 
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mechanism within the embankment fill would not be improved if the embankment 

height is increased beyond the optimum height (Han and Gabr, 2002). 

Furthermore, the tensile stiffness of the geosynthetic reinforcement plays an 

important role in the load transfer mechanism as explained in Section 2.5.1. The 

theoretical solutions such as BS8006 (2010) and Hewlett and Randolph (1988) 

ignore the influence of the tensile stiffness of the geosynthetic reinforcement. Due 

to the complexity of the problem, a numerical analysis is carried out and the 

outcomes are presented in Chapter 3 showing fundamental aspects of the 

behaviour of the piled-embankment over soft soils.    

2.4.2  Stone column advantages 

Historically, using deep foundations such as piles are considered as the first option 

when building over soft soil. Piles are normally extended to a competent stratum 

to resist applied loads. However, in very deep soft soils, floating piles can be 

considered as an option if the settlement performance is in line with the project 

specification. Long piles installed in soft soils are not cost effective and not 

considered a sustainable solution. Therefore, geotechnical engineers have been 

looking for more efficient methods to increase the soft soil strength and to reduce 

the cost associated with the long pile option. 

A stone column technique has been used as an effective method to improve the 

mechanical properties and the state of stresses of soft soils (Najjar et al., 2010). 

In practice, vibrated stone columns are frequently used to treat weak soils due to 

the following reasons (Babu et al., 2013):  

a) accelerating the consolidation of soft soil due to shortened drainage path; 
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b) improving load carrying capacity (as the increase in lateral stress caused 

by stone insertion provides consolidation that leads to soil strengthening) 

and; 

c) reducing settlement due to the improved soil-structure system stiffness by 

introducing stiffer granular material.   

The behaviour of the soft soil and stone is simulated using Finite Element method; 

a detailed analysis of the results is provided in Chapters 4 and 5 showing 

fundamental aspects of the behaviour of small and large group of stone columns 

installed in soft soils.    

2.5 Previous investigations on piled-embankment system 

behaviour 

Piled-embankments have been used to improve the soft soil beneath 

infrastructures such as railways and highways. Embankments can often be built 

to the desired elevation in stages, with side slopes being governed by the fill 

material and not the underlying soil (O'Riordan et al., 1994). Embankments are 

normally constructed to raise highway or railway level in flooding areas, minimise 

disposal of surplus materials excavated elsewhere, and to provide a satisfactory 

vertical alignment. 

The minimum height of the embankment is determined from various codes and 

standards such as British Standard BS8006 (2010) and German EBGEO 

recommendations (Johnson, 2012). It is possible to construct roads and railways 

more quickly with acceptable settlement performance, which gives relatively low 

life cycle costs. Furthermore, underground services adjacent to the embankment 

can be built safely without being affected by the soil lateral movements.  
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Geosynthetics are often used to reinforce piled-embankments constructed over 

soft soils. The benefits of using geosynthetic layers are to reduce the pile cap sizes 

and to eliminate the use of raking piles (Reid and Buchanan, 1984). There are 

many types of geosynthetic materials that provide uniaxial, biaxial, or triaxial 

tension (load transfer in all directions) with the tensile strength varying between 

20 to 1100 kN/m. 

2.5.1  Arching in a piled-embankment system 

The main concept of the piled-embankment system is that the embankment fill 

between two adjacent piles has a tendency to settle due to the presence of soft 

soil supporting the embankment. Shear resistance developed in the fill above the 

pile heads will restrain the movement of the embankment fill reducing the pressure 

on the reinforcement and soft soils but increasing the loads applied on top of the 

piles as indicated in Figure 2.4. The mechanism of the above load transfer was 

called the “arching effect” by various authors (i.e. Terzaghi (1943) and McNulty 

(1965)). Although the concept of arching has been recognised and acknowledged 

for many years, it remains not well understood. One of the main objectives of this 

research is to advance the state of understanding of arching in this context. 



Chapter 2 Literature Review 

19 

 

 

Figure 2.4 Load transfer mechanism of reinforced piled-embankment (Han and 

Gabr, 2002). 

Geometry, load transfer mechanism and embankment stability are the main 

factors to consider in the piled-embankment design. Embankment stability can be 

checked using common slope stability methods such as the limit equilibrium 

method. Embankment stability and geometry are well defined; however, 

uncertainties lie with the load transfer mechanism through soil arching. Therefore, 

any improvement in design of the piled-embankment system should address the 

embankment fill arching and how to measure this aspect of the design.  

Arching action has been recognised by many published standards and papers. As 

stated by Handy (1987), arching is defined as the transfer of stress from a yielding 

part of soil mass to adjoining less-yielding or restrained parts of a soil mass. The 

lack of a standard piled-embankment design has led to the development of many 

design theories and methods (Love and Milligan, 2003; Van Eekelen et al., 2003). 
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Additionally, soil-structure interaction is complex and the precise mechanism by 

which load transfers occur remains unknown.  

Current design procedures such as BS 8006 and German method EBGEO 2004 

Section 6.9 give a significant difference in the design results. Most of the design 

standards and procedures generally assume that the pile toe is founded on a rigid 

layer (Poulos, 2007; Satibi et al., 2009). Therefore, further studies are required 

to analyse embankments behaviour constructed on floating piles, although some 

studies on floating piled-embankments exist.  

Construction of embankments over soft soils imposes a significant load over a wide 

area. Therefore, geotechnical engineers face big challenges during the design and 

construction over soft soils due to the soil compressibility. These challenges 

include potential bearing failure, intolerable settlement, large lateral pressure and 

movement, global or local instability and soil arching (Han and Gabr, 2002). The 

use of geotextile reinforcement enhances the arching effect (load transfer 

mechanism) by effectively transferring the loads from the subsoil to the pile head. 

Most of the embankment load is transferred to the pile head due to the 

embankment material arching. The remaining portion of the load is carried by both 

the soft soil and the geogrid at the top of the soil. The geogrid has very small 

resistance to bending and therefore will deflect and stretch accordingly (see Figure 

2.4). The vertical component of the developed tensile force in the geogrid because 

of stretching in the geogrid will in turn transfer the load to the pile head which 

leads to a significant reduction in the subsoil pressure. The mechanism of 

transferring the load from the geogrid to the pile head is known as the membrane 

effect (Han and Collin, 2005).     
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One of the main benefits associated with the use of an embankment supported by 

piles is reducing the total and differential settlement significantly. In order to 

ensure efficient load transfer mechanism occur through soil arching from applied 

surcharge and embankment weight to the piles, the piles need to have large pile 

caps. Therefore, the influence of the pile cap is investigated in Chapter 3.  

It is good practice in industry to use up to three layers of geogrids, although the 

current design procedures specified in the British Standard BS8006 (2010) and 

German code EBGEO (2004) are based on one layer of reinforcement. Numerical 

analyses performed by various researchers agree that one layer of strong geogrid 

layer is sufficient for stability purposes (Satibi et al., 2009). The main objective 

behind using more than one layer is to increase safety factor against uncertainties 

in the strength of the material and possible construction problems such as any 

damage that might occur during geosynthetic layers’ installation.  

In 1943, Terzaghi was one of the first researchers to define the soil arching in his 

text “Theoretical Soil Mechanics”. He described the arching effects based on his 

experiment from which came the ‘trap-door’ theory. Although arching effect has 

been acknowledged for decades, arching still needs to be investigated due to 

various design uncertainties (i.e. the shape of the arch and different 

approximations and assumptions used to calculate pile and geosynthetic loads). 

As shown in Figure 2.4, Terzaghi (1943) initially proposed vertical shear planes at 

either side of a ‘trapdoor’. Hewlett and Randolph (1988) derived a theoretical 

solution based on observations from experimental tests of arching in a granular 

soil attempting to investigate arching in coarse-grained soils. A semi-circular arch 

was proposed for the piled-embankments as shown in Figure 2.5.  
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Figure 2.5 Piled-embankment showing potential arching mechanisms, and 

notation for geometry and settlement (δ) used in this thesis (Zhuang, 2009). 

One of the main research objectives was to perform a numerical analysis for the 

piles installed in a grid pattern into soft soil and investigate the piled-embankment 

behaviour. The most commonly used theoretical models of embankment arching, 

often assumes a plane strain condition and this is described in the subsequent 

sections. 

2.5.1.1 Terzaghi (1943) 

Terzaghi (1943) argued that a gradual settlement of a soil strip below an 

embankment fill will cause the fill layer to settle accordingly. The settlement is 

resisted by the shear resistance alongside the vertical plane between the moving 

and stationary embankment fill (Figure 2.6). The total pressure on the moving soil 

is reduced and, consequently, leads to an increase in the load of the adjacent 

stationary soils (in terms of force).  

Several authors extended Terzaghi’s theory and his description of the load transfer 

mechanism in the piled-embankment system to derive expressions for the earth 

pressure coefficient, stress reduction ratio and stress distribution in the piled-

embankment system (Handy, 1985; Mckelvey, 1994; Potts and Zdravkovic, 2008; 
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Russell et al., 2003). The vertical stress (v) determined by Terzaghi (1943) was 

extended by Mckelvey (1994) as follows:  

𝝈𝒗 =  
𝜸 𝑩

𝑲 𝒕𝒂𝒏 ∅
 (𝟏 − 𝒆−𝑲 𝒕𝒂𝒏 ∅ 

𝒁

𝑩) + 𝒒 𝒆−𝑲 𝒕𝒂𝒏 ∅ 
𝒁

𝑩 (2.5) 

where q is the applied embankment load (kN/m2),  is the unit weight of the soil 

(kN/m3), 2B is the width of the strip (m),  is the fill angle of internal friction 

(degree), and z is the thickness of the soil overlying the element (m).  

 

Figure 2.6 Forces acting on an elemental strip, after (Ranjan and Rao, 2007) 

A drawback to Terzaghi’s method is that the coefficient of earth pressure (K) is 

unknown also the K value is variable along the sliding surface. Therefore, several 

equations for the earth pressure coefficient were derived by other researchers 

(Handy, 1985; Potts and Zdravkovic, 2008; Russell et al., 2003). The coefficient 

of earth pressure (K) on the sliding surface can approach the passive coefficient 

of lateral earth pressure. However, a value of K=0.5 was suggested by Russell et 

al. (2003) claiming that the magnitude of the fill movement and the lack of lateral 
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support to a failing soil mass will reduce the K value on the yielding surface. This 

somewhat contradicts Zhuang (2009) findings, since the numerical analyses 

results show that a K value larger than the passive coefficient of lateral earth 

pressure on the yield surface. Although the idea underlying the frictional models 

(i.e. K profile on the yield surface) can be extremely important to determine the 

embankment critical Height and to address the lack of knowledge and 

understanding of the development of arching within the embankment fill, there is 

a little if any research data available for the application of frictional models to 

determine the critical height of the embankments due to arching. The research 

reported in this thesis is therefore concerned with evaluating the embankment 

critical height using the method of normalised earth pressure coefficient (K/Kp) on 

a vertical profile at the midpoint between piles (see Section 3.7).        

2.5.1.2 Guido et al. (1987) 

The Guido et al. (1987) method is different from other methods of modelling 

embankment arching, as it is based on empirical evidence from model tests carried 

out with geogrid-reinforced granular soil beneath a footing confined in a rigid box 

(Figure 2.7).  

 

Figure 2.7 Guido’s experimental set-up (geogrid-reinforced sand in a confined, 

rigid box). 
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Guido et al. (1987) observed that the inclusion of stiff biaxial geogrid within a 

granular fill improved the strength (or otherwise angle of friction) for the 

composite soil/geogrid material (Slocombe and Bell, 1998). It was concluded by 

Guido et al. (1987) that the angle of load spread through a granular fill reinforced 

with geogrid would be at an angle of 45 degrees (Figure 2.8). 

 

Figure 2.8 The mechanism of load spreading from the pile caps through an 

embankment (shown in 2D after Zhuang (2009)). 

For the 2D condition, the stress acting on the subsoil (s) is: 

𝝈𝑺 =  
𝜸 (𝑺−𝒂)

𝟒
 (2.6) 

For the 3D condition, the equation is modified to: 

𝝈𝑺 =  
𝜸 (𝑺−𝒂)

𝟑√𝟐
 (2.7) 

where, a is the size of the pile cap (m), s is the pile spacing c/c (m), and  is the 

unit weight of the embankment fill (kN/m3). The height of the embankment has 

no effect on the pressure acting on subsoil as indicated by equation (2.6) and 

(2.7). Moreover, there is no consideration of the angle of friction of the fill. 

2.5.1.3 Hewlett and Randolph (1988) 

The proportion of load transferred to the piles and the foundation soil due to 

arching was investigated by Hewlett and Randolph (1988). A series of model tests 
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were carried out on a granular embankment overlying a rectangular grid of piles. 

Following experimental tests, it was observed that the majority of the 

embankment loads were transferred to the pile caps due to arching. It was also 

observed that the load applied on top of the foundation soil was predominantly 

due the weight of the material beneath the arches (Figure 2.9).   

Hewlett and Randolph (1988) derived theoretical solutions based on the 

assumption of the semi-spherical arches in the embankment granular material. 

The method assumes that the infill pressure on the top of the foundation soil is 

uniform. It is worth noting that no reinforcement is incorporated in their model 

tests. The vertical stress acting on top of the foundation soil,σS, is:  

   𝝈𝑺 =  𝝈𝒊 +  𝛾 (𝑠 − 𝑎)/2 (2.8) 

where 𝜎𝑖 is the vertical stress acting immediately beneath the lower crown of the 

semi-circular arch. Low et al. (1994) improved the vertical stress calculation 

method derived by Hewlett and Randolph (1988) by incorporating the 

reinforcement (geosynthetic) layer contribution and also by considering a non-

uniform vertical stress acting on the foundation soils. The improved vertical stress 

acting on the soft soil is given by: 

𝝈𝑺 =  𝜸
(𝒔−𝒂)(𝑲𝒑−𝟏)

𝟐(𝑲𝒑−𝟐)
  (

𝒔−𝒂

𝒔
)

𝑲𝒑−𝟏

 [𝜸𝑯 − 
𝜸 𝒔

𝟐
(𝟏 +

𝟏

𝑲𝒑−𝟐
)] (2.9) 

where Kp is the passive earth pressure. 
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Figure 2.9 Section through a piled-embankment (Hewlett and Randolph, 1988). 

2.5.1.4 German method EBGEO (2004) 

The German method EBGEO (2004), Section 9.6, is based on a 3D arching model 

proposed by Kempfert et al. (1997), which is similar to the Hewlett and Randolph 

(1988) approach. However, following Figure 2.10 and by equilibrium of dome 

shaped arches of varying size in the ‘infill’ material beneath a hemisphere; the 

average vertical pressure acting on the soft soil can be calculated. 

 

Figure 2.10 Geometry of arching and equilibrium stresses (Kempfert, 2003; 

Zaeske, 2001). 
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The German method is not only dependent on the parameters in British Standard 

BS8006 (2010), but also on the fill angle of friction and modulus of subgrade 

reaction k of the soft soil. The German method adopts partial factors like the 

design requirement of BS8006 (2010). However, more partial factors in the 

German method are used for the load and resistance properties of the 

embankments, piles and reinforcement as shown in Table 2.1. 

Table 2.1 Summary of partial factors (DIN-1054 Revision 4). 

 

3D soil elements are considered and the equilibrium of the forces about the radial 

direction is used to calculate the vertical stress 𝜎𝑧𝑜,𝑘
′  applied on the founding soil: 

𝝈𝒛𝒐,𝒌́ =  𝝀𝟏
𝝌

 (𝜸𝒌 + 
𝒒𝒌

𝒉
) (𝒉 (𝝀𝟏 +  𝒉𝒈

𝟐  𝝀𝟐)
−𝝌

+  𝒉𝒈 ((𝝀𝟏 +  
𝒉𝒈

𝟐  𝝀𝟐

𝟒
) −  (𝝀𝟏 + 𝒉𝒈

𝟐  𝝀𝟐)
−𝝌

))  (2.10) 

where 

𝝌 =  
𝒅.(𝑲𝑷− 𝟏)

𝝀𝟐 .𝑺
; 𝝀𝟏 =

𝟏

𝟖
 . (𝒔𝒅 −  𝒅)𝟐; 𝝀𝟐 =

𝑺𝒅
𝟐+ 𝟐 .𝒅.𝑺𝒅− 𝒅𝟐

𝟐.𝑺𝒅
𝟐  ; 𝑲𝑷 =  𝒕𝒂𝒏𝟐 (𝟒𝟓𝒐 + 

𝝓

𝟐
)   (2.11) 

and 

𝒉𝒈 =  
𝑺𝒅

𝟐⁄  𝒇𝒐𝒓 𝒉 ≥  
𝑺𝒅

𝟐⁄ ; 𝒉𝒈 = 𝒉 𝒇𝒐𝒓 𝒉 <  
𝑺𝒅

𝟐⁄  (2.12) 
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where hg is the arching height (m), d is the pile diameter (m), h is the embankment 

height (m), q is the embankment applied load (kPa),  is the fill unit weight 

(kN/m3), and sd is the diagonal spacing (m). 

The vertical stress acting on the top of the subsoil 𝛔𝐳𝐨,𝐤́  is used to calculate the 

vertical load FK on the geotextile. The subscript k denotes the characteristic value 

of the stress. The geotextile vertical force and load distribution for rectangular pile 

layout are shown in Figure 2.11. 

The vertical force FK is acting on a strip geotextile (placed at the base of the 

embankment) with a width bers and a length of LW as shown in Figure 2.11 for a 

rectangular grid: 

𝑭𝒙 =  𝑨𝑳𝒙 . 𝝈𝒛𝟎
′    ;  𝑭𝒚 =  𝑨𝑳𝒚 . 𝝈𝒛𝟎

′   

where 

𝑨𝑳𝒙 = 𝟎. 𝟓 . (𝑺𝒙 . 𝑺𝒚 ) −  
𝒅𝟐

𝟐
. 𝒂𝒓𝒄𝒕𝒂𝒏 [

𝑺𝒚

𝑺𝒙
] .

𝝅

𝟏𝟖𝟎
 ; 𝑨𝑳𝒚 = 𝟎. 𝟓 . (𝑺𝒙 . 𝑺𝒚 ) −  

𝒅𝟐

𝟐
. 𝒂𝒓𝒄𝒕𝒂𝒏 [

𝑺𝒙

𝑺𝒚
]  .

𝝅

𝟏𝟖𝟎
 

 (2.13) 

where Sx and Sy are the spacing between column-like elements in x and y 

directions (m), respectively. 
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Figure 2.11 Load distribution on the geotextile for rectangular pile layout 

(Kempfert et al., 2004). 

The vertical and horizontal stress distribution with depth in the reinforced piled-

embankments is neither described nor explained by any of the available design 

methods, including the German method. Van Eekelen et al. (2013) presented a 

series of field tests, claiming that the German method tends to under-predict 

arching of the embankment fill due to the assumption of the pressure distribution 

on top of the reinforcement. 

2.5.1.5 British Standard - BS 8006 (2010) 

BS 8006 (2010) adopted two methods for strengthened/reinforced soils and other 

fills: (1) based on the empirical relationship developed by Jones et al. (1990b) 

which is based on the 2D pipeline theory according to Marston and Anderson 

(1913) formula for positive projecting conduits, and (2) the method based on the 
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arching theory which is proposed by Hewlett and Randolph (1988). A further 

development to BS 8006 (2010) has been proposed by Van Eekelen et al. (2011) 

to account for the 3D configuration of the piles.  

Jones et al. (1990b) developed an empirical relationship to design piled-

embankment systems. Partial factors should be applied to the load, embankment 

material, piles and geotextiles to assure safe design. The list of partial factors 

listed by BS8006 (2010) is summarised in Table 2.2. 

Table 2.2 Summary of BS8006 partial factors. 

 

Jones et al. (1990b) developed an empirical formula to derive the ratio of average 

vertical stress acting on the pile caps to the average vertical stress acting across 

the base of the embankment due to soil arching (Figure 2.12): 

𝑃𝑐
′

𝜎𝑣
′ = [

𝐶𝑐 𝑎 

𝐻
]

2
 where 𝜎𝑣

′ =  𝑓𝑓𝑠𝛾𝑒𝑚𝑏𝐻 +  𝑓𝑞 𝑞 (2.14) 

where 𝑃𝑐
′ is arched vertical stress on top of the pile cap (kPa), 𝜎𝑣

′  is average vertical 

stress on top of the founding soil (kPa), 𝐶𝑐 is arching coefficient, a is the width of 

the pile caps (m), H is embankment height (m), and q is embankment external 
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surcharge (kPa). British Standard BS8006 (2010) suggests that Cc can be taken 

from Table 2.3. 

 

Figure 2.12 Piled-embankment parameters after BS8006 (2010). 

The arching coefficients in Table 2.3 are appropriate for 3-dimensional analysis of 

the reinforced piled-embankment. The term 
𝐶𝑐 𝑎 

𝐻
 has been squared to account for 

the 3-dimensional effect in the piled-embankment.  

Table 2.3 Arching coefficient for basal reinforced piled-embankments (British 

Standard BS8006, 2010). 
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BS 8006 stated that the external applied load and embankment weight will not be 

transferred to the pile caps. Applied loads should be resisted solely by basal 

(geotextile) reinforcement on the top of pile caps. The vertical equilibrium is not 

satisfied in BS8006 when calculating the line load applied on top of the 

geosynthetic layer. BS8006 made this choice to overpredict the geosynthetic 

stresses and to guarantee sufficient safety leading to a stronger design outcome. 

However, this may yield unrealistic results for some piled-embankment problems 

(Ariyarathne and Liyanapathirana, 2015).  

Two different arching conditions are defined in BS 8006 (2010) to calculate the 

tensile load in the geotextile: (i) the partial arching condition, and (ii) the full 

arching condition. 

For partial arching, 

𝑾𝑻 =  
𝒔 (𝒇𝒇𝒔 𝜸𝑯+ 𝒇𝒒𝒒)

𝒔𝟐− 𝒂𝟐  [𝒔𝟐 −  𝒂𝟐 (𝑷𝒄
′ / 𝝈𝒗

′ ) for 0.7 (s-a) ≤ H ≤ 1.4 (s-a)  (2.15) 

For full arching, 

𝑾𝑻 =  
𝟏.𝟒 𝒔 𝒇𝒇𝒔 𝜸 (𝒔−𝒂)

𝒔𝟐− 𝒂𝟐  [𝒔𝟐 −  𝒂𝟐 (𝑷𝒄
′ / 𝝈𝒗

′ ) for H > 1.4 (s-a) (2.16)  

The distributed tensile load WT carried by the geotextile in Equation 2.16 considers 

a full arch developing at embankment height (H) > 1.4 (s-a). Hence, the external 

embankment load has no effect on distributed load carried by the reinforcement 

between adjacent pile caps. On the other hand, the external applied load on the 

top of the embankment has an impact on geotextile tensile load if the embankment 

height is less than 1.4 (s-a), following Equation 2.15. 

Tensile load Trp generated in the geotextile resulting from distributed load WT can 

be taken as: 
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𝑻𝒓𝒑 =  (
𝑾𝑻. (𝒔 − 𝒂)

𝟐𝒂⁄ ) . √𝟏 + (𝟏
𝟔 𝜺⁄ ) (2.17) 

where ε is the strain in the reinforcement. Soft soil support to the reinforcement 

is totally ignored in Equation 2.16. The calculated tensile load in the geotextile due 

to the vertical load and arching is dependent on the geometry of the system and 

embankment. The angle of friction has an influence only on the tensile force due 

to “spreading” near edges of the embankment. There is no dependence on other 

fill properties such as fill strength on the geotextile strength is considered. 

2.5.1.6 Other mechanisms 

Carlsson (1987) considered a wedge of soil with an internal angle at the apex of 

the wedge equal to 30 degrees. This method is called the Swedish method and is 

only valid for a 2D model (i.e. a plane strain condition). Carlsson’s method adopts 

a critical height approach where the critical height is equal to 1.87 (s-a) in 2D. In 

order to account for the 3D effect, the average height would be 1.87/ 3 (s-a) = 

0.62 (s-a) and hence σs/ γ (s-a) =0.62. 

Naughton (2007) proposed a new method to calculate the magnitude of arching, 

which is based on the critical height of arching (Figure 2.13). It is assumed that 

the extent of yielding in the embankment material is defined by a log spiral shaped 

shear plane in the embankment fill from the edge of the pile caps in order to 

calculate the arching critical height (Hc). 

Hc = C (s-a) (2.18) 

where 

𝑪 = 𝟎. 𝟓 𝒆 
𝝅

𝟐
𝒕𝒂𝒏 𝝋 (2.19) 
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Figure 2.13 Geometry of assumed log spiral shaped yield zone (Naughton, 

2007). 

According to Naughton (2007), the effect of friction angle on the critical height of 

arching is significant, as demonstrated in Figure 2.14, where the critical height is 

proportional to the angle of friction.  

 

Figure 2.14 Influence of angle of friction on the critical height of the 

embankment (Naughton, 2007). 
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According to Naughton (2007), the height of the yielding zone is related to the 

subsoil stress as per equation 2.19: 

σs = γ Hc =  γ.C (s-a) (2.20) 

and hence 

σs/ γ (s-a) = C (2.21) 

The Dutch method (van Eekelen and Brugman, 2016) was first introduced in 2009 

and revised in 2016. This method adopts major parts of the German EBGEO 

(2004). The EBGEO method has been modified to suit the design of a flat terrain-

shallow embankments (Van Eekelen et al., 2010). The main difference from the 

German method is that a different set of load and resistance factors was adopted 

in the Dutch guidelines.  

2.5.2 Summary of arching in a piled-embankment 

A review of the embankment arching considered in the main design methods was 

presented in the previous sections. The arching of the piled-embankment system 

is recognised as the main mechanism for transferring the loads from the 

embankment to the piles. However, the shape of arching is not well understood 

and a review of the main design methods reveals inconsistency within each 

method in quantifying the arching effect. Ariyarathne and Liyanapathirana (2015) 

studied the stress reduction ratio (defined as the ratio of the average vertical 

stress carried by the reinforcement to the average vertical stress due the 

embankment fill), the geosynthetic tensile force, and the pile efficacy (defined as 

the proportion of embankment load carried by the pile) to demonstrate the 

inconsistency of the available design methods as shown in Figure 2.15. It is clear 

from Figure 2.15 that various design methods yield significantly different results 

when predicting stress reduction ratio, geosynthetic tensile force, and pile efficacy. 
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Terzaghi (1943) oversimplified arching by assuming the failure on a vertical plane. 

A semi-circular arching is assumed by Hewlett and Randolph (1988) the which is 

also assumed by the British Standard BS8006 (2010) with the introduction of the 

concept of partial and full arching. According to the British Standard BS8006 

(2010), embankment height, h, and pile spacing, s, can be used to define arching. 

Meanwhile, the arching is formed with an internal angle of 45o from horizontal as 

demonstrated by Guido et al. (1987) method. 

 

Figure 2.15 Comparison of design methods (a) stress reduction ratio; (b) 

geosynthetic tension; (c) pile efficacy (Ariyarathne and Liyanapathirana, 2015). 

Finally, the German standard assumed a domed arch spanning between the pile 

caps. Furthermore, the adaptation of different assumptions to derive the equations 

of load transfer from the embankment to the piles by arching influences the level 

of accuracy of each method in predicting the arching effect. Also, some key 
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parameters such as the angle of internal friction of the embankment fill, the soft 

soil contribution, and the elastic modulus of the piles are not considered in these 

methods as outlined in Table 2.4. 

Table 2.4 Key missing parameters from design methods. 

Design method Missing parameters 

 Subsoil 
Embankment 

Fill 
Geosynthetic Piles 

Terzaghi (1943) X* 
Construction 

rate 
X* 

Elastic 

modulus 

Guido et al. 

(1987) 
X* 

Friction angle, 

construction rate 
Stiffness 

Elastic 

modulus 

Hewlett and 

Randolph (1988) 
X* 

Construction 

rate 
X* 

Elastic 

modulus 

German standard 

(2004) 
X** 

Construction 

rate 
Stiffness 

Elastic 

modulus 

BS 8006 (2010) X* 
Friction angle, 

construction rate 
Stiffness 

Elastic 

modulus 

*Subsoil support/ geosynthetic reinforcement are not considered in the analysis. 

** Only considered for reinforced piled-embankment. 

The principle advantages and disadvantages of each design method are 

summarised in Table 2.5. The influence of these missing parameters can be 

considered if a Finite Element model is developed with appropriate material 

parameters and element sizes. It is deemed reasonable to assume that a validated 

FEA can be used to simulate the embankment material arching and to investigate 

the system settlement performance.  

Although many researchers have investigated these design methods, a universal 

method is not yet available (Ariyarathne and Liyanapathirana, 2015; Van Eekelen 

et al., 2013; Zhuang, 2009). While the arching of embankment material is well 

recognised as a load transfer mechanism, there exists a dearth of information 

regarding the application of frictional models to determine the critical height of the 

embankments due to arching. This research is therefore concerned with evaluating 
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the embankment critical height using the method of normalised earth pressure 

coefficient (K/Kp) on a vertical profile at the midpoint between piles.       

Table 2.5 Pros and cons of different design methods.

  

2.6 Vibro stone column construction and design methods. 

The composite nature of the ground, reinforced with stone columns, results in a 

load sharing mechanism between the column material and surrounding weak soil. 

Therefore, it is important to highlight that both the stone column material and 
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surrounding soil play an important role in the composite ground performance. This 

section provides a comprehensive review of the available construction and design 

methods. 

2.6.1 Construction methods 

Several terms are used to describe vibro stone column construction techniques 

such as vibrocompaction, vibroreplacement, and vibrodisplacement which 

necessitate addressing the terminology of various techniques in a consistent 

manner (Serridge, 2013). One of the best attempts can be found in the Building 

Research Establishment (BRE) – Specifying vibro stone columns (Watts, 2000). 

Two main fundamental principles are used to describe the terminology of stone 

column installation, the method of supplying the stone and jetting medium. This 

specification used the terms top/bottom feed to describe stone delivery or supply 

and wet/dry to describe the jetting medium. Three main terms are used for this 

purpose: 

- Dry top-feed 

- Dry bottom-feed 

- Wet top-feed 

The dry top technique can be used for all types of soil given that the bore remains 

stable during construction (Figure 2.16). There should be no ground water within 

the treatment depth range. This technique is typically employed for soils with 

undrained shear strength in the range 30-60 kPa (Greenwood and Kirsch, 1984).  
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Figure 2.16 (a) dry top-feed stone column installation sequence. (b) dry top-feed 

stone column installation in the field (Serridge, 2013). 

In a weak cohesive soil with high water table the dry bottom-feed technique is 

considered an appropriate method to construct the stone column. This technique 

is typically recommended for soils with undrained shear strength in the range 15-

30 kPa where bore stability cannot be guaranteed using the conventional dry top-

feed technique (Figure 2.17).  

The main difference from the dry top technique is the vibroflot has a stone feed 

pipe attached allowing the introduction of stone aggregate to the tip of the vibroflot 

(Serridge, 2013). The construction process being similar to the dry top feed 

method where the vibroflot is lifted sufficiently to allow further charges of stones, 

which are then compacted by the vibration of the vibroflot until a full length of 

column formed to the ground level. 
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Figure 2.17 (a) dry bottom-feed stone column installation sequence. (b) dry 

bottom-feed stone column installation in the field (Serridge, 2013). 

Following discussions with specialist ground improvement contractors (Balfour 

Beatty Ground Engineering and Vibro Menard), the range of stone column 

diameter is typically 500-600 mm and 600-800 mm for dry top and bottom 

feeding, respectively.  

The wet top-feed technique is used historically in saturated fine-grained soils. This 

technique has replaced the dry bottom-feed technique on environmental grounds 

(Serridge, 2001). The main reason for such environmental constraints with the 

wet technique is that the soil is totally removed (washed out) from the bore 

whereas in the dry technique the soil is displaced to the sides of the bore (Figure 

2.18).  



Chapter 2 Literature Review 

43 

 

 

Figure 2.18 (a) wet top-feed vibro stone column installation sequence. (b) wet 

top-feed stone column installation in the field (Serridge, 2013). 

Therefore, it is very important to take the necessary environmental precautions if 

soils removed from contaminated sites and the arisings should not be used as a 

backfill material without treatment. It is perhaps important to recognise that the 

wet technique is still sometimes used in very soft silty sensitive soils with 

undrained shear strength less than 15-20 kPa. In the wet technique, since the soil 

is removed or flushed out, a larger stone column can typically be built within the 

range of 750-1100 mm diameter based on discussions with specialist contractors. 

2.6.2 Previous investigations of stone column behaviour 

The stone column concept was first used in France in the 1930’s (Serridge, 2013). 

Since then, the stone column-soil interaction has been investigated and 
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approached by many researchers to consolidate the current design methods and 

improve understanding to facilitate more economic design. These investigations 

comprised laboratory modelling, field trials, numerical modelling and empirical 

methods. Previous research mainly focused on the calculation and evaluation of 

the stone column bearing capacity and the settlement reduction due to the column 

installation (Babu et al., 2013).  

2.6.2.1 Laboratory modelling 

The main objectives of laboratory modelling are to simulate the field conditions 

and validate theoretical models. There are many problems associated with 

laboratory modelling and they are as follows: 

Soils used in modelling (fine grained) are either remoulded or consolidated from a 

slurry which implies that specialised apparatus is necessary for testing (Burland, 

1969; Hughes and Withers, 1974). The removal of the existing consolidation 

stresses causes swelling, therefore, the soil becomes over consolidated and the 

history of the soil is unknown which in turn creates problems. 

Rigorously speaking, all geometrical dimensions and material properties of any 

model should be reduced by appropriate scale factors to be equivalent with the 

(field) prototype (Hu, 1995). However, it is impossible that any physical model 

can be identical in terms of all parameters that govern the field response.   

It is very useful to use geotechnical centrifuge modelling due to the possibility of 

maintaining the prototype stress levels (Schofield, 1980). However, the use of 

centrifuge modelling is expensive and not always available in the research 

establishments. The laboratory analyses appear to focus on studying of isolated 

stone columns and those which investigate the group behaviour of stone columns, 
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even though most of the design procedures appear to have been derived from a 

single column analysis. It is worth noting, that the natural soils are not fully 

represented due to reconstitution of the soil during the preparation of the model 

(Castro et al., 2013). However, geotechnical centrifuge modelling has yielded very 

important research database where it has been utilised. 

One of the greatest advances in knowledge of the stone column behaviour in soft 

soils comes from the laboratory tests on columns of Leighton Buzzard sand in 

Kaolin clay by Hughes and Withers (1974), which influenced much of the 

subsequent research . These tests provided most influential data to enable ground 

engineering practitioners and researchers to better understand stone column 

carrying capacity. The ultimate capacity of a stone column is governed primarily 

by the soil lateral confining pressure against bulging and the extent of stone 

column vertical movement. Hughes and Withers (1974) revealed that the mode of 

failure for a single stone column in soft clay is prominent in the upper part of the 

column where the depth of bulging was observed to be around 4 times the column 

diameter. Hughes and Withers (1974) used an X-Ray technique (and lead shot 

markers) to monitor the isolated columns deformation and the surrounding clay 

(Figure 2.19). It is important to note that the authors have adopted Gibson and 

Anderson (1961) elasto-plastic theory for cavity expansion because it represents 

the measured column behaviour very well. They proposed that the ultimate 

vertical effective stress (σ’v) carried by a stone column as it bulges could be 

predicted by: 

𝝈𝒗
′ = (

𝟏+𝒔𝒊𝒏𝝋𝒔
′

𝟏−𝒔𝒊𝒏𝝋𝒔
′)(𝝈𝒓𝒐 +  𝟒𝒄𝒖 −  𝒖) ( 2.22) 

where 𝜑𝑠
′ is the stone angle of friction (degree), σro is the total in-situ lateral stress 

(kPa), cu is the undrained shear strength of the soil (kPa), and u is the pore water 
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pressure (kPa). This equation is widely used in today’s practice due to its simplicity 

providing a catalyst for subsequent research programs. 

 

Figure 2.19 Deformation of 38mm diameter laboratory model column for 25mm 

displacement with limit of 1% radial strain in clay shown (after Hughes and 

Withers, 1974). 

A series of laboratory tests was carried out by Sivakumar et al. (2007) with a 

visual examination of the stone column behaviour during the application of the 

loads. It was observed that a trade-off exists between the short columns (possibly 

column length to diameter ratio ≤ 6) which give adequate bearing capacity and 

the longer columns to satisfy the settlement performance criteria. It was also 

observed in these tests that a column under circular and strip footings can fail in 

different modes such as bulging, punching, shear and bending.    

2.6.2.2 Field trials 

Greenwood (1970) described full scale field trials undertaken at Bramerhaven 

(UK). Vibro stone columns and sand columns were constructed in order to find out 
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which material provides better performance. The field trials shown in Figure 2.20 

highlighted the importance of using gravel in lieu of sand as a column material 

due to its effect on the column rigidity (stiffness). 

 

Figure 2.20 (a) to (c) Comparison of large scale field loading test results on 

untreated soft clay, soft clay reinforced with stone columns and soft clay 

reinforced with sand columns, after (Greenwood, 1970). 

Field trials were undertaken by Hughes et al. (1976) to confirm the theory 

proposed by Hughes and Withers (1974) from their laboratory tests discussed in 
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Section 2.6.2.1. The measured load-settlement behaviour in the field was 

consistent with the laboratory test results.  

(Goughnour and Bayuk, 1979b) carried out field trials on a group of stone columns 

in Hampton, Virginia (US), the recorded stress concentration ratios (defined as the 

column stress over the surrounding soft soil stress) were between 2.6 to 3.0 on 

top of the stone column. Greenwood (1970) and Bergado and Lam (1987) reported 

the results of field trials in Bangkok (Thailand) and the UK, both trials clearly 

conformed the Hughes and Withers (1974) and Hughes et al. (1976) hypothesis.  

2.6.2.3 Other design methods 

There are several design methods (i.e. empirical, semi-empirical, analytical and 

numerical) available to carry out a stone column design (Bouassida et al., 2009). 

Based on the discussions with the specialists in the ground improvement industry, 

reviewing available published information and available case studies, the author 

has been able to limit the design of stone column into two main specific areas, 

which are the stone column bearing capacity and settlement performance. Most of 

the design approaches are based on the unit cell idealisation. A one-dimensional 

unit cell which consists of one column surrounded by soils has often been used 

when analysing stone columns for simplification (Han, 2015).  

The use of empirical or semi-empirical methods to design vibro stone columns 

typically require an experience in the stone column technique and they tend to be 

conservative. There is an element of uncertainty with these design methods when 

used to model complex structures or ground conditions. Therefore, numerical 

computation can provide answers and additional insight into these problems. This 

is addressed in Section 2.8 of this thesis. 
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2.6.2.3.1 Stone column bearing capacity 

A relationship between allowable single column load and undrained shear strength 

for soft soil was proposed by Thorburn and MacVicar (1968) using an empirical 

approach. Vesic (1972) used cylindrical cavity expansion theory to determine the 

column bearing capacity. Further development of the Thorburn and MacVicar 

(1968) work was carried out by Thorburn (1975) to predict the single column 

allowable stress from the weak soil undrained shear strength, as shown in Figure 

2.21. The stone column will attract a greater proportion of loads (Pc) than the 

surrounding soil (Ps) because the installed stone columns are generally an order 

of magnitude stiffer than the surrounding soils. Baumann and Bauer (1974) 

defined the column and surrounding soils loads as follows: 

 
𝑃𝑐

𝑃𝑠
=  

1 + 2 (
𝐸𝑠
𝐸𝑐

) . 𝐾𝑠 .  𝑙𝑛 (
𝑎

𝑟𝑜
)

2 (
𝐸𝑠
𝐸𝑐

) 𝐾𝑐 .  𝑙𝑛 (
𝑎

𝑟𝑜
)

                                        (2.23)   

and  

𝑃𝑜. 𝐴𝑜 =  𝑃𝑐  𝐴𝑐 +  𝑃𝑠 𝐴𝑠                (2.24)   

where 𝑃𝑜 is imposed load from foundation (kPa); 𝑃𝑐 is the stone column stress 

(kPa); 𝑃𝑠 is the soil stress; 𝐸𝑐 is the modulus of deformation of column (kPa); 𝐸𝑠 

is the modulus of deformation of soil (kPa); 𝐾𝑐 is the column earth pressure 

coefficient; 𝐾𝑠 is the soil earth pressure coefficient; 𝐴𝑠 is the cross-sectional area 

of treated soil (m2); 𝐴𝑐 is the cross-sectional area of stone column (m2); 𝑟𝑜 is the 

radius of the stone column; a = √(
𝐴𝑜

𝜋
) . 
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Figure 2.21 Allowable working load for stone column(s), after Thorburn (1975). 

A good engineering judgement recommended by Barksdale and Bachus (1983) is 

recommended to estimate single column bearing capacity. Their approach is 

summarised in the following basic formula: 

qult = cu Nc (2.25) 

where qult is the ultimate bearing capacity of the stone column (kPa), cu is the 

undrained shear strength for the soil (kPa), and Nc is stone column bearing 

capacity factor which is related to the compressibility of the surrounding soil. Nc is 

usually ranging between 18-22 (where higher Nc values should be used for stiffer 

soils).    

Stone column bearing capacity is also calculated based upon German DIN 

standards by Priebe (1991). Design charts developed subsequently by Priebe 

(1995) to calculate the stone column load in an infinite grid. Area replacement 

ratio (defined as the ratio of the stone column area to the tributary area of soil 
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per column in a large grid) and the stone column angle of friction were used to 

calculate the stone column load.  

2.6.2.3.2 Settlement 

One of the main elements of the stone column design is the settlement of the 

composite ground. Generally, an improved ground is assumed as an infinitely wide 

loaded area reinforced with stone columns having a constant diameter and spacing 

across the treated area. One of earliest attempts to assess the  preliminary 

settlement was carried out by Poulos and Mattes (1969), where they presented an 

analytical solution to calculate the settlement as follows: 

Scol = [P/(Es.I)].Ip (2.26) 

where Scol is the settlement of the stone column (m), P is the total applied load 

(kN), Es is the Young modulus of the cohesive soil (kPa), I is the length of the 

stone column (m), and Ip is the displacement influence factor.  

During the past four decades, many research works for calculating the column 

settlement have been reported in the literature. The most common methods 

include: Greenwood’s method (Greenwood, 1970), Priebe’s method (Priebe, 

1976), an equilibrium method (Aboshi et al., 1979), a granular wall method (Van 

Impe and DeBeer, 1983), and a predictive method (Balaam and Booker, 1985). 

All these approaches are based on the unit cell idealisation. From the discussions 

with ground improvement specialists and also from the literature, the approaches 

proposed by Priebe (1976) and Baumann and Bauer (1974) are the most common.  

Settlement analysis approaches typically assume that a stone column in an 

infinitely large group interacts with the surrounding soil and both the soil and the 

column are modelled as a unit cell. The area ratio (A/Ac) defined as the ratio of 
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the unit cell area to the stone column area is a measure of the proportion of the 

soil replaced by the column (Figure 2.22), where A represents the frequency of 

stone column per unit area of the foundation and Ac is the section area of the stone 

column. 

 

Figure 2.22 Settlement design curves and design philosophy for composite 

ground (soft soil reinforced with stone columns) after Priebe (1976). 

It appears that all of the previous studies were investigating stone columns 

constructed in weak soils without considering other cases where soft soils are 

overlain by relatively stiff layers of either granular or cohesive nature similar to 

soil profiles at Bothkennar in Scotland and at Kinnegar in Belfast. The presence of 

a stiff crust at shallow depths and its influence on the deformational mode of the 

stone columns is not normally captured by laboratory tests or any other design 

method. Therefore, this aspect will be addressed in Section 4.9.2, 4.10.4, and 

4.11 of this thesis. 
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Priebe’s method (1976)  

Priebe (1976) proposed a method to estimate the stone columns settlement based 

on a unit cell concept. Essentially, the Priebe’s method is based upon elasticity 

theory and the earth pressure theory by Rankine. Also, the method assumed that 

the foundation is resting on an infinite grid of stone columns. The state of the final 

settlement in most cases is expressed as the basic improvement factor (the ratio 

of the settlement for untreated footing to a treated footing). The basic 

improvement factor is derived as a function of the total area of stone column to 

the original area of non-reinforced soil (Ac/A) , soil Poisson’s ratio (𝜇𝑠) and the 

stone angle of internal friction (𝜑𝑐) (Figure 2.22). The derived basic improvement 

factor assumed that the column base is founded in a rigid layer ignoring the 

column material compressibility and the effect of overburden. 

Further improvements were made by Priebe (1995) by considering the effects of 

column material compressibility and the overburden (Figure 2.23 and Figure 2.24). 

The ratio of the (oedometric) moduli of column and initial soil (Dc/Ds) in Figure 

2.23 is used to calculate a reduced improvement factor (n1) due to the column 

compressibility. A depth factor (fd = ratio between the initial stress difference at 

the surface of the reinforced soil and stress difference at a given depth) is 

introduced in Figure 2.24 to calculate the increase in the improvement factor from 

n1 to n2 = fd. n1.   

It is perhaps also worthy to note that the Priebe design method does not take 

account the disturbance of the sensitive soft clay during the installation of the 

stone columns which may contribute to the increase of the footing or slab 

settlement, also it does not consider the presence of stiff soils at shallow depth 
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and their impacts on the calculated settlement. This is addressed in Section 4.13 

of this thesis. 

 

Figure 2.23 Consideration of (a) column compressibility (b) determination of 

depth factor, after Priebe (1995). 
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Figure 2.24 Limit value of depth factor, after Priebe (1995). 

Also, Priebe (1995) developed additional design charts to predict settlements of 

single and strip footing supported by a limited number of stone columns. The 

design chart in Figure 2.25 was based on the total settlement of a large number 

of stone columns constructed to support an unlimited area (s). The design charts 

in Figure 2.23 and Figure 2.24 were used to investigate the effectiveness of stone 

columns in Chapter 4. The analytical model in Chapter 5 used the design chart in 

Figure 2.25 to calculate the reduction in the settlement of isolated pad and strip 

footings supported by a finite number of stone columns. 

Baumann and Bauer method (1974) 

Based on their field observations, Baumann and Bauer (1974) indicated that stone 

columns could accelerate the rate of consolidation of soft clay. The rate of 

consolidation is increased following the stone column installation due to the 

following mechanisms. Firstly, permeability of stone column material is higher 

than the surrounding soil so that excess pore water pressure is dissipated faster, 

and secondly, the column stiffness is higher than the soft soil stiffness which in 

turn reduces stresses in the soft soil body; therefore, a significant reduction in the 

generated pore water pressure. 
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Figure 2.25 Settlement of small foundations (a) single pad footings. (b) strip 

footings, after Priebe (1995). 

Baumann and Bauer (1974) considered that the total settlement is comprised of 

two components: immediate settlement where no volume change in the soil was 

assumed and consolidation settlement where Terzaghi’s one-dimensional 

consolidation theory is adopted. 

2.6.3 Summary of stone column behaviour 

A review of the previous investigations of stone columns and design methods was 

presented in the previous sections. Most experience in the settlement performance 

of stone columns has been with widespread loads (large groups) which is well 

understood. It was found that the mode of failure in soft clay is prominent at 
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shallow depths with bulging observed to be around 4 times the diameter below 

the existing ground level. Field experience indicates that the column bearing 

capacity and settlement performance are the main two design criteria which 

should be checked prior to the installation of stone columns. Most of these design 

methods are based on the unit cell idealisation.  

It appears that all previous investigations presented in previous sections 

conducted using a uniform weak soil without considering the impact of using crust 

layer at shallow depths on the column behaviour. The settlement performance of 

small groups of stone columns is predicted using Priebe (1995) design charts. The 

state of final settlement in Priebe (1975) method is derived as a function of the 

treated area, Poisson’s ratio and the stone angle of friction. However, Priebe 

method and other design methods are not considering the influence of sensitive 

clay disturbance during stone column installation.  

2.7  Encased stone column (ESC) 

Ground improvement using the vibro stone column technique is considered to be 

very suitable and a favourable technique to improve soft soils worldwide due to its 

performance, simplicity of the construction (program), low costs and durability. 

The stone column performance can be improved by encasing it with a suitable 

geosynthetic material. An encased stone column can be used to prevent excessive 

bulging at shallow depths and prevent the stone from penetrating into the 

surrounding soft soil (Malarvizhi and Ilamparuthi, 2004).   

In addition, the encased column enhances the load carrying capacity and reduces 

the column’s settlement compared with an ordinary stone column. Moreover, the 

encased stone column can be used in very soft soils like peat or sludge with a very 

low undrained shear strength cu = 2 kPa (Kempfert, 2003). The undrained shear 
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strength is considered as a means to express surrounding soil lateral constraint. 

In very soft soils, the conventional stone column may not mobilise a sufficient load 

capacity due to the low lateral restraint. If the soil is not capable of providing 

enough lateral constraint this will cause a large lateral deformation at the upper 

part of the column and therefore, excessive settlement which may lead to failure 

by bulging.   

Van Impe and DeBeer (1983) were probably the first to discover that the column 

could be encased by a geotextile. There are two common methods to install the 

encased stone columns as explained in the subsequent sections. 

Displacement Method:   

The displacement method is most commonly used in very soft soils (i.e. Cu < 15 

kPa). In this method, a closed ended steel tube is driven into the soft ground to 

the design length. Upon reaching the required depth, the geosynthetic cylindrical 

casing inserted into the steel tube. A granular and non-cohesive material such as 

gravel and sand is introduced from the surface into the geosynthetic casing. After 

that, the tip of the steel tube opens and the steel tube is then completely 

withdrawn under vibration (Figure 2.26a).   

Replacement Method:   

The replacement method is preferred to be used adjacent to sensitive structures 

where vibration effect should be minimised to avoid future claims (Figure 2.26b). 

An open steel shaft (casing) is installed deep into soft soil resting on a bearing 

layer. Soil within the casing is removed using auger boring technique.  
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Figure 2.26 Encased Stone column (ESC) installation method (a) the 

displacement method and (b) the replacement method (Kempfert and 

Gebreselassie, 2006). 

A geosynthetic casing is inserted inside the steel tube and then filled with a 

granular and non-cohesive material. Steel casing is withdrawn from ground under 

vibration and circumferential tensile forces will be generated in the geosynthetic 

casing due to column expansion under imposed loads. The replacement method is 

suitable for soils with relatively higher penetrating resistance. 

2.7.1 Experimental, numerical, and analytical studies 

Several researchers (Kempfert, 2003; Murugesan and Rajagopal, 2009) have 

proved that the high stiffness encasement materials used as a confinement around 

the column material has significantly reduced lateral column bulging as well as 

improving the bearing capacity of the whole system and significantly reduced the 

settlement of the foundation (e.g. Kempfert (2003); Malarvizhi and Ilamparuthi 

(2006); Murugesan and Rajagopal (2009)). The radial support provided by the 

encasement is due to the ring tension forces developed in the geosynthetic 

material. 
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2.7.1.1 Experimental Studies 

The effectiveness of the encased granular columns was assessed by using various 

tests such as triaxial test, uniaxial test, and load test using cylindrical tank  

(Elsawy, 2010; Kempfert, 2003; Murugesan and Rajagopal, 2009). The major 

conclusions drawn from these studies are as follows:  

i. Load carrying capacity is increased by using encased stone columns 

irrespective of the column being either end bearing in a strong layer or 

floating, as illustrated in Figure 2.27a (Malarvizhi and Ilamparuthi, 

2004). The settlement of untreated soils (c), soils treated with stone 

column (sc), and soils treated with encased stone columns (net) is 

presented in Figure 2.27 (where net1, net2, and net3 refers to a geogrid 

stiffness of 45 kN/m, 125 kN/m and 148 kN/m, respectively) 

ii. The ratio of load sharing between the soft clay and column (Modular 

ratio) increases with settlement, as shown in Figure 2.27b (Malarvizhi 

and Ilamparuthi, 2004). 

iii. As the stiffness of the geogrid increases, the ultimate load capacity of 

reinforced stone column increases accordingly (Elsawy, 2010).  

iv. The improvement in the stone column settlement increases with 

reducing the encased column diameter (Murugesan and Rajagopal, 

2008). The reason was attributed to the larger lateral stresses 

mobilised in the smaller diameter columns compared to the larger 

diameter columns (improvement of overall column stiffness).    

v. Load-settlement performance of the stone column generally shows an 

excessive settlement at ultimate load (punching) unlike the encased 

stone column where the settlement behaviour tends to be linear 

(Murugesan and Rajagopal, 2009).  
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Figure 2.27 (a) load versus settlement of composite bed with various 

encasements and (b) variation of modular ratios with settlement (Malarvizhi and 

Ilamparuthi, 2004). 

2.7.1.2 Numerical and analytical studies 

FEA has been used to simulate a geogrid encased column in experimental 

conditions. The following conclusions drawn from these studies:  

i. The encased column load carrying capacity improvement is attributed 

mainly to the hoop stress generated in the geogrid. The stiffer the 

geogrid, the higher the hoop stress is generated, and consequently the 

encased column capacity is increased (Malarvizhi and Ilamparuthi, 

2006).  

ii. The hoop tension stress is significant at a depth of twice the diameter 

of the stone column (Murugesan and Rajagopal, 2006).   

iii. The load carrying capacity improvement is attributed to the 

improvement of the stone column material strength (friction angle and 

stiffness). However, it is found that using a stiffer geogrid is more 

efficient for better performance (Khabbazian et al., 2009). 
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iv. The settlement of the encased stone column was examined by Lo et al. 

(2010). The computed settlement was relatively insensitive to the 

material stiffness of the column. 

v. Load carrying capacity is insensitive to the elastic modulus of the ESC 

(Keyhosropur et al., 2011).  

vi. The ESC effectiveness increased when the stone of the column 

compressed well. Furthermore, if the ratio of the column length to the 

column diameter (l/d) increases, the reduction of the settlement 

increases up to l/d = 7.5 compared to l/d = 10 for ordinary stone 

columns (Malarvizhi and Ilamparuthi, 2007). 

 

2.8 Background for numerical analysis 

The design of various ground improvement techniques in soft soil is typically based 

on empirical or semi-empirical methods, as demonstrated in the previous sections 

of this Chapter. It is perhaps also worthy to note that available design approaches 

typically require an experience in the relevant technique and that they tend to be 

conservative. The recent experimental studies on column-like elements have 

concentrated mainly on field tests and physical models in the laboratory (Black 

2006, Serridge, 2012, Almeida, et al. 2019). The use of numerical analyses in the 

study of column-like element behaviour has also been of interest, due to its 

simplicity and ability to model complex structures and ground conditions. 

Therefore, numerical computation can provide answers and additional insight into 

these problems. The research reported in this thesis is therefore concerned with 

compare the results of laboratory and field tests with numerical and analytical 

methods to analyse and determine the behaviour of column-like elements in 

subsequent chapters. 
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As a result, a significant contribution in developing an understanding of column-

like elements deformation behaviour and load transfer mechanisms has been 

demonstrated by various researchers (e.g. Killeen (2012), and Ariyarathne and 

Liyanapathirana (2015)). In the past few decades, a significant development of 

computers (software and hardware) has led to the use of the numerical modelling 

in the soil and rock mechanics problems including foundations, excavations, 

embankments, and ground improvement. Numerical analysis using Finite Element 

modelling (FEM) has become increasingly popular and powerful in geotechnical 

engineering applications and research. 

There are many types of software available in the market specially written to solve 

geotechnical problems using FEM codes. It is vital to choose suitable constitutive 

relationship to model the behaviour of soils. Various constitutive models from 

simple elastic model to mathematically complex non-linear elasto-plastic models 

have been developed. Therefore, any particular geotechnical problem must be 

associated with a relevant soil model that addresses the constitutive relation 

between the stress and relative strain of the soil. In soft soils, there are limitations, 

advantages and disadvantages for developed soil models in relation to model soil 

behaviour in geotechnical problems. 

Soil strength and deformation parameters have a great influence on the outcome 

of analysis for a particular soil model. The selection of geotechnical and structural 

parameters should be based on derived values from the laboratory and field tests, 

complemented by well-established experience.   

Pile foundations in very deep soft layer may not be feasible and economical. A 

pile/column-like element supported embankment is commonly used in the current 

practice. By making use of advanced knowledge in soft soil engineering, available 
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in the field of geotechnical engineering, it is possible to reach a technically safe 

and economically justifiable solution. This research is expected to contribute 

significantly in this regard. 

2.8.1 Numerical modelling approaches 

Many researchers have proposed numerical approaches to predict the column-like 

elements bearing capacity and settlement (e.g. Han and Gabr (2002); Killeen 

(2012); Castro et al. (2013); Fayed et al. (2017)). The author has been able to 

briefly summarise the development of the column-like elements numerical analysis 

in respect of modelling approaches as follows:   

1. Many of the historic Finite Element methods were developed in the 1970’s 

using the unit cell approach where only the column and surrounding soil 

were modelled axisymmetrically (Balaam and Brown, 1977). In order to 

simplify the column-soil interaction and the settlement behaviour of the 

substructure, unit cell concept neglects the variable boundary conditions of 

different unit cells. Unit cell concept relies on many assumptions which may 

not apply to all possible conditions. Generally, unit cell approach is 

considered an appropriate approach to model an infinite grid of columns 

used to support a wide loaded area (such as used to support 

embankments).  

2. The homogenisation Finite Element approach developed on the back of unit 

cell approach. Homogenisation technique models column-like elements and 

soil as homogeneous soil with improved properties to simulate ground 

improvement after installation of columns (Schweiger and Pande, 1986). 

The main advantage of homogenisation approach over the unit cell concept 

is the lack of restriction for boundary conditions. However, it is very difficult 
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to model a specific value of the excess water pressure between adjacent 

columns. Additionally, whilst the average degree of consolidation and the 

settlement rate may be modelled using the homogenisation technique, a 

proper calibration of the parameters of the equivalent homogeneous soils 

should be carried out to guarantee a correct capturing of the settlement 

rate (Castro, 2017a).     

3. Plane strain modelling when plane strain condition is available such as long 

loading areas, which is commonly used to model the column-like elements 

beneath embankments (Bergado and Long, 1994; Van Impe and DeBeer, 

1983).  

4. Axisymmetry technique, in which a 3D column-like element cell is 

transformed into a circular cell with the area of the column and soil remain 

the same (Han and Gabr, 2002; Mitchell and Huber, 1985).  

5. Full 3D model, where a complex numerical model is necessary due to the 

complexity of the problem and no other modelling can accurately represent 

the problem in hand. However, 3D modelling requires high computing effort 

and is much easier to perform other modelling techniques where possible 

(McCabe and Killeen, 2010). Furthermore, there exists a dearth of 

information regarding the long-term settlement using undrained analysis 

(stone columns in particular) due to the computational time consumed 

during calculations. 

One needs to make sure, though, whatever modelling technique used is the right 

approach to provide a good representation of the site geometry, soil and structure 

properties, and loads. 
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2.8.2  Numerical analysis of piled-embankment   

Load transfer mechanism (soil arching) is currently assessed by conservative 

analytical methods (Jones et al., 1990a; Russell et al., 2003). There are two main 

reasons for such conservatism. Firstly, researchers use simplified analytical 

procedures which rely on empirical relations to quantify the soil arching across the 

adjacent pile caps and secondly, these simplified procedures do not consider 

existing soft soil support underlying geosynthetic reinforcement. Therefore, 

numerical analysis such as FEM is one of the best methods to analyse such 

complex soil structure interaction. Soft soil’s strength attribution to the whole 

system resistance can be modelled by using the FEM. Many researchers have used 

several relations to investigate arching effect, system settlement and geosynthetic 

tension. The following relations and their definitions mostly used in the piled-

embankment numerical analysis are often referred to in the subsequent Chapter 

3. 

In the past few decades, numerical analysis using Finite Element modelling (FEM) 

has become increasingly popular as a tool used to design the piled-embankment 

system (Ariyarathne and Liyanapathirana, 2015; Van Eekelen et al., 2013; 

Zhuang, 2009). FEM is capable of modelling the whole geometry and loading 

conditions however challenges still exists (e.g. proper verifications, boundary 

conditions and selecting an appropriate soil model). Therefore, a combination of 

laboratory and field tests, complemented by well-established experience should 

be used to derive and calibrate the geotechnical and structural parameters of the 

program and to verify the results of the FEA.   
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2.8.2.1 Efficacy 

The proportion of the embankment weight and external load carried by the pile 

caps can be referred to as the efficacy, E, of the pile support. The definition of the 

efficacy can be expressed as (Hewlett and Randolph, 1988): 

𝑬 =
𝑷

𝒔𝟐 (𝜸 𝑯+𝒒)
 (2.27) 

where P is the total force carried by the pile caps (kN), γ is embankment unit 

weight (kN/m3), H is embankment height (m), s is pile spacing (m), and q is the 

embankment external surcharge (kPa). 

2.8.2.2 Soil arching ratio or stress reduction ratio 

The term ‘soil arching ratio’ or ‘stress reduction ratio’ is the term used by McNulty 

(1965) and Kempton et al. (1998) to quantify the soil arching. It is defined as 

follows: 

𝝆 =  𝑷𝒃/( 𝜸𝑯 + 𝒒) (2.28) 

where ρ is soil arching ratio or stress reduction ratio, where: 

 ρ=0 indicates full soil arching 

 ρ=1 indicates no soil arching 

Pb is the average vertical pressure above geosynthetics (kPa). 

2.8.2.3 Stress concentration ratio 

Han and Akins (2002) used a stress index called ‘stress concentration ratio’ (n) to 

determine the load transfer portion into the pile caps where n can be expressed 

as follows: 
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n = σc/ σs (2.29) 

where σc is the vertical stress on the top of the piles (kPa), and σs is the vertical 

stress on the surrounding soil (kPa). 

2.8.2.4 Other definitions 

Total settlement and differential settlement were used extensively to evaluate the 

effectiveness of the proposed column-like elements solution. Settlement is usually 

measured at the column head and between the centre of the column and at the 

middle of the column spacing at the same level. Zhuang (2009) used the ground 

reaction curve (GRC) proposed by Iglesia et al. (1999) and the profile of 

normalised earth pressure coefficient (K/Kp) on a vertical profile at the midpoint 

between piles to consider the arching of the material above the piles. However, 

piles were modelled as a rigid support and the soft soil is simulated as a vertical 

stress applied at the bottom boundary of the model. Zhuang (2009) claims that 

the profile of normalised earth pressure coefficient (K/Kp) on a vertical profile at 

the midpoint between piles gives a good ‘indication’ of arching behaviour. The 

method of normalised earth pressure coefficient (K/Kp) appear to have provided a 

satisfactory basis for understanding the changes in the vertical and horizontal 

stresses within the embankment fill material so will be used in this thesis. 

2.8.3 Numerical studies of stone columns 

The most common numerical methods are the Finite Difference method, the Finite 

Element method, the Boundary Element method and the Discrete Element 

method. The Discrete Element method is not used frequently in the geotechnical 

engineering analysis because of the time and computing capacity required to 

analyse all but the simplest problems (Al Ammari and Clarke, 2016; Chen et al., 
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2011). The Boundary Element method (BEM) is used to provide a solution to 

problems of similar nature to the boundary integral equations, therefore BEM is 

considered as an obvious answer to the dominant partial differential equation. The 

Boundary Element method cannot provide an accurate solution to non-linear 

problems as compared with other numerical methods (Katsikadelis and 

Nerantzaki, 1999). 

Numerical analysis methods are appropriate to provide solutions for problems 

generally with a minimum variation in the results (Fang et al., 2002; Marfurt, 

1984). However, the preference of one numerical method over the other is 

debatable and depends very much on the definition of the referenced process. The 

choice of the most suitable method depends on the nature of the problem and the 

advantages/disadvantages of every method (Zienkiewicz et al., 1977). 

The use of the Finite Difference method can be very difficult when modelling 

complex geometries in multiple dimensions (Peiró and Sherwin, 2005). 

Consequently, Peiró and Sherwin (2005) argue that there are difficulties 

associated with the Finite Difference method which utilizes a topological square 

network of lines to build the discretisation of partial differential equations. 

Therefore, other numerical methods, such as the Finite Element method have been 

developed to overcome these difficulties (Al Ammari and Clarke, 2016).    

Numerical analysis using the FEM to investigate the influence of stone column 

installation upon the settlement performance is largely based on a large array of 

stone columns supporting wide area of loadings such as embankments. Balaam 

and Brown (1977) undertook a numerical analysis of large groups of stone columns 

to investigate the influence of key design parameters such as column spacing, 

length and stiffness on the settlement performance using the unit cell concept 
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assuming that the load applied on both the soil and the column is uniform 

(simulation of an embankment and large raft). The long-term settlement (drained 

and undrained conditions) is predicted using the FEA. The undrained analysis 

carried out by Balaam and Brown (1977) revealed a very small amount of 

settlement, therefore, undrained analysis was neglected. The main findings are as 

follows:  

• The stone column diameter and penetration into the soft clay were found 

to have a significant impact on the settlement.  

• The modular ratio (the ratio of modulus of the column to the soil) was 

considered of less importance on the settlement performance.  

Barksdale and Bachus (1983) conducted 2D FEA using the unit cell concept to 

predict the primary consolidation settlement. The installation effect of stone 

column was considered by increasing the coefficient of lateral pressure (Ko= 0.75). 

The coefficient of lateral pressure value adopted in the analysis is lower than the 

Priebe (1995), who recommended a value of Ko= 1.0 and higher than Ko = 1 – sin 

(’) (Jaky, 1948).  A series of design curves was presented as a result of the 

analysis to predict the average primary consolidation settlement.  

Elshazly et al. (2008) carried out 2D axisymmetric approximation based on the 

unit cell concept. The authors developed a modification factor to find a relationship 

between the settlement of a group of stone columns supporting a wide spread load 

and the settlement of finite groups of stone columns (small group of columns). 

The incorporation of the installation effects is considered by increasing the Ko of 

the surrounding soils up to 1.5. The main findings of this study were the stress 

distribution beneath the pad footing and widespread loaded area and the loss of 

confinement experienced by the column at the edge of the pad footing. Firstly, the 
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vertical stress was negligible below a depth of 2W (W= foundation width) for a 

pad footing. 

In contrast to the pad footing stress distribution, the vertical stress beneath a wide 

area loading is extended to full depth and, therefore, associated with higher 

settlement compared with the pad footing settlement. The second observation was 

related to the loss of the lateral confinement of the edge columns beneath pad 

footings compared with a full lateral confinement provided to the columns installed 

within infinite grid of columns due to the installation of adjacent columns.  

The homogenisation method was developed to evaluate the influence of the stone 

column installation beneath a flexible and rigid raft foundations using FEA 

(Schweiger and Pande, 1986). FEA was carried out under drained condition where 

improved clay properties were assigned to the treated soil beneath the raft. The 

homogenisation approach was developed further by Lee and Pande (1998), where 

both the soil and column materials were assumed to behave elasto-plastically. A 

good relationship in predicting the ultimate loads was found to exist between the 

numerical analysis and experimental data conducted by Hu (1995). A marked 

difference was observed in predicting the initial stiffness using the homogenisation 

approach, which tends to over-predict the ground composite stiffness.  

It is worthy to note that Lee and Pande (1998) found that the vertical stresses 

beneath the footing were higher at the edge of the footing. Therefore, it was 

suggested to use shorter columns under the centre of the footing and longer 

columns towards the edges of the footing. The optimisation of column length 

appears to have a positive impact on the foundation load carrying capacity and 

provides cost savings as suggested by the authors. It is important to recognise 

that field trials are necessary to validate such hypotheses.    
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Killeen (2012) carried out a series of three-dimensional FEA to investigate the 

settlement behaviour of small groups of stone columns supporting rigid square 

pad footings. The influence of key design parameters upon the deformation 

behaviour was also investigated by predicting the normalised punching at the base 

of the column and the axial strain along the column shaft. The author suggests 

that the settlement performance improves beyond L/d = 10 (where L is the column 

length and d is the column diameter) and relates the improvement with the area 

ratio. Another interesting observation from the FEA is that the columns toward the 

periphery perform better than the short columns closer to the centre. It is worth 

noting that increasing the number of columns, for a given area ratio, leads to 

enhanced settlement performance due to the full confinement around the column 

perimeter.    

2.8.3.1 Modelling of column installation effects 

A vibrating poker is normally used to form stone columns. The vibrating poker 

displaces soils laterally and imparts horizontal vibrations. Driven pile installation 

also alters in-situ soil properties such as the lateral stress in the soil. Therefore, 

any change to the initial stress state may be attributed to the lateral soil 

displacement as a result of installation (Greenwood, 1970). A number of methods 

are used to simulate the column installation effect.    

2.8.3.1.1 Increased coefficient of lateral pressure 

Increasing the coefficient of soil lateral earth pressure at rest (Ko) is considered 

as one of the simplest techniques to account for the installation effects of the 

driven columns such as large displacement piles and stone columns. The soil 

properties adopted are determined after installing the column and therefore 

incorporate soil property changes due to installation. Mitchell and Huber (1985) 
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and Elshazly et al. (2006) attribute any discrepancy in the load settlement curve 

to the change of stress due to installation. They have used an axisymmetric FEA 

assuming a full confidence in the soil parameters and have adjusted Ko until the 

calculated load- settlement curve matched the measured settlement behaviour. 

The back calculated lateral pressure values for various researchers ranged from 

0.7 to 1.5 depending on the corresponding area ratio and adopted columns grid.  

The effect of increasing coefficient of the lateral pressure upon the column 

deformational behaviour supporting 3m footing at Bothkennar site was 

investigated by Killeen (2012). It was concluded that increasing Ko has a minor 

influence upon the mode of column deformation, which is consistent with Kirsch 

(2006), where a group of stone columns was analysed using FEA. It was observed 

that increasing Ko enhances columns’ performance but do not influence the 

deformational behaviour of the column. 

2.8.3.1.2 Cylindrical Cavity Expansion 

The application of the cylindrical cavity expansion theory in conjunction with FEA 

was used to approximate post-installation K values due to the lateral expansion 

imposed during column-like element installation. The cavity expansion process 

must be controlled either by displacement or stress. A suitable pseudo 

displacement should be used to perform a displacement control cavity expansion. 

On the other hand, imposing a radial pressure on the cavity wall is considered 

appropriate to simulate the stress control method (Henke and Grabe, 2006; 

Lancellota, 1995).  

A series of small scale laboratory experiments conducted by various researchers 

(Debats et al., 2003; Guetif et al., 2007) show that the driven column-like element 

installation effect can be predicted using cylindrical cavity expansion theory. 
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Debats et al. (2003) and Guetif et al. (2007) have investigated this approach 

numerically in 2D axisymmetric FEA to simulate the stone column installation. If 

a stone column is installed into the ground quickly, it is reasonable to consider an 

undrained condition to simulate the loading process. A numerical analysis by 

Randolph et al. (1979a) simulated the installation effects associated with column-

like elements installation using the undrained cylindrical expansion of a dummy 

material which was assigned a nominal stiffness and later converted into concrete. 

The soil was modelled using the Mohr-Coulomb (MC) model. In order to replicate 

the actual installation condition, it would be necessary to expand the cylindrical 

cavity from zero radius to double the radius to model the installation process 

sufficiently. However, there are two important shortcomings of the total stress 

analysis. First of all, the pore water pressure generated during shear is ignored. 

The second limitation of the MC model instability in linking the soil strength with 

the change in the current effective stress state (Yu, 2013).  

Based on field measurements carried out by Kirsch (2006), it was found that due 

to the column installation effect, the horizontal stress and stiffness increased 

within a zone of (2-5)d from the centre line of columns (d is the column diameter). 

Therefore, Kirsch (2006) applied the cavity expansion to model the column 

installation effect and increase the soil stiffness in the enhanced zone. However, 

using this process is offset by the effect of remoulding and dynamic excitation 

within the treated zone. 

McCabe et al. (2008) conducted a numerical analysis using PLAXIS 3D to assess 

the program ability to simulate column installation effect using the cylindrical 

cavity expansion theory (Figure 2.28). It is evident in Figure 2.28 that PLAXIS 3D 

is currently incapable of simulating stone column installation using cavity 

expansion theory because of the level of scatter in the excess pore water pressure 
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and radial stress prediction when compared with the published data developed by 

Gibson and Anderson (1961) and Randolph et al. (1979b).  

 

Figure 2.28 Variation of (a) excess pore pressure (pwp) and (b) total radial 

stress with normalised radial distance for different lateral expansions (McCabe et 

al., 2008). 

It is clear that the extent of the scatter between PLAXIS analysis and published 

data precludes cavity expansion (displacement control method) option for 

simulating the installation effects of stone columns.  Therefore, the stress control 
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method is used in Chapter 5 to simulate the installation effect of stone columns 

installed in soft founding soils. 

The increase of radial soil stress adjacent to the column-like element as a result 

of pile installation can be modelled by increasing the value of the coefficient of 

lateral earth pressure (Castro, 2017b; Killeen, 2012) as commonly expressed 

below: 

𝑲 =  
𝝈𝒉

′

𝝈𝒗
′  (2.30) 

The coefficient of lateral earth pressure K=1 has been used in Chapter 5 to model 

the increase in the lateral stress rather than the coefficient of lateral earth pressure 

at rest Ko (Lancellotta, 2014). The stress control method can be applied in the FEA 

as follows: 

• Set in situ soil conditions (Ko condition) to calculate initial stresses.  

• Create a cavity of similar size to the pile along the centerline and 

consequently apply radial stress (𝜎ℎ = K x 𝜎𝑣)  to the cavity wall and also 

apply a vertical pressure at the base of the cavity, 𝜎𝑣 (=  x L), where  is 

the density of the removed soil in kN/m3, and L is the column length. The 

applied radial stress increases linearly with depth according to equation 

2.30.  

• Assign stone material to the cavity zone and consequently remove the 

applied stresses on the cavity wall and the base of the column. 
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Summary of column installation effects 

The effect of column installation is that the horizontal stress and stiffness of the 

surrounding soil will increase accordingly. A number of methods is available to 

simulate the column installation process as summarised below: 

1. Increase the coefficient of lateral pressure K0 from 0.75 to 1.5 (this 

methodology is used in Chapter 4 to model the installation effect of stone 

columns). 

2. Cylindrical cavity expansion to column using a dummy material and convert 

property to concrete/gravel after expansion or use the stress control 

method. 

3. Apply the cylindrical cavity expansion and increase soft clay stiffness across 

an enhancement zone.    

The results of McCabe et al. (2008) suggest that PLAXIS 3D is incapable of using 

cavity expansion theory (displacement control method) to simulate the column 

installation appropriately. Therefore, an approximate technique is used in this 

research (see Section 2.3) by increasing the coefficient of lateral pressure (Ko) as 

recommended by researchers (Kirsch, 2006; McCabe et al., 2008).    

2.8.3.2 Modelling of soft soil long-term behaviour 

The modelling of long-term behaviour of fine-grained soils in PLAXIS 3D can be 

applied by two methods: 

(i) Drained analysis  

(ii) Undrained analysis accompanied with consolidation stage. 

The use of method (ii) is time consuming but it is more accurate than method (i) 

in simulating the real behaviour of the material. The initial settlement is 

determined during the application of the load and long settlement can be 
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computed at consolidation stage. Total or effective strength parameters can be 

used in PLAXIS 3D to define the soil strength. However, it is not possible to 

measure the increase in soil strength during the consolidation stage by using total 

strength parameters. Method (i) on the other hand does not separate the 

settlement between the undrained response initially occurring during the 

application of the load and the following primary consolidation stage. The 

consistency of the two methods is compared in Chapter 4 for the Bothkennar field 

trials (Serridge, 2013).      

2.9 Summary 

Column-like elements, such as driven piles and vibro stone columns, are used 

across the world to enhance the soft soil bearing capacity and settlement 

performance. Several researchers in the last few decades discussed the column-

like elements’ mechanism in various ground improvement studies. Piled-

embankments and vibro stone columns provide possible solutions to construct 

roads, embankments and foundations over soft soils without excessive settlement. 

The main fundamental principle of the piled-embankment and vibro stone columns 

techniques is to relive the stress on the weak soils without a major change in the 

soil structure.  

Embankment arching is considered as the main mechanism of load transfer from 

the embankment to the pile head. However, the shape of arching is not well 

understood, and until now engineers and researchers are not fully confident 

regarding which method provides the best solution. Therefore, it is necessary to 

model the piled-embankment considering the influence of subsoil using a simple 

method to evaluate the impact of arching on the load transfer mechanism. 

Furthermore, the adaptation of different assumptions to derive the column-like 
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element and soft soils stresses influences the level of accuracy of each design 

method in predicting the arching effect. Also, some key parameters such as the 

angle of internal friction of the embankment fill and the soft soil contribution are 

not considered in these design methods. The use of the frictional methods (i.e. 

Zhuang, 2009) to describe the development of arching within the embankment fill 

is not fully explored by researchers.  

Foundations constructed on soft soils undergo large settlement under applied 

loads, therefore, the foundation settlement is considered as one of the main 

criteria used in the column-like elements design. There is a dearth of information 

available regarding the settlement performance for lightly loaded low-rise 

structures supported by pad foundations. Design methods typically use various 

assumptions and simplifications, such as a unit cell concept, which is considered 

appropriate to model the settlement performance of an infinite grid of column-like 

elements such as slabs and embankments constructed over a large group of 

columns. Therefore, a unit cell approach is used only to simulate the piled-

embankment case in the following chapter because embankments are normally 

constructed over a wide area.   

Stone column settlement performance and bearing capacity are the main two 

design criteria necessary to check with every column design. It has been found 

that the mode of failure in soft clay is prominent at shallow depths with bulging 

observed to be around 4 times the diameter below the existing ground level 

(Bergado and Lam, 1987; Goughnour and Bayuk, 1979a; Greenwood, 1970; 

Hughes and Withers, 1974). The lack of information regarding the settlement 

performance of a small group of stone columns was identified by Killeen (2012), 

who conducted a drained numerical analysis to study the settlement performance 

of small groups of stone columns supporting rigid square pad footings. However, 
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the settlement during the application of the load was not assessed and the 

influence of lateral bulging and stone column reinforcement on settlement 

performance were not investigated during the study. 

Serridge (2013) identified the lack of information regarding the settlement 

performance of pad footings relevant to light weight low rise structures supported 

by stone columns. Therefore, it is necessary to model the stone columns beneath 

the pad footings at discrete locations, rather than modelling the stone columns 

using the approximation of unit cell concept, homogenisation technique, or a plane 

strain approach.  

On the basis of this review, this thesis performs: 

a) a two-dimensional FEA using PLAXIS 2D to investigate the piled-

embankment system behaviour.  The influence of the key design 

parameters, such as embankment height, fill strength, external surcharge, 

reinforcement stiffness and coefficient of lateral earth pressure upon the 

embankment material arching will be investigated. An important purpose 

is to achieve (see Section 2.1) one of the main aims of this thesis is to 

examine the impact of embankment material arching on piled-embankment 

behaviour by using a simple method. This is the subject of Chapter 3. 

b) predicts the settlement performance of the pad footings at the Bothkennar 

site by using a three-dimensional FEA. The influence of a shallow crust layer 

on stone column behaviour will be investigated in Chapter 4. The numerical 

analyses will be used to determine the influence of the column lateral 

bulging, column length, area ratio, the depth of the footing, the shape of 

the footing, the number of columns and the effect of encasing the stone 

column with geogrids upon the settlement performance of pad footings 
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supported by stone columns. From this, a simple analytical model of stone 

column behaviour is developed in Chapter 5.
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CHAPTER 3 

Chapter 3: NUMERICAL MODELLING OF PILED-    

EMBANKMENTS 

3.1 Introduction 

The main focus of this chapter is to develop a better understanding of the arching 

mechanism in the embankment, loads transferring to underlying piles, and tension 

forces developed in the geogrids installed at the base of the embankment. Results 

from axisymmetric FEA are presented in this chapter. The adopted soil profile and 

the material properties are taken from the well-characterised Zaeske (2001) 

model test, which is also described in Kempfert (2006). The FEA results are 

validated with Zaeske (2001) model test. 

The preference of one numerical method over the other is debatable and depends 

very much on the definition of the referenced process. FEM was developed to 

overcome the difficulties associated with other numerical methods such as the 

Finite Difference method, the Boundary Element method and the Discrete Element 

method as described in Section 2.8.3 (Al Ammari and Clarke, 2016).  The FEM has 

become the most used numerical method due to its capability of modelling 

heterogeneous materials and because the flexible requirements of FEM in using 

the unstructured and irregular meshes that can solve the complex geometry 

problems. FEM is an appropriate method to model inelastic and nonlinear soil and 
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rock behaviour where various soil models have been developed by the academia 

and the industry to simulate the material hardening and softening behaviour. All 

of these reasons position the FEM as the mostly used numerical method in soil and 

rock mechanics (Nikolić et al., 2016). Therefore, FEM was selected by the 

researcher to carry out the analyses in this study, however, there are some 

challenges still exist such as the verification of the results and the selection of an 

appropriate soil model.  

There are many FEM packages are available in the market, however PLAXIS 

software has been specifically developed to analyse the geotechnical Engineering 

problems. Other softwares such as Abacus and ANSYS were designed for multi 

purposes analyses including the geotechnical engineering problems where all the 

features of solving these problems required further programming e.g. to generate 

pore water pressure then scripting in FORTRAN language is required. Therefore, 

PLAXIS software is chosen because it is reliable and time effective compared to 

other softwares. PLAXIS package capability of simulating a wide range of complex 

geotechnical problems and soils behaviour is well recognised in research and 

industry and hence the selection of PLAXIS package is therefore proposed and 

undertaken in the subsequent sections to analyse the column-like elements 

problems (see Section 3.2). The researcher has conducted a sensitivity analyses 

by comparing the results with experimental and field tests in the subsequent 

chapters to validate the results of PLAXIS model.  

A series of FEA were conducted using PLAXIS 2D to evaluate the influence of the 

following parameters upon the embankment arching and the settlement 

performance: 

• The presence of geogrid at the base of the embankment 
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• Geogrid stiffness 

• Applied load 

• Embankment height 

• Granular embankment strength 

• Capping ratio 

In this research, the lateral earth pressure coefficient K normalised by the passive 

earth pressure coefficient Kp (Kp = (1+sin φ)/ (1-sin φ)) plotted on a vertical 

profile at the mid-point between piles is presented in a form which can be 

compared with the semi-circular arching of piled-embankments proposed by 

Hewlett and Randolph (1988) in Figure 2.5. The approach of using the earth 

pressure coefficient as a tool to analyse the arching developed in the embankment 

was proposed by Zhuang et al. (2010).  

This approach was originally proposed based on 2D plane strain and 3D models. 

Piles were modelled as a rigid support and the soft soil is simulated as a vertical 

stress applied at the bottom boundary of the model as shown in Figure 3.1. 
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Figure 3.1 Finite Element model mesh and boundary conditions (Zhuang, 2009). 

Zhuang (2009) assumed that the embankment material is a granular material. A 

linear elastic-perfectly plastic model (Mohr-Coulomb constitutive relation) was 

used to simulate the granular material behaviour. In the current research, the 

piles and soft soils are modelled using a linear elastic and Hardening Soil (HS) 

model, respectively. Also, arching is compared with the theory to evaluate the 

potential sensitivity of the key design parameters upon the embankment arching.  

The design of the piled-embankment on soft soils is usually governed by the 

settlement performance rather than the bearing capacity of the piles, due to the 

high compressibility of the soft soils. However, there are several simplified 

methods available to calculate loads acting on the top of the pile and tension force 

developed in the geosynthetic reinforcement due to the embankment and external 

applied loads such as those in the British Standard BS8006 (2010), and German 

method EBGEO (2004).  
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In addition to these methods, there are various research studies investigating the 

soil arching and the embankment settlement which can be seen in the literature 

(Guido et al., 1987; Hewlett and Randolph, 1988; Mckelvey, 1994; Terzaghi, 

1943). These methods produce dramatically different results, and until now 

engineers and researchers are not fully confident regarding which method provides 

the best answer. In this research, axisymmetric FEA provides an alternative 

approach for determining the arching effect that develops in the embankment and 

relevant stresses acting on the geosynthetic reinforcement.  

It is very important to construct a pile cap to ensure efficient load transfer 

mechanism through soil arching from applied surcharge and embankment weight 

to the piles. The capping ratio of the piled-embankment system will be used to 

study the influence of the pile cap on arching. The ratio of the pile cap area to the 

cross-section area of one cell is defined as the capping ratio of the piled-

embankment system (i.e. the proportion of native soil area replaced by the pile 

cap). From reference to work conducted by Han and Gabr (2002) and discussions 

with a ground improvement contractor, 5% to 25% capping ratios have been used 

for reinforced piled-embankments with geotextile at the base of the embankment. 

Han and Gabr (2002) have summarised applied capping ratios for reinforced piled-

embankment in Figure 3.2. The suggested capping ratio by Rathmayer (1975) is 

shown in the same Figure 3.2.  

It can be seen in Figure 3.2 that the required capping ratio percentage for 

conventional piles supported by embankments as suggested by Rathmayer (1975) 

is higher than geosynthetic-reinforced piles proposed by Han and Gabr (2002). 

The range of capping ratio for piled-embankment system reinforced by geogrid at 

the base of the embankment is between 10% and 20% of the capping ratio. The 
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influence of capping ratio upon arching is evaluated in a subsequent parametric 

study. 

 

Figure 3.2 Pile capping ratio for reinforced and unreinforced piled-embankment 

after Han and Gabr (2002). 

3.2 PLAXIS program 

The FEA is a computational tool used to calculate stresses and strains distribution, 

deformations and forces throughout the structures and soil geometry. It is worthy 

to note that the Finite Element results should be validated against field works or 

laboratory tests. Several constitutive models are available in PLAXIS which enable 

PLAXIS users to simulate the linear and nonlinear behaviour, elastic and elasto-

plastic behaviour, shear hardening and compression hardening, time dependent 

behaviour, and stress dependent stiffness of soils (Brinkgreve et al., 2018).  

PLAXIS is a powerful tool to investigate the extent of the influence of key design 

parameters on the performance of column-like elements. It is worth noting that 

several options are available in the program to perform staged constructions with 
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drained, undrained, and consolidation analyses. The FEA can be generated by 

drawing the geometry and assigning properties to the soils and structures. 

Furthermore, loads and boundary conditions must be specified based on 

convenient drawing procedures.  

PLAXIS performance and accuracy have been tested by carrying out analyses of 

problems with known theoretical solutions, as described in Chapter 2 to 6 of the 

PLAXIS manual (Brinkgreve et al., 2018). Also, various back-analysis calculations 

of many full-scale structures using PLAXIS has been carried out to check program 

accuracy and performance. There are various projects published on PLAXIS 

website (http://www.plaxis.nl) and many others published in PLAXIS bulletins. 

Direct support from a large network of researchers accompanied by training 

support from PLAXIS and industry to the author provided reassurance and 

confidence in the selection of PLAXIS to model column-like elements in soft soils. 

Therefore, the researcher chooses PLAXIS to carry out the numerical analysis in 

this study. 

3.2.1 Description of PLAXIS constitutive models 

Various constitutive models can be used in the FEA code PLAXIS, from simple 

linear elasticity to advanced elasto-plastic cap soil models. The details of each 

model can be found in PLAXIS user’s manual (Brinkgreve et al., 2018). Soil is a 

complex material, therefore, the selection of the soil models and the relevant 

material parameters are very important to provide a qualitative description of the 

material behaviour and to quantify this behaviour (Brinkgreve, 2005). The 

Hardening Soil (HS) model as implemented in PLAXIS has been used as a reference 

model for the soft soil and granular embankment material as HS model formulation 

incorporates two hardening mechanisms. The shear mechanism deals with the 

http://www.plaxis.nl/
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plastic straining which is dominated by shearing (observed in granular soils and 

overconsolidated clays). The other mechanism is the volumetric hardening which 

is governed by the compression plastic strains, HS model is also suitable for 

modelling soft soils as demonstrated by various researchers (Black, 2006; Kirsch, 

2006; McCabe and Killeen, 2016; Satibi et al., 2009)). The soil behaviour is highly 

non-linear, therefore, the HS model is preferable to model the soil behaviour 

where both the strength and stiffness highly depending on the stress and strain 

level. 

The HS model requires a total of 9 soil parameters, which generally can be 

obtained from triaxial compression and one-dimensional consolidation tests. These 

parameters are as follows: 

3.2.1.1 Mohr-Coulomb (MC) failure parameters 

The MC model idealises the soil behaviour as a linear elastic- perfectly plastic 

material where Young’s modulus (E) and Poisson’s ratio () are used to model the 

elastic behaviour of the soil. The MC failure criterion is used to define the soil 

failure and can be defined by two parameters, the friction angle (Φ’) and, cohesion 

(c’). However, the angle of dilation (Ψ’) is an additional parameter required to 

capture the plastic strains due to shearing. The dilatancy angle is a constant of 

the MC model, which defines the plastic volumetric strain. The dilatancy angle can 

be obtained from volumetric strain versus axial strain plot in conventional triaxial 

test as shown in Figure 3.3.  
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Figure 3.3 Dilatancy Angle: (a) results from standard drained triaxial test; (b) 

Elasto-plastic model (Vermeer and Brinkgreve, 2008). 

3.2.1.2 Basic parameters for soil stiffness 

The HS model idealises the soil as an elasto-plastic model, where generated 

irreversible strains as a result of deviatoric and compression loadings can be 

captured using this model. The HS model uses a hyperbolic model derived by 

Duncan and Chang (1970) to model the soil stress strain behaviour. Three stiffness 

moduli are used in the HS model to define the hyperbolic relationship between 

deviatoric stress and the vertical strain for a primary loading as shown in Figure 

3.4. 

The 3D stiffness parameters required for HS model to take account for the stress 

path dependency of the soil are as follows: (i) E50, a secant modulus at 50% 

strength, (ii) Eoed, tangent stiffness for primary oedometer loading. Hence, 𝐸𝑂𝑒𝑑
𝑟𝑒𝑓

  is 

a tangent stiffness at a vertical stress of  = ref and (iii) Eur, unloading/reloading 

stiffness. The soil stiffness tends to increase with increasing confining pressure as 
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per equation (3.1). The HS model captured the stress dependency of soil stiffness 

by the following power law (Brinkgreve et al., 2018): 

𝑬

𝑬𝒓𝒆𝒇
=  (

𝝈

𝝈𝒓𝒆𝒇
)

𝒎

  (3.1) 

where Eref is the reference stiffness at reference confining stress (ref) calculated 

either from oedometer or triaxial tests. The PLAXIS manual recommends using a 

stress dependency parameter, m, of 0.5 to 1.0 for sands and soft soils, 

respectively, which can be determined from one-dimensional stiffness test data 

(Brinkgreve et al., 2018). E50 and Eur are read directly from the stress- strain 

curves by drawing a tangent through the corresponding points Figure 3.4.  

 

Figure 3.4 Hardening Soil model stiffness moduli (a) 𝐸50
𝑟𝑒𝑓

 and 𝐸𝑢𝑟
𝑟𝑒𝑓

for drained 

triaxial test results; (b) 𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 in oedometer test results (Brinkgreve et al., 2018). 

3.2.2 Interface Element 

The friction between the column-like elements and the surrounding soil should be 

included in the numerical analysis. An interface element is normally used to 

simulate the interaction between rough and smooth surfaces such as column-like 

element and the surrounding soils. The interface element is modelled in PLAXIS 

as elasto-plastic, where elastic and plastic behaviour is distinguished by following 
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Coulomb’s criterion. The strength reduction factor Rinter is used to model the loss 

of strength at the interface between the column-like element and adjacent soils, 

which relates the soil strength to the interface strength as shown in equations 3.2 

and 3.3. 

ci= Rinter x csoil (3.2) 

Tan φi= Rinter x Tan φsoil (3.3) 

where ci and φi = cohesion and friction angle of the interface element 

          csoil and φsoil = cohesion and friction angle of the adjacent soil 

The influence of interface element upon the settlement performance of Zaeske 

(2001) model test (test model details in the following Section 3.3) is presented in 

Figure 3.5. Three different interface reduction factors, Rinter= 0.35, 0.7, and 1.0 

are used to investigate the impact of interface element on the piled-embankment 

analysis in the following sections. 

 

Figure 3.5 Influence of interface reduction factor upon the embankment surface 

settlement performance. 
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It can be seen in Figure 3.5 that a similar variation of the embankment surface 

settlement under applied load was observed. The influence of the interface 

reduction factor is minimal; therefore, it was deemed appropriate to model the 

model test in the subsequent FEA using Rinter= 0.7. 

3.2.3 Geometry 

There are many geometrical idealisations that can be found in the literature, as 

mentioned in Section 2.8.1. Although the embankment section could be 

considered approximately as a plane strain problem, the presence of columns 

poses difficulties for the 2D modelling (Gäb et al., 2010). The FEA with a plane 

strain geometry leads to calculation instability (Satibi et al., 2009). The piled-

embankment system can be modelled using two-dimensional FEA, however, the 

piles are modelled as a wall with some modification in the pile stiffness. The 

modification of the pile stiffness will influence the relative stiffness between the 

piles and the soils and subsequently will affect the accuracy of the analysis. 

Therefore, for the piled-embankment analysis, a 2D axisymmetrical geometry has 

been used for the piled-embankment. 

In the axisymmetric case the 3D cell of the piled-embankment is transformed into 

a circular cell with the area of the pile and the soil kept the same. The standard 

fixities are assigned to the boundary conditions, which is available in PLAXIS 2D. 

No load reduction percentage on the boundary been reported on the test model 

by Zaeske 2001. Therefore, a reduction factor of 0.7 is used to calibrate the model 

and to verify analysis results in the subsequent Section 3.4 (see Figure 3.9 and 

Figure 3.10) . 
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3.2.4 Mesh generation 

PLAXIS uses unstructured mesh, which is generated automatically with options for 

global and local mesh refinement. There are five choices of mesh density in 

PLAXIS. Mesh density varies from very coarse mesh to very fine mesh. Mesh is 

refined around the upper part of column and the surrounding soil where high 

stresses and strains are expected.  

The level of sophistication of the soil model constitutive relation and the number 

and type of the elements used in the domain discretisation have a significant 

impact on the FEA accuracy. In this study, the mesh is refined to a fine mesh 

around the pile and the geogrid to increase the level of accuracy. 

3.2.5 Initial conditions 

Once the geometry of the model has been created and the Finite Element mesh 

has been generated, the initial stresses must be specified. PLAXIS provides an 

option to generate the initial conditions during input using Ko procedure or 

calculation of initial stresses by weight loading using gravity loading. Ko procedure 

is used in this study (as recommended by the PLAXIS manual) to calculate the 

initial soil stresses because all the geometry including the ground surface, soil 

layers and ground water table are horizontal.  

3.3 Details of FEA 

A very useful set of laboratory model tests were performed at the University of 

Kassel in Germany. As described by Zaeske (2001) and Kempfert et al. (2004), a 

group of four piles (length = 40 cm) was placed in a square grid in a 40 cm 

thickness of soft soil, above which a reinforced and unreinforced sand fill was 
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placed as shown in Figure 3.6. A square pile section (16 cm x 16 cm) was placed 

at a 50cm grid, which corresponds to a capping ratio of 10%. A uniform pressure 

was applied on the top of the sand (embankment). 
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Figure 3.6 Zaeske (2001) model test dimensions and configuration: (a) plan 

view of piles; (b) section view. 

In this research, the Zaeske (2001) model test is modelled using PLAXIS 2D to 

investigate the development of arching in the embankment material. The pile-soil 

unit was modelled using a unit cell concept to simplify the analysis which simulates 

a flexible loading such as an embankment. A maximum surcharge of 104 kPa (i.e. 

the maximum applied load in Zaeske’s model test) is applied on top of the sand.  

The coefficient of compression (Cc) and coefficient of swelling (Cs) of the soft soil 

were derived from the one-dimensional oedometer data presented by Zaeske 

(2001) and they are equal to 2.48 and 0.5, respectively, which is also described 

in Kempfert (2006). Soil tends to exhibit an increase in the stiffness with 

increasing confining pressure. Therefore, the one-dimensional stiffness 
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parameters were converted by PLAXIS into 3D parameters to capture the stress 

dependency of the soil stiffness by the HS model.  

The strength characteristics of the soft soil were investigated by Zaeske (2001) 

and the critical state friction angle of 24o and an effective cohesion of 8.5 kPa were 

determined from his laboratory tests. The unloading-reloading Poisson’s ratio of 

0.2 has been assumed for both soft clay and sand (PLAXIS default value). The 

initial values of unloading/reloading Poisson’s ratio vary between 0.1 and 0.2 for 

soils and rocks following experimental measurements taken from local strain 

gauges, therefore a characteristic value of 0.2 can be adopted for most types of 

soils (Obrzud and Truty, 2018). For loading of normally consolidated materials, 

the unloading-reloading Poisson’s ratio play a minor role, but it becomes important 

in unloading problems (Brinkgreve et al., 2018). There is no unloading-reloading 

in the case study analysed in Chapter 3 (Zaeske model) therefore PLAXIS default 

value of 0.2 is adopted in the current analysis. The sand has a saturated unit 

weight of 18 kN/m3 and a constrained modulus of 28 MN/m2. While no effective 

cohesion was observed in the tests, a nominal value of 0.1 kPa was adopted for 

the sand to ensure a numerical stability in all of the subsequent FEA. An effective 

friction angle of 38o and a dilation angle of 11o were also determined by Zaeske 

(2001).  

Nowadays, it is a common practice to install a geosynthetic reinforcement 

(geogrid) either on the top of the soft clay or above piles where loads need to be 

transferred into a deep bearing layer. In this research, a geogrid is laid on the top 

of the piles and modelled as a linear elastic material with axial stiffness, J, of 1000 

kN/m. The main function of the geogrids at an embankment base is to resist 

embankment load and the outward spreading force. The in-situ coefficient of 

lateral earth pressure of the soft clay K0 = 0.65 (corresponding to an angle of 
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friction  = 240) is used in this study following the recommendation made by 

Scherzinger (1991) as shown previously in Figure 2.1. 

In separate experiments, sand was placed on top of the piles to represent 

embankment in two thicknesses: 35 cm and 70 cm. A dearth of information is 

available for 35cm experiment, therefore, 70 cm test is chosen to verify the 

numerical analysis. A poorly graded sand with d50= 0.35 mm (see Figure 3.7) is 

used in Zaeske’s model tests. Concrete piles are modelled as a linear elastic non-

porous material in the numerical analysis with the modulus of elasticity E=26 GPa. 

All simulations are performed with the Finite Element code PLAXIS 2D. 

 

Figure 3.7 Sand particle size distribution used by Zaeske (2001). 

The sand and soft clay properties used in the soil model described by Zaeske 

(2001) and Kempfert (2006) are presented in Table 3.1. Soil parameters adopted 

in this analysis were derived from a series of tests such as one-dimensional 

oedometer and direct shear tests. The system has been simulated as the 

axisymmetric unit cell in PLAXIS 2D. Half of the geometry is selected to reflect the 

effect of symmetry. 
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Table 3.1 Soil parameters for Hardening Soil model. 

Properties Unit Sand 
Soft 

clay 

Φ’ [o] 38.0 24.00 

C’ [kPa] 0.1 8.50 

Ψ [o] 11.0 0.00 

γ [kN/m3] 18.0 17.70 

𝐸
𝑟𝑒𝑓
50

 [MPa] 23.0 1.70 

𝐸
𝑟𝑒𝑓
𝑜𝑒𝑑

 [MPa] 28.0 0.85 

𝐸
𝑟𝑒𝑓
𝑢𝑟

 [MPa] 112.0 12.75 

𝜈𝑢𝑟 [-] 0.2 0.20 

m [-] 0.5 1.00 

𝑅𝑖𝑛𝑡𝑒𝑟 [-] 1.0 0.70 

The nodes on the lateral boundaries were restrained in the x-direction only but the 

nodes on the bottom boundary were restrained in both x and y-directions. The 

finite element mesh was generated automatically with six-node elements for 

axisymmetric model.  

3.4 Finite Element analysis 

A well-documented set of laboratory model tests as performed by Zaeske (2001) 

is simulated using PLAXIS 2D in order to substantiate the use of parameters in 

Table 3.1.  Firstly, the initial stresses were generated under Ko conditions. Then, 

a pile sector was activated to represent pile installation (wish in place). The 

embankment fill was then added to simulate the embankment construction on the 

top of the piles. If embankment was reinforced with a geotextile placed at the top 

of the piles, it was applied simultaneously with the embankment construction. 

Finally, the external load was placed on to top of the embankment. The finite 

element mesh generated by PLAXIS is shown in Figure 3.8. 



Chapter 3  Numerical modelling of piled-embankments  

99 

 

The influence of applying an external load on piled-embankment system is shown 

in Figure 3.9.  
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Figure 3.8 Axisymmetric model mesh used for the calculations. 

 

Figure 3.9 Validation of soil parameters for Zaeske (2001) model test: applied 

load vs pile load. 

It is observed that piles carried a significant portion of the load in comparison to 

the soft soil; for example, the total applied load on one-unit cell at 40 kPa is 12.96 

kN (Load= (The density of the sand x height of the sand layer + 40 kPa) x unit 
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cell area), therefore 85% (11/12.96 kN) of the unit cell load is transferred to the 

pile head. The pile load prediction from the FEA and Zaeske (2001) model test 

agrees quite well. The calculated pile loads confirm that the embankment material 

is arching, hence the larger proportion of the embankment load is transferred to 

the piles. 

The influence of a geotextile reinforcement at the base of the embankment is 

shown in Figure 3.10, where the geogrid tensile force developed at various applied 

embankment loads predicted by the FEA and of the model test recorded by Zaeske 

(2001) are compared near the pile face. In the reference case (Zaeske, 2001), the 

tensile force in the geogrid is calculated at 4.5 cm from the pile face.  

 

Figure 3.10 Validation of soil parameters for Zaeske (2001) model test: Applied 

load vs geogrid tensile force. 

Therefore, the tensile force is predicted at the same distance to allow an 

appropriate comparison between the FEA and the reference case. 
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It is clear that both the pile loads and the geogrid tensile force due to applied 

embankment loads are in good agreement with Zaeske (2001) model test, 

affirming the selection of the adopted soil profile and material parameters.  

3.5 Summary of the numerical analysis development and 

validation  

A combination of laboratory tests and modelling experience were used in the 

current analysis to derive and calibrate the geotechnical and structural parameters 

of the model and to verify the results of the FEA in the subsequent analyses. 

PLAXIS software package was selected to carry out the FEM analyses in Chapter 

3 and 4 because PLAXIS performance and accuracy have been tested by academia, 

industry and software developers (see Section 3.2). The Hardening Soil (HS) 

model as implemented in PLAXIS has been used as a reference model for the soft 

soil and granular embankment material. The soil behaviour is highly non-linear, 

therefore, the HS model is preferable to model the soil behaviour where both the 

strength and stiffness highly depending on the stress and strain level.  

A very useful set of laboratory model tests performed at the University of Kassel 

in Germany by Zaeske (2001) is modelled using PLAXIS 2D to investigate the 

development of arching in the embankment material. Two-dimensional 

axisymmetrical geometry has been used to study the piled-embankment 

behaviour. Two-dimensional axisymmetrical geometry is approximating the model 

geometry therefore it is vital to validate the FEM against field works or laboratory 

tests. A soil profile and set of material parameters were developed from a series 

of tests such as one-dimensional oedometer and direct shear tests as described 

by Zaeske (2001) and Kempfert et al. (2004). The adopted soil profile and choice 
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of material parameters were validated by simulating the Zaeske (2001) laboratory 

test. 

 No load reduction percentage on the boundary been reported on the test model 

by Zaeske 2001. Therefore, a sensitivity analysis was carried out to investigate 

the influence of the interface reduction factor on the embankment surface 

settlement under applied load. The influence of the interface reduction factor is 

minimal. It is worth mentioning that Zaeske model and subsequent analyses in 

Chapter 3 are ignoring the effect of lateral thrust at the side of the embankment 

on the load transfer mechanism through arching, settlement behaviour, and 

geogrid strength requirements. 

It is also worth noting that the case study in Chapter 3 was modelled using 2D-

dimensional unit cell concept to simplify the analysis, however, the ability of the 

PLAXIS 2D-dimensional axisymmetrical model to capture the pile loads and the 

geogrid tensile forces was assessed and compared with Zaeske (2001) model test, 

affirming the selection of the adopted soil profile and material parameters. 

3.6 Midpoint of lateral earth pressure coefficient 

In this research, the K profile has been normalised by the passive lateral earth 

pressure Kp (taking the standard Rankine value and ignoring the small cohesive 

element of strength Kp = (1+sin φ)/ (1-sin φ)) plotted upward from the base of 

the embankment normalised by the pile spacing (s). This approach will provide a 

direct answer if the soil is in a plastic state by comparing K value with Kp and also 

allow the comparison with Hewlett and Randolph (1988) method as summarised 

in Figure 2.5. The lateral earth pressure at rest, represented as Ko, and passive 

lateral earth pressure Kp corresponding to the angle of friction values used in this 

research are listed in Table 3.2. The lateral earth pressure at rest (or in-situ 
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horizontal pressure) for the granular embankment material is calculated using the 

following expression (Jaky, 1948): 

K0= 1-sin Φ (3.4) 

 

Table 3.2 Normalised Ko/Kp with relevant angle of internal friction. 

Internal angle of friction 

(Φ) 
Ko Kp Ko/Kp 

300 0.5 3 0.17 

350 0.43 3.7 0.12 

400 0.36 4.6 0.08 

440 0.31 5.6 0.06 

450 0.29 5.8 0.05 

3.7 Results 

Zaeske (2001) model test, shown in Figure 3.6, is revisited to evaluate the 

influence of the key parameters variation upon the normalised K value (K/Kp 

profile). Figure 3.11 shows the profiles plotted with vertical distance (z) upwards 

from the base of the embankment normalised by the pile spacing (s). The profile 

as plotted extends to the top of the embankment, values of 0.5 (s - a) (where (a) 

is the pile cap size as shown in Figure 2.5) and 0.5 s are highlighted on the z/s 

axis. The influence of the external applied load on the top of sand layer 

(embankment) and the embankment material strength (angle of the internal 

friction) upon embankment arching are shown in Figure 3.11 (a to c).  

It can be seen from Figure 3.11 (a) that K = Ko at (z/s) > 1.1, and thus the 

embankment above this point has not been affected by the formation of arching. 

The load is transferred laterally to a stiffer embankment element (embankment 

fill above pile which settles much less relative to the subsiding soil body above soft 

soil) within a distance (see Figure 3.13, a distance of approximately 0.5 m) above 
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the embankment base level. Lateral load transfer to the stiffer element will cease 

once the embankment fill has settled equally at a horizontal plane. Therefore, 

above this horizontal plane the soil will not be disturbed by arching (see Figure 

3.13).  

The embankment height was varied from 0.7 m to 1.3 m in Figure 3.11, for 

embankment where h/s = 1.25, the value for K is observed to increase gradually 

with depth commencing at z/s = 1.1 up to a maximum at z/s lower than 0.2. The 

increase may be attributed to the increase in arching with depth. The coefficient 

of lateral pressure (K) starts to decrease due to the stress redistribution as a result 

of the embankment fill arching.  

In the case of the larger surcharge (85 kPa) the value of K exceeds Kp value just 

under z ≈ 0.5 (s - a). A slight increase in the K/Kp ratio is associated with 

increasing the external load applied on top of the embankment within the infill 

material zone. Compared with a semi-circular arch in Figure 2.5, the upper limit 

of the effect of arching in Hewlett and Randolph (1988) is about 2.0 times higher 

than the arching effect indicated in Figure 3.11 (c), but the passive limit is only 

reached (q= 85 kPa) below the inner radius of the arch, where the infill material 

is evidently in a plastic state. The value of Kp indicated in Figure 3.11, taking the 

standard Rankine value neglects the small cohesion intercept, and thus can be 

exceeded, particularly when stress is small (e.g. near the surface of the 

embankment or immediately above the subsoil).  

The influence of changing embankment height upon embankment arching is 

examined in Figure 3.11 (a to g), it can be seen for h/s =1.25 (h= 0.7 m) that K 

= Ko at (z/s) ≈ 1.1, and thus has not been modified by the formation of the arch. 

The midpoint K/Kp profile for the higher embankments h = 1.0 m (h/s = 1.79) and 
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h =1.3 m (h/s = 2.3) shows similar trends to the lower embankment h = 0.7 m 

(h/s = 1.25). It can also be seen that increasing the embankment height to h/s = 

1.79 and h/s = 2.3 suggests that the embankment fill is not disturbed by the 

arching effect at (z/s) between ≈ 1.0 to 0.95, respectively. Therefore, comparing 

the results with a semi-circular arch in Figure 2.5, the upper limit of the arching is 

about 1.8 to 2.0 times higher for h/s = 1.25 to 2.3.  

It is evident in this research that the method of Midpoint K profile is predicting a 

higher arching level compared with the predictions of Hewlett and Randolph 

(1988) as shown in Figure 3.11. According to Figure 3.11, the normalised value of 

K/Kp starts to increase due soil arching at a height about z/s= 1.0 above the pile 

head and then starts to decrease at a height about z/s= 0.2 above the pile head. 

This shows that the outer line of the arch is at a height of z= 0.5 m (for s= 0.5 m) 

and the inner line of the arch is at a height of z= 0.1 m (for s= 0.5 m) above the 

pile head midway between the piles. Therefore, the thickness of the arch midway 

between the piles is about 0.4 m. However, Hewlett and Randolph (1988) design 

method assumes that the thickness of the arch midway between the piles is about 

0.09 m, which is half of the equivalent pile diameter. It is clear in this study that 

the thickness of the arch midway between the piles and the level of arching 

(crown) calculated by Hewlett and Randolph (1988) method, in this instance, is 

not accurate which is consistent with the findings of Ariyarathne and 

Liyanapathirana (2015).  

It would appear that at least in this research, the higher embankment is modified 

by arching at relatively lower level than the lower embankment, as shown in Figure 

3.11. Moreover, it appears that K is slightly lower for the higher embankment than 

the lower embankments which indicates that the tendency is arching failure at the 
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pile cap level rather than at the crown for higher embankments (Hewlett and 

Randolph, 1988).   

 

(a) h/s =1.25, Ψ=0° and Φ= 35° 

 

(b) h/s= 1.25, Ψ=0° and q= 50 kPa 
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(c) h/s = 1.25, Ψ=0° and q=85 kPa 

 

(d) h/s = 1.79, Ψ=0° and q= 50 kPa 
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(e) h/s = 1.79, Ψ=0° and q= 100 kPa 

 

(f) h/s = 1.79, Ψ=8° and q= 50 kPa 
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(g) h/s = 2.3, Ψ=0° and q= 135 kPa 

Figure 3.11 Profiles of normalised earth pressure coefficient (K/Kp) on a vertical 

profile at the midpoint between piles. 

Since for a granular embankment the effective cohesion can be assumed zero, the 

evaluation in this research is focused on the variation of φ’ and ψ to investigate 

the influence of shear parameters. In order to assess the influence of φ', all other 

parameters are kept constant – with the exception of the dilation angle ψ, taken 

as 0o and 8° to evaluate its influence on the piled-embankment system behaviour. 

The effective angle of internal friction φ' of the embankment soil has an influence 

on the subsoil (soft soil) surface settlement, as illustrated in Figure 3.12 (a). The 

higher the angle of friction, the less predicted subsoil surface settlement is 

obtained. Figure 3.12 (b) shows that pile loads have a proportional relationship 

with the fill angle of internal friction (see Figure 3.9). Therefore, φ’ has significant 

influence on embankment soil arching. 

Figure 3.11 (b to g) shows the effect of increasing the angle of internal friction 

upon K/Kp ratio for various embankment heights and applied external loads. The 
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higher φ' leads to a lower lateral earth pressure K at the same height compared 

to lower φ'. The influence of ψ on subsoil surface settlement is less significant than 

that of φ', as shown in Figure 3.12 (a). However, a similar trend of increasing φ' 

is observed when ψ increases, where a lower dilatation ψ angle leads to a larger 

subsoil surface settlement. It can be observed in Figure 3.11 (b and d) and Figure 

3.12 that the higher φ' results in better load distribution (arching) in the 

embankment which might be characterised by the lower subsoil settlement and 

K/Kp ratio. 

As presented in Figure 3.11 (e and f), the higher the ψ, the higher lateral earth 

pressure coefficient K value below z= 0.5 (s - a), particularly for the embankment 

materials with lower angle of internal friction φ'. A possible explanation was put 

forward by Taylor (1948), where the soil strength improvement is associated with 

the increase in the dilatancy angle on the basis of a remarkable phenomenon of 

an increase in the volume observed when granular materials are sheared under 

applied load (Bolton, 1986). 
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Figure 3.12 The fill angle of internal friction variation with (a) soft soil surface 

settlement and (b) pile load. 

To examine the influence of external applied load upon the piled-embankment 

behaviour, the surcharge has been increased from 85 kPa to 135 kPa in Figure 

3.11 (c, e and h). If the embankment surcharge was increased beyond these 

surcharges, the FEA would stop due to soil failure (i.e. collapse). Therefore, it 

appears that in this particular case, the higher embankment, the more load the 

system can resist. This is reflecting the fact that the increase in the embankment 

height will improve the load transfer mechanism to the piles and the surrounding 

soils, accordingly. Figure 3.11 (a) demonstrates the influence of external 

embankment surcharge on the piled-embankment system. Increasing the applied 
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load (q) from 50 kPa to 85 kPa promotes the tendency to mobilise Kp where the 

increase in applied load leads to an increase in the K value at the same level.  

The material parameters outlined in Table 3.1 are used to calculate the principal 

stress distribution with depth due to developing of arching in the embankment as 

shown in Figure 3.13.  

 

Figure 3.13 Developed arching in embankment in terms of principle stresses 

after applying 104 kPa external load (a) h=0.7 m (b) h = 1 m (c) h = 1.3 m. 

It can be seen that the orientation of the principal stresses forming a catenary 

shape from the embankment body toward the pile head. The developing of arching 
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from z≈ 0.5 m (z= distance from the embankment base) is in agreement with the 

previous findings of the midpoint of lateral earth pressure coefficient in Figure 

3.11, where K value is not disturbed by arching (K=K0) at z/s ≈ 0.95 to 1.1 (s=0.5 

m).     

The stress concentration ratio (n) can be identified as the ratio between the 

vertical effective stress in the pile and the surrounding soft soil (see Section 

2.8.2.3). The stress concentration ratio is used to measure the effectiveness of 

the pile in improving the soft soil and the embankment settlement. The stress 

concentration ratio is measured at the top of the pile. The stress of the soil 

surrounding the head of the pile is determined by averaging the soil stress within 

a zone surrounding each pile head. The higher the stress concentration ratio, the 

more stress is transferred onto the piles.  

The influence of the embankment height upon the concentration ratio is shown in 

Figure 3.14 (a). The height of the embankment has a significant impact on the 

stress concentration ratio. The concentration ratio is increased with an increase of 

the embankment height. The stress transferred onto the piles is higher with 

reinforced case than that with unreinforced case. These results are in good 

agreement with the findings of Han and Gabr (2002) in addition to the findings of 

Han (1999) and Han and Wayne (2000) analysing the field data. The inclusion of 

geosynthetic into the piled-embankment system enhances the stress transferring 

from the soil to the piles. The main function of the geogrid is reducing the subsoil 

settlement and therefore the differential settlement by transferring the stresses 

from the subsoil to the pile head due to the interlocking action between the geogrid 

and the embankment fill.  
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The influence of the tensile stiffness of the geogrid upon the stress concentration 

ratio is investigated by varying the geogrid stiffness over a wide range, while all 

other parameters are kept constant. As shown in Figure 3.14 (b), the stress 

concentration ratio increases with the increase of the geogrid tensile stiffness and 

then the increase in the stress concentration ratio remains relatively small with 

increasing the stiffness, for example, increasing the geogrid stiffness from 3000 

kN/m to 5000 kN/m will only increase the stress concentration ratio by 0.3.  

 

(a) 

 

(b) 

Figure 3.14 Stress concentration ratio: (a) influence of the height of 

embankment; (b) influence of geogrid. 
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These results are in good agreement with the findings of Han and Gabr (2002) 

who indicates an approximate geogrid value of 4000 kN/m where the stress 

concentration ratio approaches a constant value. The increase of the stress 

concentration ratio with the stiffness of the geosynthetic is attributed to the 

geogrid by promoting the stress transfer from the soft soil to the pile head.  

The amount of load transfer to the pile head can be quantified by using the efficacy 

parameter as described in Section 2.8.2.1. The calculated efficacy from the FEA 

and Zaeske (2001) model test is presented in Figure 3.15. It is evident that a good 

agreement exists between the calculated and the measured efficacy. As illustrated 

in Figure 3.15, the higher the applied external surcharge, the higher the pile load 

or the higher efficacy.   

 

Figure 3.15 Calculated and measured efficacy. 

It was again found that the geogrid was capable of increasing pile loads in 

comparison with the conventional pile-supported embankment as presented in 

Figure 3.16, which may be attributed to the fact that the geotextile reinforcement 

can stabilise the arching effect by so-called a membrane effect. Hence, the subsoil 

stress and settlement reduced accordingly. Therefore, the embankment 
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settlement is considerably reduced by introducing piles and geogrids at the base 

of the embankment. 

Shear stresses will be generated due to the differential settlement of the 

embankment fill above the pile cap and at the midpoint between adjacent pile caps 

which will extend upward into the embankment. These shear forces would 

terminate at some horizontal plane above the base of the embankment (plane of 

equal settlements) if the embankment is sufficiently high. 

 

Figure 3.16 Efficacy for reinforced and unreinforced embankment. 

Naughton (2007) has proposed a plane of equal settlement which can be used to 

determine the soil arching height. A horizontal plane of equal settlement can be 

found at z≈ 0.48 m from the base of the embankment as shown in Figure 3.17 

(using soil properties in Table 3.1 and external surcharge of 104 kPa) . It was 

shown in Figure 3.11 and Figure 3.13 that  K/Kp profile method and the profile of 
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of FEA that both methods of the plane of equal settlement and K/Kp profile at mid-

point can characterize arching and can indicate the starting level of arching.  

Soil arching height found by either a plane of equal settlement method or by the 

K/Kp midpoint profile method can be considered as the minimum embankment 

height required in order to develop a full arching in the embankment fill material. 

For instance, British Standard BS8006 (2010) states a minimum embankment 

height of 1.4 (s - a) for a full soil arching (a=0 no pile cap in Zaeske (2001) model 

test). 

 

Figure 3.17 Vertical settlements shading after applying 104 kPa external load. 

Meanwhile, German method (EBGEO, 2004) specified a minimum embankment 

height of 0.7 s. It appears that the British Standards BS8006 method is more 

accurate than the German method in this particular case (Full arching condition). 

It is worth mentioning that the British Standard BS8006 method is in good 

agreement with both the minimum embankment height case of z/s= 0.95 - 1.1 

(minimum embankment height z= 0.475 to 0.55 m; s=0.5 m) presented in Figure 



Chapter 3                          The University of Nottingham 

118 

 

3.11 and the z= 0.5m case shown in Figure 3.13 and Figure 3.17. It appears that 

a partial arching condition was achieved in the current case rather than a full 

arching condition following the German method recommended minimum height of 

embankment which is not economical.  

Figure 3.18 shows the predicted embankment surface settlement for both the 

reinforced and unreinforced piled-embankments. It is shown that the use of 

reinforcement will improve the embankment performance generating less 

settlement than the conventional piled-embankment at the same applied load. 

Both the reinforced and unreinforced piled-embankment systems have been 

analysed to study the influence of changing the pile capping ratio and compare 

the results with Han and Gabr (2002) findings shown in Figure 3.19.  

 

Figure 3.18 Vertical embankment settlement vs external applied load. 

The possibility of the embankment punching is verified by analysing the 

distribution of total shear strain around the pile. In this study, the distribution of 

the shear strain around the pile and the cap is investigated to have a better 
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Finite Element analyses were performed to evaluate the influence of capping ratio 

upon the arching and the mode of failure (punching) by changing the capping 

ratio, which corresponded to a capping ratio ranging from 0% to 20%. A load of 

50 kPa was applied on top of the embankment and the total shear strain contours 

are illustrated in Figure 3.19 against the capping ratio percentage.  
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Figure 3.19 Total shear strain contours: (a) unreinforced model; (b) reinforced 

model. 

It can be seen in Figure 3.19 that the majority of shear strain is developed in the 

upper part at lower capping ratio. This means that punching occurred at the upper 

part of the piles rather than at the lower part. As demonstrated in Figure 3.19 (a), 

when a small pile cap is utilized for unreinforced piled-embankment, piles tend to 
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have a punching failure rather than developing arching in the embankment fill. 

The tendency of punching reduces with increasing the pile capping ratio. Although 

all calculations do not show any failure, the tendency for pile punching into the 

embankment is clearly shown when there is no cap placed on top of the pile head. 

In addition, the tendency of pile punching through embankment material reduces 

significantly by introducing a strong layer of reinforcement at the bottom of the 

embankment.  

It can be seen from Figure 3.19 (b) that using a one layer of geotextile will improve 

the piled-embankment system safety against punching. On the other hand, it is 

clearly shown from Figure 3.19 that if the capping ratio lies in the range between 

10% - 20%, it is sufficient to prevent pile penetration into the embankment. 

Therefore, it is clearly shown in this research that the minimum capping ratio of 

20% is considered the best option if no strong geotextile is used. However, if the 

embankment is constructed without reinforcement, the risk of collapse of soil 

arching is larger. Therefore, a one layer of reinforcement should be considered in 

piled-embankment design to avoid severe damage to the pile embankment load 

transfer mechanism (arching).   

The zone of plasticity points on top of the pile represents the stress points that 

reached Mohr-Coulomb failure condition as are shown in Figure 3.20.  
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Figure 3.20 Plasticity points (Mohr-Coulomb failure zone). 

The reduction in plastic points on top of the cap confirms the theory of punching. 

The numerical analysis agrees favourably with the findings of Han and Gabr (2002) 

that a capping ratio of 10% to 25% is necessary to assure a stable piled-

embankment behaviour. 

3.8 Summary 

A parametric FEA study was carried out in PLAXIS 2D to examine the influence of 

several key design parameters upon the behaviour of a granular embankment 

supported by piles installed in soft soils. The following conclusions may be drawn: 

• There is no evidence of arching above z/s ≈ 1.1 for h/s = 1.25 

embankment, z/s ≈ 1.0 for h/s = 1.79 and above z/s ≈ 0.95 for h/s = 2.3 

embankment based on the profile of normalised earth pressure coefficient 
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(K/Kp) on a vertical profile at the midpoint between piles. Therefore, the 

embankment height is one of the key parameters when assessing the 

embankment soil arching. 

• The K value increases with increasing depth reaching Kp below z ≈ 0.5 (s - 

a). Comparing this with a semi-circular arch proposed by Hewlett and 

Randolph (1988), the upper limit of arching is about 1.8 to 2.0 times higher 

for h/s = 1.25 to 2.3. 

• The passive limit was reached for embankment with lower strength below 

the inner radius of the arch, where the infill material is evidently in a plastic 

state.   

• It was observed that arching developed at relatively lower level for high 

embankments compared to lower embankments. 

• The normalised earth pressure coefficient (K/Kp) on a vertical profile at the 

midpoint between piles is in agreement with the British Standards BS8006 

method in predicting the minimum embankment height required to 

mobilise a full embankment arching.  

• The higher the effective angle of internal friction φ' results in better load 

distribution (arching) in the embankment. It is observed that a lower soft 

soil settlement below the embankment is accompanied by a lower K/Kp 

ratio if the strength of the embankment increases (for example increasing 

the effective angle of friction). 

• The higher φ' also leads to a lower K value at the same height. 

• The influence of the angle of dilatation ψ on subsoil surface settlement is 

less significant compared to that of φ'. However, similar trend of increasing 
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φ' is observed when ψ increases. The higher subsoil surface settlement is 

obtained for reduced ψ angle.   

• The earth pressure coefficient K normalised by the passive earth pressure 

coefficient Kp plotted on a vertical profile at the midpoint between can be a 

very useful tool to study the embankment material arching. Furthermore, 

the K/Kp method can be used to perform a sensitivity analysis and to 

measure the effect of a number of key design variables on the arching when 

analysing piled-embankment system. 

• It appears that the British Standards BS8006 method is more accurate than 

the German method when analysing Zaeske’s (2001) model. The British 

Standards BS8006 method was in good agreement with both the profiles 

of the normalised earth pressure coefficient (K/Kp) method and the plane 

of equal settlement method.   

• It is evident from the results of the FEA that both, the plane of equal 

settlement and the K/Kp profile at mid-point methods can characterise the 

embankment arching and can also indicate the starting level of arching. 

Therefore, a minimum embankment height can be determined using both 

the plane of equal settlement and the K/Kp profile at mid-point methods.  

• The increase in the stress concentration ratio was very small when 

increasing the geogrid tensile stiffness from 3000 kN/m to 5000 kN/m. 

Similarly, Han and Gabr (2002) indicated that the stress concentration ratio 

approaches a constant value at an approximate geogrid stiffness value of 

4000 kN/m. 

• The numerical analysis agrees favourably with the findings of Han and Gabr 

(2002) that a capping ratio of 10% to 25% is necessary to assure a stable 
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piled-embankment behaviour. This agreement was confirmed by studying 

the shear strain around the pile and pile cap and also by investigating the 

zone of plasticity points on top of the pile. 
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CHAPTER 4 

Chapter 4: NUMERICAL MODELLING OF STONE COLUMNS 

4.1 Introduction 

The main focus of this thesis is to study the behaviour of lightly loaded narrow 

footings supported by small groups of stone columns installed using the dry 

bottom feed technique. Most experience in this context has been with wet top feed 

technique. The dry bottom feed technique has largely superseded the stone 

columns installed by the wet top feed technique on environmental grounds 

(Serridge, 2001). Soft soils are typically characterized by low strength and high 

compressibility, therefore the settlement performance of the stone columns is the 

governing factor in the design rather than column capacity. This research is 

therefore principally concerned with the footing behaviour by evaluating the 

settlement performance of floating stone columns installed with a dry bottom-feed 

method in a deep soft clay, together with the influence of the following key design 

parameters: 

• Stone column spacing (s) 

• Stone column length (L) 

• Founding depth and crust influence 

• Footing shape 

• Drained and undrained behaviour 
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• Stone column diameter (d) 

• The use of encasement (geogrid). 

• The effect of geogrid stiffness 

• The influence of encasement depth upon stone column deformation. 

The field trials at the former Bothkennar soft clay research site in Scotland 

(Serridge, 2013) was used as the basis of this study as it is well-characterised 

geotechnically (Institution of Civil Engineers, 1992) and is representative of many 

soft soil profiles locally and internationally for which the stone column is considered 

of great interest to the industry on cost and environmental grounds. The 

Bothkennar site is located between Edinburgh and Glasgow on former intertidal 

mudflats on the southern bank of the Forth Estuary and adjacent to the Kincardine 

Bridge. The aforementioned site selected for the trials was a place of extensive 

soft soil research including in situ testing, soil sampling techniques (undisturbed), 

and also shallow and deep foundations full-scale performance on untreated soft 

clay together with widespread load on vibro stone columns (Hight et al., 1992; 

Jardine et al., 1995; Serridge, 2001). The soft soil in this site was devoid of any 

peat layers. The soil profile associated with the current study consists of 1.2 m of 

crust underlain by a deep deposit of soft clay. The soft clay strength is relatively 

small compared to the overlying crust layer. The soft clay becomes soft to firm 

with depth. Key soil properties for Bothkennar soft clay are given in Figure 4.1.  

Very soft clays at shallow depths may not provide adequate confinement to stone 

columns. In some applications, the use of geotextile is considered an appropriate 

remedy for the lack of strength (Al-Refeai, 1992). Therefore, the settlement 

performance of encased stone columns is also of importance in such soils. The 

influence of encasement is investigated by analysing the settlement performance 

of stone columns encased with different types of geogrid and geogrid/nonwoven 

geotextile composite materials.  
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Figure 4.1 Key soil properties for Bothkennar soft clay (Nash et al., 1992a). 

Finally, the influence of encasement depth and reinforcement hoop stresses upon 

the encased stone column-soil behaviour is investigated for a selected field trial 

data at the Bothkennar site (Serridge, 2013).   

4.2 Field trials design 

The Bothkennar site was owned and managed by the UK government through the 

Engineering and Physical Science Research Council (EPSRC) and subsequent to 

the field trials was taken over by RSPB (Scotland). This site was selected to install 

dry bottom feed vibro stone columns partially penetrating soft soil, beneath narrow 

footings in an attempt to advance the state of understanding of general behaviour 

of stone columns and their application in the ground improvement context. 

Historically, early involvement to commission field trials proved to be costly and 

difficult to implement so previous research was often undertaken with inadequate 
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soil investigations obtained for specific contracts rather than for preliminary stone 

column field research trials due to time and cost constraints. 

Adequate soil parameters were not available for other research; moreover, none 

of the previous researches have addressed partially penetrating field trial installed 

with a dry bottom-feed method and their performance in a deep sensitive soft clay 

profile. The soft soil response at Bothkennar site, and associated stresses due to 

the stone columns installation were investigated by Serridge (2013). The main 

focus of this research is to predict the settlement performance of the ordinary 

stone columns, geosynthetic encased stone columns, and foundation response. 

In the subsequent sections, the soil and column model, and the outcome of the 

sensitivity analysis are presented. The discussions include the influence of column 

spacing, column diameter, the full and partial length of the geogrid encasement, 

and influence of the encasement tensile stiffness upon the behaviour of stone 

columns. While the performance of Bothkennar field trials was measured for 10 

months, it is important to investigate the influence of drained conditions to 

evaluate the impact of long-term soil behaviour upon the settlement performance 

and stone column failure mode.    

The stone column design in Bothkennar site was made based on the following 

(Serridge, 2001):  

Step 1: Calculate stone column ultimate load capacity based on factor of safety 

against bulging failure (Hughes and Withers, 1974). 

Step 2: Calculate stone column length in accordance with Hughes and Withers 

(1974) observations. 

Step 3: Calculate stress distribution between column and soil as defined by 

Baumann and Bauer (1974). 
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Step 4: Calculate pre-treatment settlement under applied load to demonstrate a 

requirement for stone column. 

Step 5: Predict stone column settlement under the applied load using Priebe 

(1995) method. 

A design treatment depth was found to be 5.5 m below foundation level based on 

step 2 (Serridge, 2013). However, column lengths of 3.7 m and 7.7 m with a stone 

column diameter of 750 mm were adopted in the trials to evaluate the length 

effect on column performance. 

Table 4.1 and Figure 4.2 summarise the Bothkennar field trial footing 

arrangements and depths following above design steps. Two load increments were 

applied on top of the footings, given in Table 4.2. A further two load increments 

corresponding to 107 kPa and 125 kPa (average cumulative bearing pressures) 

were applied to Footing 4 and 6, to determine the ultimate bearing capacity of the 

stone columns. This research focusses on the settlement performance of the stone 

columns at serviceability load. A 50 kPa was adopted by Killeen (2012) as a 

serviceability load following the Jardine et al. (1995) trials at Bothkennar site (see 

subsequent Section 4.4.1- Ultimate bearing capacity of 138 KPa). Therefore, only 

the first two load cycles are adopted in this research to assess the stone column 

settlement behaviour. Concrete kentledge blocks were used on site to provide a 

uniformly distributed load on top of the Bothkennar field trials (Serridge, 2013) . 

Therefore, the external applied load is modelled in PLAXIS 3D as a uniformly 

distributed load on top of the footings.  
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Table 4.1 Summary of Bothkennar trial footing arrangements. 

Trial 

footing 

Dimensions 

(L x B) 

Founding 

depth 

Column 

length 

below 

foundation 

Number 

of 

columns 

Column 

spacing 

 m m m  m 
1 6 x 0.75 0.5 5.7 4 1.5 

2 6 x 0.75 0.5 5.7 3 2.0 

3 3 x 0.75 0.5 3.7 2 1.5 

4 3 x 0.75 0.5 5.7 2 1.5 

5 3 x 0.75 0.5 7.7 2 1.5 

6 3 x 0.75 1.2 5.7 2 1.5 

7 1.5 x 1.5 0.5 5.7 2 1.2 

 

Table 4.2 Summary of loading increments applied to trial footings at Bothkennar. 

Trial 

footing 

Unit area per 

stone column 

(Ao) 

1st Load 

increment 

2nd Load 

increment 

 m2 kPa kPa 

1 1.125 35.5 72.0 

2 1.500 32.9 67.1 

3 1.125 33.1 67.8 

4 1.125 34.9 71.1 

5 1.125 32.1 67.0 

6 1.125 34.2 69.6 

7 1.125 32.7 67.0 
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Figure 4.2 Bothkennar field trials (Serridge, 2013). 

4.3 Bothkennar Numerical Analysis 

A Hardening Soil (HS) model is considered more appropriate to model the 

Bothkennar stone column-soil composite field trials (see section 3.2.1). Mohr- 

Coulomb model is a simple model, and as such not capable of representing the 

complexity of the real soil behaviour. In drained conditions, the soil will continue 

dilating if a positive dilatancy angle is assigned to the soil as long as shear 

deformation occurs (PLAXIS, 2015). However, soils will reach a critical state at 

some point (critical state reached when shear deformation is occurring without 

any change in volume), therefore, in the HS model, the end of dilatancy (dilatancy 

cut-off at critical state condition) is considered in the model. Dilatancy cut-off 
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option is not available in Mohr-Coulomb (MC) model. The real behaviour of soil is 

highly nonlinear where both stiffness and soil strength are strain and stress level 

dependent (Potts and Zdravkovic, 1999). Soft and hard soils can both be simulated 

in the HS model, where better non-linear formulation of soil behaviour compared 

to that of the Mohr-Coulomb. In the HS model, different stiffnesses are assigned 

to the soil for different stress paths based on standard tests. Unlike MC model, 

there is a distinction between a primary loading and the unloading/reloading in 

the HS model and also a memory of pre-consolidation stress. 

Field trials geometry, soils and material properties, foundation surcharge and 

mesh refinement and generation of model mesh need to be defined early in the 

PLAXIS 3D construction stage. When the model is completed and meshes 

generated then the initial stress condition and construction sequence in the 

calculation stages need to be built to calculate the associated stresses and relevant 

strains. 

4.4 Hardening Soil model parameters 

Soil parameters used in this research are presented in Table 4.3. For the purposes 

of building a numerical model in PLAXIS 3D, the soil profile is required. The soil 

profile has been stratified into a crust (stiff clay) underlain by a soft Carse Clay. 

McCabe and Killeen (2010) have divided the soft Carse Clay at Bothkennar site 

into upper and lower Carse Clay. However, the division of the soft Clay into two 

different layers is in contrast with Kamrat-Pietraszewska and Karstunen (2010) 

and Sexton and McCabe (2012) who suggest that the Carse Clay in Bothkennar 

site is only one layer. In the researcher opinion, there is very little data to justify 

the existence of an upper layer of Carse Clay, therefore only one Carse Clay layer 

has been adopted in the subsequent numerical analysis. It is worth noting, 

however, that there is a band of thin shelly layer (approximately 300 mm thick) 

at the base of the crust as reported by Nash et al. (1992a) and Serridge (2001). 
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This highlights the importance of the ground investigation of accurately capturing 

the presence of different layers across the site and beneath the foundation and 

their relevant properties. The material properties of the shelly layer were not 

investigated in depth by previous studies and lab tests, therefore, the shelly layer 

was ignored when modelling the soil profile by several researchers who conducted 

their studies on Bothkennar site (Castro et al., 2014; Killeen, 2012; Serridge, 

2013). In this research, the crust layer is modelled as a drained material due to 

the fact that the crust layer is underlain by a shelly layer. 

Table 4.3 Bothkennar field trials soil parameters (McCabe and Killeen, 2010). 

Properties Units Crust Carse Clay Stone Backfill 

Depth m 0-1.2 1.2-14.5 - 

Φ’ [o] 34 34 45 

c’ [kPa] 3 1 1 

Ψ [o] 0 0 15 

γ [kN/m3] 18 16.5 19 

E50
ref [kPa] 1068 231 70000 

Eoed
ref  [kPa] 1068 231 70000 

Eur
ref [kPa] 5382 1164 210000 

Over- consolidation ratio [-] 1 1.5 - 

Pre- overburden stress [kPa] 15 0 - 

m [-] 1 1 0.3 

Allman and Atkinson (1992) suggested a high critical state friction angle (Φ’) of 

34° due to a high proportion of angular silt particles in the clay. Also, effective 

cohesion of 1 kPa for the clay is used for numerical stability. However, a slightly 

higher cohesion (c’) of 3 kPa is used for the weathered crust.  
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The variation of the yield stress ratio has been reported by Nash et al. (1992b) 

which is equivalent to the over consolidation ratio (OCR) measured in an 

oedometer, and in situ lateral earth pressure coefficient (Ko) with depth, 

suggesting that the erosion of the material may influenced the stress state of the 

Carse Clay. Additional factors such as the drop in the sea level and the fluctuating 

groundwater levels may have influenced the Carse Clay stress state. Nash et al. 

(1992b) reported the variation of Carse Clay initial void ratio (eo), compression 

index (Cc), and swelling index (Cs) with depth. E50 and Eoed are secant stiffness 

in standard drained triaxial test and tangent stiffness for primary oedometer 

loading respectively derived from Cc while the unloading/reloading stiffness is 

derived from Cs.  

In choosing the aggregate for the field trials, the aggregate properties were in line 

with the requirements of BRE specifying stone columns (BRE, 2000). In order to 

assign an appropriate friction angle for the stone column aggregate, reference was 

made to McCabe et al. (2009) who suggested the conventionally used value of Φ’ 

= 40°, which may be conservative. The calculation of the angle of dilatancy, Ψ, is 

determined from an empirical relationship developed by Bolton (1986) where Ψ ≈ 

Φ’- 300, Φ’ is the maximum effective angle of internal friction (Brinkgreve et al., 

2018). 

4.4.1 Bothkennar Hardening Soil model verification 

A field trial described by Jardine et al. (1995) carried out at the Bothkennar site 

has been simulated using PLAXIS 3D code by McCabe and Killeen (2010) in order 

to substantiate the adoption of the geotechnical parameters detailed in Table 4.3. 

The development and validation of Bothkennar soil profile and the ability of PLAXIS 

3D to capture the settlement behaviour of stone columns is described by Killeen 

(2012). The trials were for a pad footing at 0.75 m depth within the 1.2 m thick 
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surface ’crust’ and without the support of stone columns. According to Jardine et 

al. (1995), a 2.2 m pad footing (square with 0.8 m thick) had been loaded in 

increments to failure over a period of 3 days using Kentledge blocks. A rigid 

interface element is suggested for a stone column to model the stone column-soil 

interaction on the basis that the surrounding soft soils is tightly interlocked with 

the stone column (Guetif et al., 2007; McCabe and Killeen, 2016). 

The load-settlement curve for Jardine’s trial is shown in Figure 4.3, together with 

PLAXIS 3D prediction and is closely aligned with that of McCabe and Killeen (2010). 

By investigating both load-settlement curves, it is evident that there is a good 

agreement affirming the selection of the adopted soil profile and material 

properties. 

 

Figure 4.3 Validation of soil profile and parameters. 

The numerical model validation for Bothkennar field trials is undertaken in this 

research using the soil parameters adopted by McCabe and Killeen (2010), where 

intensive investigation was carried out by the researchers to calibrate the soil 

model with Jardine et al. (1995) field trial. The measured vertical settlement 
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values indicated in Table 4.4 were recorded by Serridge (2001) after 5 months of 

placing each of the first and second load increments for the trial footings. The 

piezometers installed at different depths during the Bothkennar field trials were 

continued to measure pore water pressure due the installation of the stone 

columns in excess of pre-treatment values for up to 4 months (worst case 

scenario). Therefore, in this research, the predicted long term vertical settlement 

using PLAXIS 3D is compared with the measured vertical settlement values 

recorded by Serridge (2001) at the end of 5 months period for each of the load 

increments as shown in Table 4.4.   

Table 4.4 Measured (Serridge, 2013) vs PLAXIS 3D vertical settlement prediction 

in drained and undrained condition for the field trials at Bothkennar site. 
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1 35.5 27.5 16.5 15.0 72.0 50.0 55.0 56 

2 32.9 25.0 18.0 16.0 67.1 42.5 57.0 57 

3 33.1 17.5 14.0 13.0 67.8 37.5 37.5 39 

4 34.9 20.0 12.0 11.5 71.1 42.5 42.5 41 

5 32.1 22.0 9.5 8.0 67.0 40.0 35.0 31 

6 34.2 24.0 11.0 11.0 69.6 45.0 40.0 36 

7 32.7 20.0 12.0 10.5 67.0 42.5 43.5 39 

PLAXIS 3D has been used in this research to predict the long term vertical 

settlement of Bothkennar field trials using the soil parameters outlined in Table 

4.3. The PLAXIS 3D models a long-term behaviour of soft cohesive soil (generation 

of excess pore water pressure due to applied load) by two methods. The first 

method is loading in undrained conditions followed by another consolidation stage 

to allow the dissipation of excess pore pressure developed during loading. The 

second method is a drained analysis.  



Chapter 4    Numerical modelling of stone columns 

137 

 

It can be seen in Table 4.4 that FEA slightly over-predicts the stiffness response 

of the field trials, especially at the first load increment. This may be attributed to 

the shell layer at the base of crust as reported by Jardine et al. (1995) and Serridge 

(2001). 

The shell layer encountered on the site is not modelled in PLAXIS 3D; therefore, 

at first stage loading, the numerical analysis yields a relatively stiffer footing 

response. Another contributing factor to the stiffer response of PLAXIS 3D may be 

that some influence from footing ‘bedding-in” effects at first load increment is 

likely to occur at low strain levels. While the stiffness parameters of the Hardening 

Soil model in PLAXIS 3D are derived from laboratory tests at high strain levels. 

In conclusion, it can be seen that deriving the soil parameters from well 

characterised Bothkennar site and validating the adopted soil profile with Jardine 

et al. (1995) and Serridge (2001) is encouraging and provides confidence in 

PLAXIS 3D predicted performance used in the subsequent analysis.    

4.5 Reinforcement material parameters 

The lateral deformation at shallow depths is always accompanied by the vertical 

settlement of the stone columns under applied loads. If the stone column is 

encased with a geosynthetic material such as geotextile or geogrid, then a 

circumferential stress will be developed in the reinforcement due to the stretching 

of the material because of the lateral expansion of the stone column. Therefore, 

the reinforcement will provide a confinement stress to the column due to the 

developing of the circumferential stresses in the material.  

There is a wide variety of the geosynthetic materials available to use in the ground 

improvement applications such as geotextiles, geomembrane, and geogrids. It is 
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well known that geogrid reinforcement is a stiffer material compared to a 

geotextile reinforcement. In the subsequent analysis, two types of geosynthetic 

materials were used to reinforce the stone columns. The first geogrid is called 

Secugrid 20/20 Q1 and the second type is a geogrid/geotextile composite which 

is called Combigrid 40/40 (both produced by Naue GmbH). A summary of the 

geosynthetic material properties is outlined in Table 4.5.  

Table 4.5 Properties of the geogrid materials. 

Property Unit 
Secugrid 

20/20 Q1 

Combigrid 

40/40 Q1 

Mass per unit area g/m2 155 240 

Max. tensile strength kN/m 20 40 

Axial stiffness at 2% elongation, J kN/m 400 800 

The geogrid in PLAXIS 3D is a flexible element modelled as a linear elastic element 

which can only sustain tensile forces with no compression allowed. Geogrid is 

modelled as a slender element with an axial stiffness but without any bending 

stiffness (Brinkgreve et al., 2018). The axial stiffness modulus (J) of the geogrid 

is calculated at a strain of 2%.  

4.6 Preliminary checks to assess the influence of distance to 

boundary 

The pad footings considered in the subsequent FEA are embedded into the soil. 

The boundary of the soil undergoes no lateral movement as a condition. Therefore, 

it is of paramount importance to position the boundary at a sufficient distance 

from the pad footing to avoid influencing the results. A sensitivity analysis was 

conducted on a typical 3 m by 0.75 m pad footing to investigate the influence of 

the model boundary upon the accuracy of the analysis.  
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Three points were selected to measure the vertical displacement and the mean 

effective stress at 0, 1 m and 2 m below the centre of the pad footing, as shown 

in Figure 4.4. It is prudent to investigate the vertical settlement and associated 

stresses in the zone of interest as one of the primary objectives of this thesis is to 

investigate the settlement performance of the trial pad footings installed at the 

Bothkennar site. The soil profile of well characterised Bothkennar site is adopted 

in the sensitivity analysis. The sensitivity analyses were carried out in both drained 

and undrained conditions. In general, the predicted vertical settlements in drained 

conditions for Bothkennar field trials (see Table 4.4) were more onerous than 

undrained analysis with the exception of Footing 1 and Footing 3 at second load 

increment. The difference between the predicted vertical settlement in drained and 

undrained analysis at second load increment was marginal (about 1.8% to 3.8% 

for Footing 1 and Footing 3 respectively). However, in this sensitivity analyses, 

the stresses and displacements predicted in the drained analyses are more 

onerous than undrained analyses and therefore the results shown in Table 4.6 

were calculated from the drained analyses.  

 

Figure 4.4 Measurement locations beneath footing 
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In the subsequent sensitivity analysis, the distance from the centre of the footing 

to the boundary ranged from 4 to 10 times the footing width (W). The effect of 

the boundary position from the centre of the footing is evaluated by comparing 

the normalised vertical displacements and mean effective stresses at Point A, B, 

and C: 

Normalised vertical displacement, 𝑢𝑧 = (
𝑢𝑧,1− 𝑢𝑧,2 

𝑢𝑧,1
) × 100 (4.1) 

Normalised mean effective stress, 𝑃′ = (
𝑃𝑧,1− 𝑃𝑧,2 

𝑃𝑧,1
) × 100 (4.2) 

where 𝑢𝑧,1 − 𝑢𝑧,2 is the difference between the vertical displacements where the 

boundary placed at different positions, for example at boundary 4W and 6W.  

The appropriate positioning of the boundary is checked by the convergence of the 

settlement and the stress with the increasing boundary distance from the centre 

of the footing. The settlement performance of various footing arrangements and 

relevant sensitivity analysis in the subsequent FEA are examined at an average 

applied load of 33 kPa and 70 kPa. However, the influence of the boundary position 

was examined at 35 kPa to save the time of the analysis.  

The stress and displacement at points A, B, and C for a range of boundary 

distances are shown in Table 4.6. It is clear that locating the boundary at a 

distance closer than 8 W (footing width (W) = 3 m) from the centre of the pad 

footing induces more vertical deflection in the footing. Furthermore, the lower 

boundary increased from 15 m to 20 m below the ground surface to investigate 

the influence of the boundary on the vertical settlement and mean effective 

stresses at points A, B, and C as shown on Table 4.6. 

It can be seen that lowering the bottom boundary of the model has a minimal 

effect on the settlement and mean effective stresses. Therefore, positioning the 

boundary conservatively at a distance of 10 W from the centre of the footing is 

chosen for all subsequent analyses. 
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Table 4.6 Influence of the side boundary distance upon footing settlement. 
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30 21.7 12.3 5.3 4.1 7.8 12.8 12.9 17.68 14.1 0.6 2.1 60376 

6 W 28.4 20.8 11.25 3.2 1.0 3.1 11 12.82 17.3 1.8 0.2 1.7 34344 

8 W 27.5 20.6 11.6 2.5 2.9 4.3 11.2 12.8 17.6 2.7 1.6 0.2 35513 

10 W 28.2 21.2 12.1    11.5 13 17.64    35670 

The coarseness of the mesh is selected as medium size, however, a very fine mesh 

is assigned to an area of interest such as large stress concentration zones beneath 

the footing.  

Table 4.7 Influence of the lower boundary distance upon footing settlement. 
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31 22 12.3 3.2 0.5 1.6 12.3 13 17.5 0.0 0.8 0.6 62074 

6 W 30 21.9 12.1 2.3 0.9 2.5 12.3 12.9 17.6 4.1 0.0 0.6 39547 

8 W 29.3 21.7 11.8 2.2 1.4 2.5 11.8 12.9 17.7 1.7 0.0 0.6 37651 

10 W 28.67 21.4 12.1    11.6 12.9 17.8    40653 

4.7 FEA and modelling issues  

Within the constraints of the current research the stone columns have been 

‘wished-in-place’, however Ko has been modified to reflects changes induced by 

the installation of the columns (see Section 2.8.3.1). The in situ coefficient of earth 

pressure at rest (Ko) at Bothkennar site was measured by Nash et al. (1992b) 

which records a variation from 1.5 in the crust layer to 0.75 at depth due post-
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depositional process such as ageing. Killeen (2012) have used a three-dimensional 

FEA assuming a full confidence in the soil parameters and adopting Ko values 

recorded by Nash et al. (1992b) to match the measured settlement behaviour by 

Jardine et al. (1995) as detailed in Section 4.4.1. Therefore, to remain consistent 

with the approach of Killeen (2012), similar Ko values to the ones recorded by 

Nash et al. (1992b) have been used in the current research.   

Owing the stone column installation process described in Section 2.6.1, the stone 

column material is tightly interlocked with surrounding soil, therefore it was 

assumed that a perfect bond (Rigid interface) occurs along the interface between 

the stone column aggregate and the surrounding soils. It is expected that using a 

lower interface reduction factor will yield a higher stone column settlement due to 

larger movement at the interface between soils and he column. It is deemed 

appropriate to model the column-soil interface in the subsequent analyses as 

tightly locked, in keeping with prior work of several other authors (Guetif et al., 

2007; McCabe and Killeen, 2016).  

4.8 Summary of the numerical analysis development and 

validation  

A soil profile and set of soil parameters were developed for the Bothkennar site. 

The soil profile at Bothkennar is representative of many locations where the stone 

column technique is preferable over other geotechnical solutions. There is a 

growing interest in such soil profiles due to the presence of a crust layer at a 

shallow depth overlying soft clay. 

Field load tests carried out by Jardine et al. (1995) and Serridge (2001) on single 

vibro stone columns founded in layered soils were simulated using PLAXIS 3D. The 

predicted settlement was compared against field measurements, it was clear from 

the comparison that PLAXIS 3D predicts the footing very well, which reflects the 
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ability of 3D analysis to model the footings and columns at discrete locations 

affirming the selection of the adopted soil profile and material parameters. 

However, the FEA slightly over-predicts the stiffness response of the field trials, 

especially at the first load increment. This may be attributed to the shell layer at 

the base of crust as reported by various researchers (Jardine et al. (1995) and 

Serridge (2001)). 

A sensitivity analysis was carried out to investigate the influence of the side and 

lower boundaries’ distances upon footing settlement. It was found that locating 

the side boundary at a distance between 8 W to 10 W (footing width (W) = 3 m) 

from the centre of the pad footing is sufficient to stop inducing more vertical 

deflection in the footing. It was also found that lowering the bottom boundary of 

the model has a minimal effect on the settlement and mean effective stresses. 

4.9 Influence of column spacing (trial Footing 1 and 2) L/d= 7.5 

The influence of stone column spacing upon the performance of the pad footings 

is examined at the locations of the trial footings 1 and 2 (column spacing of 1.5 m 

and 2.0 m, respectively - See  

Table 4.1 for footing details). The response of the stone column to the two main 

load increments are discussed below.  

4.9.1 Vertical settlement  

Numerical analysis was carried out to predict the vertical settlement of the stone 

column. The predicted vertical settlement was compared against the settlement 

database of the Bothkennar field trial collated by Serridge (2001) as shown in 

Table 4.4, for the first and second load increments. The more widely spaced stone 

column (Footing 2) attracted more load than the more closely spaced column 
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(Footing 1) as shown in Figure 4.9 and as suggested by Serridge (2013). It can 

be seen from Table 4.4 that the predicted vertical settlement of Footing 1 is less 

than the settlement of Footing 2. However, the measured settlement during the 

field trials suggests a reverse trend to the predicted settlement carried out using 

the FEA.  

One would expect that Footing 1 will provide a stiffer behaviour within the treated 

depth, associated with the closer columns (similar to the predicted settlement). 

The author is in agreement with the opinion of Serridge (2001) which suggests 

that the lesser measured settlement of Footing 1 compared to Footing 2 may be 

attributed to the following reasons: 

(i) The disturbance of soft soils between the columns and the remoulding of 

sensitive Bothkennar soft clay due to the vibration associated with stone 

column installation are generally higher for closer columns. Therefore, this 

may attribute to the larger settlement measured during the field trials. 

(ii) The ‘reinforcing’ effect of the higher frequency of stone columns in Footing 1 

compared to Footing 2. Therefore, a higher stiffness per unit area of 

foundation might be considered as another factor. 

The vertical settlement of Footing 2 predicted by the FEA is marginally higher than 

the recorded field measurements. The predicted vertical settlement of Footing 1 

is less than the predicted settlement of Footing 2, which is in accordance with the 

expectations due to the effect of the closer column spacing on the column-clay 

composite stiffness within the treated depth.  

The predicted load-settlement curves for Footing 1 and Footing 2 are shown in 

Figure 4.5 at both drained and undrained conditions. It is closer to reality to 

perform undrained analysis because the cohesive soil is in the undrained condition 

during load application followed by the consolidation stage to simulate the long-

term behaviour. However, it is more time consuming than the drained analysis. 
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Therefore, engineers and researchers tend to use the drained method to simulate 

the long-term settlement performance of stone columns. It is important to 

highlight that the short-term behaviour under an initial undrained response is not 

separated from primary consolidation with the drained method therefore the short-

term behaviour is less well understood than the long-term behaviour. 

 

Figure 4.5 Load-displacement behaviour (a) Footing 1 and (b) Footing2. 

The predicted short-term settlement for Footing 1 and Footing 2 is less than the 

long term settlement by 10% to 25% of the long-term settlement magnitude at 

applied pressure higher than 70 kPa (Figure 4.5). It appears that both drained and 

undrained methods predict a similar long-term settlement for Footing 1. Initially, 

both analyses predict similar settlement at lower loads. While the drained analysis 
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for Footing 2 predicts slightly higher settlement up to an applied pressure of 110 

kPa.  

Beyond this point the undrained analysis shows that the stone column starts 

yielding and the plastic deformation is more pronounced with higher applied 

pressures (>130 kPa). The rate of settlement increases thereafter at an 

approximately constant load. Applying a typical factor of safety in the range of 2.5 

to 3 yields an allowable pressure in the range of 43 kPa to 52 kPa. Therefore, a 

working applied pressure of 50 kPa is considered satisfactory for the Bothkennar 

field trials to avoid excessive settlement.  

It is very important to highlight that even if 50 kPa is considered satisfactory as a 

working applied pressure, the relevant settlement at 50 kPa is around 35 mm 

which exceeds typical tolerances of a narrow strip footing (25mm) supporting 

lightly loaded brick masonry structures (Meurant, 2013). An applied pressure of 

40 kPa with associated settlement of around 25mm is considered acceptable for 

Bothkennar soils. 

The influence of column spacing upon the footing and the ground surface vertical 

settlement is shown in Figure 4.6. As expected, the vertical settlement at ground 

level is decreased with distance from the centreline of the column for the main 

two load increments. The more widely spaced stone column (Footing 2) settled 

relatively more than the more closely spaced columns (Footing 1).   

It can be seen in Figure 4.6 that during the application of the first load increment 

35.5 kPa (Footing 1) and 32.9 kPa (Footing 2), the settlement decreases gradually 

in the surrounding soft soils with the distance increasing from the footing. The 

footing and the surrounding ground surface settlement is increased significantly 

during the application of the second load increment.  



Chapter 4    Numerical modelling of stone columns 

147 

 

It appears that the applied load and the column spacing both play an important 

role in the magnitude of the settlement. Therefore, it is deemed reasonable to 

limit the applied load to 40 kPa for the field trials at Bothkennar site.  

 

Figure 4.6 Influence of column spacing on the footing and ground vertical 

displacement in drained conditions- Footing 1 and Footing 2. 

4.9.2 Lateral bulging 

The bulging of the stone column is well understood for a single column and large 

group of stone columns. However, the bulging of small groups of stone columns is 

more complicated and not established yet. This may be attributed to the following 

reasons (Muir Wood et al., 2000):  
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• The loss of confinement at the peripheral stone columns. 

• Vertical stress reduction with depth. 

Many comparative studies were carried out by various researchers (Black, 2006; 

Kirsch, 2006; McCabe and Killeen, 2016; Satibi et al., 2009)) which highlighted 

the difference between the bearing capacity of small and large groups of stone 

columns, therefore no comparative study is included within the scope of this 

research. The variation of lateral column deflection (bulging) with depth at 

different applied loads for Footing 1 and Footing 2 are shown in Figure 4.8. The 

bulging of the stone columns for Footing 1 and Footing 2 is plotted for the column 

positioned at the footing edge where lateral confinement is relatively less than the 

middle columns (less confinement in the x-direction). The plotted bulging is toward 

the exterior and not between the piles to be consistent with the lateral bulging 

analyses of the subsequent foundations (worst case scenario). It appears that the 

maximum lateral bulging occurs at a depth equal to 2 times the column diameter 

which is in line with the values reported by Hughes and Withers (1974). This is 

clearly realistic due to the influence of crust layer over soft clay. Bulging of stone 

column took place in the soft clay underlying the crust layer.  

Essentially the stone column in the ground behaves similarly to a column in a 

confined triaxial cell as shown in Figure 4.7. Substituting the angle of internal 

friction of the stone material into the equation of the plane of peak stress ratio 

gives the depth of maximum stress (maximum bulging). The depth of the 

maximum stress is about 2 times the diameter of the column below the base of 

the foundation using an angle of internal friction of the stone material =40° and 

column diameter of 0.75m. The depth of the maximum bulging calculated from a 

triaxial test analogy compares very well with the depth of maximum bulging 

predicted by the numerical analysis (Figure 4.8). This confirms the fact that the 

stress will transfer to the soil through the column shaft, which in turn leads to the 
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reduction in the stone column vertical stress. Thus, it is unlikely that the column 

would bulge near the top (Hughes and Withers, 1974).  

 

 

 

 

 

 

 

It can be seen in Figure 4.8 that lateral bulging for the more widely spaced stone 

column (Footing 2) is generally larger than that for the closely spaced columns 

(Footing 1). A very small lateral deformation in the x-direction (parallel to the 

foundation) occurs at the lower part of the column. The lateral deformation in the 

lower part of the column slightly increases with increasing column spacing. This 

can potentially be explained by the fact that the stress is transferred toward the 

column base (toe) in the x-direction due to the greater confinement provided by 

surrounding soil and the middle stone columns.  

The numerical analyses suggested that larger stress transferred to the base of the 

columns under Footing 2 compared to the column beneath Footing 1 as shown in 

Figure 4.9. The calculated stresses using PLAXIS were approximately 55% of the 

applied stresses for Footing 1 and ranged between 87% to 99% of the applied 

stress for Footing 2 for applied loads between 35 kPa and 130 kPa (where applied 

Figure 4.7 Triaxial test analogy 
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stresses are generated from the footing load (q) plus any additional stresses from 

footing and aggregate weights above the column toe level). The larger stress 

transferred to the base of column is attributed to the increase of the total share 

of load taken by the columns beneath Footing 2 due to the wider column spacing 

compared to the column spacing of Footing 1.   

 

Figure 4.8 Influence of applied load on lateral bulging of the stone column for 

Footing 1 and 2- drained conditions. 
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Figure 4.9 Vertical stress ratio at column base level for Footing 1 and Footing 2- 

Drained conditions. 

4.9.3 Influence of geogrid encasement 

In order to investigate the influence of the encasement, the following column 

arrangements are analysed: 

1.  Ordinary stone column (OSC) without reinforcement installed around the 

column. 

2. Encased stone column (ESC) with a geosynthetic material installed around 

the column. Combigrid 40/40 Q1 geogrid (see Table 4.5) used in the 

subsequent analyses to investigate the influence of the column 

reinforcement on the column behaviour. 

The long-term load-settlement behaviour of Footing 1 and Footing 2 is shown in 

Figure 4.10. The influence of reinforcement is quantified by measuring the 

reduction in the column settlement. The column capacity in drained and undrained 

conditions is similar for Footing 1. However, it appears that both drained and 

undrained methods predict similar behaviour for OSC and ESC (Footing 2) where 
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undrained method predicts plastic failure (PLAXIS 3D run stopped with plastic 

failure indicated in the program log) beyond 150 kPa and 200 kPa for OSC and 

ESC, respectively.  

 

Figure 4.10 Load-displacement behaviour for OSC and ESC-Footing 1 and 

Footing 2. 

It is appropriate to consider a safe working load of between 50 kPa to 60 kPa with 

encased stone columns to satisfy the typical tolerances of a narrow strip footing 

supporting lightly loaded brick masonry structures. However, a significant 

improvement in the settlement performance at a higher applied load is achieved 

by using an encased stone column.  
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Hoop stresses will be generated in the encasement as a result of the lateral 

expansion of stone column materials which leads to an overall increase in the 

column-soil system stiffness. A study of the hoop stresses magnitude is presented 

in the subsequent parametric studies of the reinforced stone columns. The vertical 

settlement is slightly reduced using ESC at applied load up to 70 kPa; however, 

the rate of reduction in the settlement of OSC is increased significantly at higher 

loads (larger than 70 kPa).  

4.10 Influence of stone column length (trial Footings 3, 4, and 5):  

Trial Footings 3 (L/d= 5), 4 (L/d= 7.5), and 5 (L/d= 10) correspond to the 

shortest, intermediate and longest column lengths, respectively. The influence of 

key design parameters such as the vertical settlement, lateral bulging, the 

influence of encasement and the encasement depths is investigated during the 

main two loading applications. This sensitivity analysis is carried out to determine 

the stone column efficiency in enhancing the footing settlement performance.  

4.10.1   Vertical settlement 

The increase in the vertical settlement of stone columns with applied loads is 

shown in Figure 4.11. During the application of the first load increment the 

predicted settlement is slightly less than the measured values in line with Section 

4.4.1 which suggests that HS model is over-predicts the stiffness response at low 

loads. However, during the application of the second load increment, the predicted 

footing settlement agrees quite well with the settlement measured during the 

trials.  

It is clear that the main difference between the drained and undrained analysis is 

that the undrained analysis initiates a larger vertical settlement beyond a yield 
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point. It can also be seen that the rate of settlement increases between the short-

term and the long-term with the increase in applied load. It is important to 

highlight that both drained and undrained analyses reach failure (limit state) at a 

load over 180 kPa for Footings 3 to 5.  

 

Figure 4.11 Load-displacement behaviour (a) Footing 3, (b) Footing 4 and 

Footing 5. 
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The predicted settlement in the undrained analysis is higher than the predicted 

settlement in the drained analysis at applied load of ≈ 130 kPa (Footing 3), and ≈ 

170 kPa (Footing 4 and Footing 5), respectively. This may be attributed to the 

lateral bulging occurring at shallow depth (see Figure 4.12), where the undrained 

analyses predicted significantly higher lateral bulging than the drained analyses.  

 

Figure 4.12 Column bulging of Footings 3, 4 and 5 at applied load= 190kPa. 

The settlement of Footing 4 is marginally higher than the settlement of Footing 3 

and Footing 5 under the second load increment which is in line with the field 

measurements. This may be attributed to the fact that Footing 4 bulged slightly 

more than Footings 3 and 5 and the applied load on top of Footing 4 is slightly 

more than on the other footings. 

A critical column length of 5.5 m was calculated by Serridge (2013) based on 

Hughes and Withers (1974) for the Bothkennar field trials (see Section 4.2). The 

length of the column beyond the critical length was considered by Hughes and 

Withers (1974) not to contribute to enhancing the ultimate capacity of the column, 

but will contribute in reducing the column settlement. Footing 4 installed to the 

critical length and Footing 5 was installed to a length of 7.7 m, therefore, Footing 
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5 predicted settlement was relatively lower than Footing 4 which is in close 

agreement with the field observations of Hughes et al. (1976).  

Also, if the remoulding of soft clay has taken place then this would influence the 

load transfer to the base of the column for longer columns. Another possible 

explanation is, with increasing the stone column length, the impact of the crust on 

footing settlement is clearly less as suggested by Serridge (2001). 

The ground settlement profile from the centreline of the foundation is shown in 

Figure 4.13, Figure 4.14, and Figure 4.15 for Footings 3, 4, and 5, respectively. 

Footing 5 over the longer stone columns settled the least (around 9.5 mm under 

the first load increment), with Footing 4 settling marginally less than Footing 3 at 

the first load increment (around 14 mm compared with 16 mm for Footing 3). 

 

Figure 4.13 Influence of column length on the footing and ground vertical 

displacement in drained conditions- Footing 3. 

A design treatment depth (calculated column length to resist applied load using 

Hughes and Withers (1974) method) for Bothkennar site of 5.5 m was calculated 

by Serridge (2013). Therefore, an investigation of the key design parameters in 

subsequent sections is performed on Footing 4 to evaluate their impact on the 

stone column behaviour.  
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Figure 4.14 Influence of column length on the footing and ground vertical 

displacement in (a) drained and (b) undrained conditions- Footing 4. 

 

Figure 4.15 Influence of column length on the footing and ground vertical 

displacement in drained conditions - Footing 5. 



Chapter 4                  The University of Nottingham 

158 

The ground surface settlement profile with applied load for undrained analysis is 

shown in Figure 4.14. It is clearly shown that no ground settlement occurs at a 

distance of 2W (where W is the footing width) from the centreline of the footing, 

compared with around 2.6 W for drained analysis.  

The vertical settlement at ground surface is marginally less in undrained analysis 

compared with drained analysis which may be attributed to the improvement of 

the soft soil strength during the consolidation process in undrained analysis. It is 

also worth noting that a small amount of heave (around 1 mm) is generated at a 

distance of around 2 times the footing dimension in undrained conditions.  

4.10.2   Lateral Bulging 

The influence of the ordinary stone column (OSC) length upon the lateral 

deformation of the stone column shaft beneath a 3 m by 0.75 m footing (footings 

3, 4, and 5) is presented in Figure 4.16, Figure 4.17, and Figure 4.18.  

 

Figure 4.16 Lateral bulging (Ux) with depth observed in drained conditions- 

Footing 3. 

The lateral displacement along the stone column shaft is calculated at various 

footing loads of up to 150 kPa. It can be seen that the column bulging occurs at 
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shallow depths where the lateral resistance is minimal. The lateral deflection is 

gradually increased with depth from the base level of the footing until reaching a 

maximum value at a depth of around two times the column diameter below the 

ground level. 

 

Figure 4.17 Lateral bulging with depth observed in (a) drained and (b) undrained 

conditions- Footing 4. 
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Figure 4.18 Lateral bulging (Ux) with depth observed in drained conditions- 

Footing 5. 

The lateral deformation decreases thereafter with depth to reach zero at the 

column toe with the exception of Footing 3, where a very small lateral movement 

is still occurring at the toe level (less than 1 mm at working load of 40 kPa to 50 

kPa). A possible explanation of the presence of lateral deformation at the toe of 

column (shorter column) is that there is a significant stress transfer to the toe of 

the column as shown in Figure 4.19. The effective vertical stress shown in Figure 

4.19 is plotted for the two sides of the same column supporting Footing 3. The 

lateral deformation increases with the increase of the applied footing loads. 

McCabe and Killeen (2016) suggested that the dominant mode of failure for the 

short column is by punching through the soft soil due to high stresses transferred 

to the column base.  
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Figure 4.19 Effective vertical stress transfer to the column base in drained 

condition- Footing 3. 

The influence of using drained and undrained analysis upon predicting the lateral 

deflection in both directions is compared in Figure 4.17. The analysis is again 

carried out on Footing 4 as explained earlier.  

It can be seen that the lateral bulging in the direction of the stone columns (x-

direction) is smaller compared with the lateral deformation in y-direction in both 

drained and undrained conditions. This is due to the lateral confinement provided 

by the adjacent column in x-direction. The lateral deflection of the stone column 

in undrained condition is slightly higher than the lateral deflection in drained 

condition in both x and y-directions at applied load of up to 90 kPa.  

4.10.3   Influence of geogrid encasement 

The effectiveness of the geogrid encasement upon the behaviour of the stone 

columns is shown in Figure 4.20. The influence is investigated using ordinary stone 
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column (OSC) without reinforcement and with encased stone columns (ESC) in 

drained and undrained conditions.  

 

Figure 4.20 Load-displacement behaviour for OSC and ESC-Footing 3, 4 and 5. 

The analysis is performed by applying a load on the trial Footings 3, 4, and 5 to 

assess the impact of column length upon the vertical settlement of the footing. All 
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the analyses were carried out by increasing the footing applied load until failure 

at the end of the analysis. The geogrid used in this investigation is the Combigrid 

40/40 Q1 with a stiffness of 800 kN/m as outlined in Table 4.5. 

It can be seen that the bearing capacity of the column increases with the use of 

geogrid as expected. The reduction in settlement becomes more significant after 

an applied pressure of 60 kPa. The increase in the initial elastic modulus is 

significant due to the additional confinement provided by the encasement. It 

appears that the settlement of ESC in drained and undrained conditions does not 

experience failure. While the OSC approached failure condition over a range of 

applied pressure approximately equal to 180 kPa to 230 kPa.  

4.10.4 Influence of encasement depth 

The improved performance of the trial footings is evaluated based on the vertical 

settlement, lateral bulging, footing and ground surface settlement, hoop stresses 

mobilised in a fully and partially encased stone column. The analysis is again 

carried out on Footing 4 as explained earlier in Section 4.10.1. The Combigrid 

40/40 Q1 material is used with an encasement depth of 1 m (h/d= 1.3), 2m (h/d= 

3.67), and a full length (h/d= 7.6) to investigate the influence of encasement 

depth upon the column behaviour. The influence of encasement depth upon the 

footing vertical settlement is shown in Figure 4.21.  

It can be seen in Figure 4.21 that the vertical settlement of Footing 4 reduces with 

increasing the encasement length, while the use of a full-length encasement leads 

to a greater improvement in the vertical settlement of the stone column. The 

reduction in the vertical settlement is more pronounced at an applied pressure 

larger than 70 kPa for both drained and undrained analyses. Therefore, the column 

can carry higher loads to satisfy specific column settlement criteria by installing a 
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geogrid around the column. By way of example, the predicted vertical settlement 

of unreinforced stone column is around 110mm at 110kPa, meanwhile the column 

will settle only 50mm at 110 kPa if the column is reinforced deeper than 2 m below 

the head of the column.   

The improvement of fully encased column and 2m encasement length is more 

effective than the 1 m encasement length, as both encasements develop a similar 

settlement trend up to around 120 kPa. The predicted improvement in the vertical 

settlement is slightly higher in the undrained analysis than that in the drained 

analysis at higher loads. 

 

Figure 4.21 Influence of encasement depth upon vertical settlement in (a) 

drained and (b) undrained conditions. 
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The influence of 1 m of encasement depth upon the column behaviour is evaluated 

in the subsequent analysis (Figure 4.22). The analysis of the lateral bulging is 

modelled in the drained condition using PLAXIS 3D, as the undrained analysis 

shown in Figure 4.17 give a similar output with more time consuming analysis (for 

example, coupled analysis where undrained loading should be followed by a 

consolidation stage to simulate the long-term behaviour).  

 

Figure 4.22 Lateral bulging (a) in x-direction, and (b) in y-direction with depth 

observed in drained conditions- h/d= 1.33. 

The lateral bulging of the OSC (Figure 4.17) is significantly reduced in both 

directions (x and y) using a 1m length of encasement below the stone column 

head (Figure 4.22). The total reduction in the lateral bulging is around 37% in x-
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direction and 45% in y-direction at 150 kPa. It is important to note that the column 

lateral bulging is not uniform in both directions. The influence of the partial 

encasement is substantial at the point of maximum bulging. 

However, the reduction is not huge below the point of maximum bulging compared 

with OSC.  It is interesting to note that the location of the maximum lateral bulging 

occurs beyond the end point of the encasement. Therefore, it is imperative to 

extend the encasement below the point of max lateral bulging as shown in the 

subsequent analyses. 

The settlement profile for the footing and the soil at ground level in drained and 

undrained conditions is shown in Figure 4.23, respectively. It is interesting to note 

that the influence of encasing the top 1 metre of the stone column on the 

settlement of the footing and soil at the ground surface is marginal. However, the 

effect of the stone encasement is more pronounced for the second load increment.  

 

Figure 4.23 Settlement at the ground surface for (i) ordinary and (ii) reinforced 

stone columns with h/d=1.33 in (a) drained and (b) undrained conditions. 
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This is attributed to the footing ‘bedding-in’ effects which suggest that even with 

relatively low applied stress, the column will attract a significant proportion of the 

applied load and transfer the stress to the toe and to the soil below the toe level 

until the equilibrium is satisfied. At first load cycle, Figure 4.24 clearly shows that 

the maximum vertical stress is at toe level, meanwhile, the maximum vertical 

stress for the second load cycle is toward the mid-length and at the top of the 

column.  

 

Figure 4.24 Vertical stress distribution (h/d=1.33): (a) 1st load cycle; (b) 2nd 

Load cycle. 

Therefore, the reduction in the settlement is not significant under the first load 

increment even with using an encasement length of 1 m from the top of the 

column. Similarly, the difference in settlement between the footing and the 

surrounding soil is significantly reduced at the second load increment. 

It is well established in Section 4.9.2 that the maximum lateral bulging occurred 

below the crust layer at a depth of 2 times the diameter of the column. Therefore, 
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it is prudent to extend the geogrid encasement below this depth to provide extra 

confinement to the column by developing a radial tension force in the geogrid 

(larger than 2 times the diameter of the column). The influence of encasing the 

stone column with a 2 m length of geogrid from the base level of the footing, upon 

the lateral bulging is shown in Figure 4.25.  

 

Figure 4.25 Lateral bulging in (a) x-direction, and (b) y-direction with depth 

observed in drained conditions- h/d= 2.67. 

There is a significant reduction in the lateral bulging for ESC compared with the 

lateral bulging of the OSC shown in Figure 4.17. The more load applied, the more 

reduction in the lateral bulging. The lateral bulging reduces by 80% in both the X 

and y-direction at 150 kPa. It is perhaps worth noting that the ESC lateral 

deformation is more uniform compared with both OSC and ESC with 1 m of 

encasement; for example, the difference in the maximum lateral bulging in both 
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direction (x and y) is less than 2 mm at applied pressure of 150 kPa. It can be 

seen that the maximum lateral bulging (x-direction) is developed below the end 

point of the encasement. While the maximum lateral bulging location in y-direction 

is at two times the diameter of the column which is similar to the lateral bulging 

behaviour of OSC.  

The influence of encasing the top 2 metres of the stone column on the settlement 

of Footing 4 is shown in Figure 4.26.  

 

Figure 4.26 Settlement at the ground surface for an encasement of h/d= 2.67- 

drained and undrained conditions. 

It can be seen that there is a slight reduction in the settlement of the stone column 

during the first load increment. Moreover, there is a reduction in the settlement of 

more than 20% under the second load increment. This emphasises the importance 
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of encasing the column from below the crust layer and below the depth of 

maximum lateral bulging upon the settlement performance of lightly loaded 

narrow footings supported by a small groups of stone columns.  

Another interesting observation from this analysis is that the vertical settlement 

at ground level is reduced during the application of the first and second load 

increment which suggests that this depth of encasement is effective in reducing 

the footing settlement and the ground surface settlement. The reduction in the 

ground surface vertical settlement is approximately 50%. The variation of a fully 

encased stone column lateral bulging with depth is examined in drained conditions 

as shown in Figure 4.27.  

 

Figure 4.27 Lateral bulging (a) in x-direction, and (b) in y-direction with depth 

observed in drained conditions- h/d= 7.6. 
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It appears that the lateral bulging of the column is reduced across all column 

lengths compared with OSC (see Figure 4.17). It is clear that similar values of 

lateral bulging with depth were observed for the columns modelled with a 2 m 

length of encasement depth and fully encased columns. The lateral bulging of the 

fully reinforced column is reduced by 3.6 and 2.8 at X and Y directions, 

respectively, compared to 1 m column encasement as indicated in Figure 4.22 and 

Figure 4.27 (applied load = 150 kPa).  However, the lateral bulging of fully encased 

column tends to increase with column length up to a maximum (L= 2 times the 

diameter of the column).  

This may be attributed to the lack of confinement at shallow depths. It is perhaps 

worthy of note that the maximum lateral bulging occurs at a location of 2 times 

the column diameter despite using different encasement lengths. The column 

lateral bulging decreases thereafter to reach a minimum value coinciding with a 

slight lateral bulging at the column toe level.  

The variation of the vertical settlement at ground level in both drained and 

undrained conditions is shown in Figure 4.28.  
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Figure 4.28 Settlement at the ground surface for an encasement of h/d= 7.6- 

drained and undrained conditions. 

There is a significant reduction in both of the total footing settlement and the 

vertical settlement at ground surface compared with the OSC vertical settlement 

profile (Figure 4.14) which is again consistent with the findings of 2 m encasement 

length. The distribution of the hoop tension force generated in the geogrid due to 

the lateral confinement is shown in Figure 4.29 to Figure 4.31. It appears that a 

higher bulging occurs in the non-encased part of the column when the encasement 

depth is short. 
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Figure 4.29 Influence of encasement depth on the hoop tension forces (h/d = 

1.3)- drained conditions. 

A more in depth analysis of the variation of hoop stresses with the column length 

reveals that the hoop tension forces developed in the geogrids are increased 

significantly with depth up to a maximum at the top of the soft clay for the 1 m 

column encasement length. Hoop tension forces remain relatively constant with 

the column length up to the end point of the encasement.  

The distribution of the hoop tension forces is of similar trend to the lateral bulging 

for the 1 m encasement (see Figure 4.22) where both of the column lateral bulging 

and the geogrid tension forces are increasing with depth up to 1.5 m below the 

ground surface level. However, the distribution of the hoop tension forces is 

relatively constant across the encasement length for the 2 m encasement of the 

column. 
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Figure 4.30 Influence of encasement depth on the hoop tension forces (h/d = 

2.67)- drained conditions.  

 

Figure 4.31 Influence of encasement depth on the hoop tension forces (h/d = 

7.6)- drained conditions. 

While the geogrid hoop tension force for fully encased column increases gradually 

until it reaches a maximum between 1.9 m and 2.6 m below the ground surface 

and then decreases gradually with column length to a minimum value. 

The magnitude of the maximum hoop tension forces ranges from a low of 1 kN/m 

to 29 kN/m for different applied loads. The ultimate tension resistances of the 

most commercially available geogrids are much higher than the mobilised hoop 
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tension forces mobilised during the application of the loads. As columns are 

encased with a length below the maximum lateral bulging location it is deemed 

satisfactory to provide a sufficient lateral resistance to minimise the column lateral 

bulging. Furthermore, the encasement depth lower than 1 m below the top of the 

stone column is not effective in reducing the settlement of the stone column which 

is consistent with previous findings by Murugesan and Rajagopal (2006).  

4.11 Effect of crust 

Trial Footing 6 was installed at Bothkennar site (see  

Table 4.1) with the intention of evaluating the impact of increasing the founding 

depth of the footing to the base of the crust upon the stone column behaviour. 

From reviewing the FEA of Footing 6, the following trends can be presented. 

4.11.1 Vertical settlement 

The variation of the vertical settlement with applied load for drained and undrained 

conditions is shown in Figure 4.32. Similar to other field trials, both drained and 

undrained analyses agree quite well where they yield the best match in the 

predicted settlement up to an applied pressure of 70 kPa. However, the rate of 

increase in the footing settlement is larger in the drained analysis compared with 

undrained analysis.  

The predicted settlement for Footing 6 under the main two load increments is 

slightly lower than the settlement of Footing 4 but this trend reverses for an 

applied pressure higher than 71 kPa and 150 kPa for drained and undrained 

conditions where Footing 6 settled more compared with Footing 4 for the 

remaining of the load cycle. The author finds the higher settlement predicted for 
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Footing 6 as plausible because Footing 6 founding depth was at the top of the 

Carse Clay.  

 

Figure 4.32 Load-displacement behaviour for pad Footing 4 and Footing 6. 

Figure 4.33 shows the vertical displacement at the surface predicted from the 

centreline of the stone column. The settlement profile of Footing 6 at ground level 

was comparable to Footing 4 (see Figure 4.14) with identical column length and 

spacing. The difference in both the total and the ground profile settlement of 

Footings 4 and 6 is negligible.   

 

Figure 4.33 Influence of footing shape on the footing and ground vertical 

displacement in drained conditions- Footing 6. 
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4.11.2 Lateral Bulging 

The influence of increase in the foundation depth on lateral bulging is shown in 

Figure 4.34. The lateral bulging of trial Footing 6 is similar to that of Footing 4 for 

an applied pressure up to 70 kPa. The lateral bulging of Footing 6 increases 

significantly under the subsequent applied loads to reach a maximum of 43 mm 

at an applied pressure of 150 kPa.  

 

Figure 4.34 Lateral bulging (Ux) with depth observed in drained conditions- 

Footing 6. 

The increase in the column bulging for Footing 6 (Footings 4 and 6 were placed at 

two depths corresponding to 0.5 m (in the crust) and 1.2 m (at the base of the 

crust) respectively below founding level) compared to Footing 4 suggests that the 

crust is effective in reducing the column lateral bulging. Therefore, it is important 

to consider the crust in the soft soil stratigraphy which is in agreement with Killeen 

(2012) who suggested that the modelling of the crust layer will yield a more 

realistic analysis to study the behaviour and settlement performance of small 

group of columns. Therefore, the increase in the vertical settlement of trial Footing 
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6 is due to the increase of column lateral bulging for an applied pressure range 

from over 70 kPa to 150 kPa.  

4.11.3 Influence of geogrid encasement 

The influence of fully encasing Footing 6 with geogrid upon the vertical settlement 

is shown in Figure 4.35. There is a significant improvement of the vertical 

settlement with reinforced stone column. It can be seen that using geogrid as 

reinforcement can improve the footing bearing capacity. It is also clear that the 

pressure applied on the footing can be increased from 70 kPa to 120 kPa to satisfy 

a settlement performance of 50mm with geogrid reinforcement.  

 

Figure 4.35 Load-displacement behaviour for OSC and ESC-Footing 6. 

4.12 Investigation of footing shape 

The influence of the footing shape upon the stone column behaviour is evaluated 

using field trial 7 constructed as a 1.5 m x 1.5 m pad with a corresponding area 

ratio similar to the trial strip footing number 3, 4, 5 and 6 supported by 2 stone 

columns of 5.7m length below the base of the footing. 
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4.12.1 Vertical settlement 

The impact of footing shape on the vertical settlement of the footing is shown in 

Figure 4.36.  

 

Figure 4.36 Load-displacement behaviour for pad Footing 7. 

The predicted settlement in the FE analysis was comparable (slightly more) to the 

trial Footing 4 settlement. Trial Footing 7 is identical to trial Footing 4 column 

length, area ratio, and founding depth. This is consistent with the findings by 

Serridge (2001) during the monitoring of Bothkennar trial footings.   

It is important to note that the stress bulb beneath Footing 4 and 7 is different. 

As the stress depth influence is around 6.0 m below the base of Footing 7, whereas 

it is around 2.7 m below the founding depth of trial Footing 4. This suggests that 

the crust may be playing an important role in masking the beneficial contribution 

of the smaller footing dimensions, to a certain extent. 

The footing and ground settlement profile with depth is shown in Figure 4.37. It 

can be seen that the settlement profile was comparable again with Footing 4 which 
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again highlights the influence of the crust as a salient feature of the Bothkennar 

soil profile. 

 

Figure 4.37 Influence of footing shape on the footing and ground vertical 

displacement in drained conditions- Footing 7 

4.12.2 Lateral Bulging 

The lateral bulging of Footing 7 in the x and y directions in drained conditions is 

shown in Figure 4.38 and Figure 4.39, respectively.  

 

Figure 4.38 Lateral bulging (Ux) with depth observed in drained conditions- 

Footing 7. 
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Figure 4.39 Lateral bulging (Uy) with depth observed in drained conditions- 

Footing 7. 

The maximum lateral bulging is once again located at 2 times the diameter of the 

column. The lateral bulging of Footing 7 is slightly higher than the bulging of 

Footing 4 in both directions. This is due, in part, to the confinement associated 

with a particular column arrangement, as the columns in Footing 4 appear to have 

a tighter confinement than Footing 7. 

4.12.3 Influence of geogrid encasement 

The influence of using full length column encasement upon the settlement 

performance of trial Footing 7 is shown in Figure 4.40. It appears that the impact 

of encasing stone columns beneath Footing 7 upon the vertical settlement is again 

similar to trial Footing 4.  
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Figure 4.40 Load-displacement behaviour for OSC and ESC-Footing 7. 

4.13 Review of Priebe (1995) method 

The Priebe (1995) method is considered one of the most popular methods to 

assess the settlement behaviour of stone columns in the UK. In this method, a 

reduction factor can be calculated based on the area replacement ratio as a 

function of the stone friction angle. This reduction factor considers the column 

material compressibility under loading and also takes account for the effect of 

increasing overburden on the column bearing capacity.  

The reduction factor should be applied to the untreated settlement within treated 

depth. Moreover, untreated soil layer settlement must be added to the reduced 

settlement in the treated zone to calculate the total post treatment settlement 

associated with soft soil improvement by installing the stone columns. The author 

used the Priebe (1995) method to estimate the post settlement of Bothkennar 

field trials (see Appendix A). In contrast to Serridge (2001) who used the basic 

reduction factor in calculating the post treatment settlement of the field trials at 

Bothkennar field (see Figure 2.22), the post treatment settlement of the field trials 

in Appendix A has been calculated considering the influence of the column material 
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compressibility and the effect of increasing overburden on the stone column (see 

Figure 2.23 and Figure 2.24). The predicted post treatment settlements for all field 

trials under first and second load increments are summarised in Table 4.8 and 

Table 4.9.  

The settlement calculated using the Priebe method ranged from 4 mm to 7.5 mm 

and 12 mm to 19 mm for the first and second load increments, respectively. It 

appears that the modified settlement improvement factor suggested by Priebe 

(1995) underestimates the settlement performance of the field trials at 

Bothkennar site. This may be attributed to the ground surface heave and the 

sensitivity of the Bothkennar soft soil, with remoulding occurring during 

installation of the stone columns.  

The Priebe method does not capture these two important Bothkennar soil features 

(i.e. installation effects). Moreover, most of the Priebe analysis is applicable on 

wide spread loads associated with slabs and embankments structures where the 

column behaviour is stiffer due to the greater confining actions provided by the 

installation of the adjacent columns compared to a single stone column installed 

beneath isolated foundations.   
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Table 4.8 Estimated post treatment settlements of trial footings under first load increment. 

Trial 
footing 

Load 
(kN/m2) 

Ao 
(m2) 

Stone 
column 

diameter 
(m) 

Ac 
(m2) 

A/Ac 

Friction 
angle of 
Stone φ 

(o) 

Pre-
treatment 
settlement 

(mm) 

Post-
treatment 
settlement 

(mm) 

Measured 
post-

treatment 
settlement 

(mm) 

1 33.5 1.13 0.75 0.44 2.56 42.5 16.2 6.6 27.5 

2 32.9 1.5 0.75 0.44 3.41 42.5 15.9 6.9 25.0 

3 33.1 1.13 0.75 0.44 2.56 42.5 13.3 5.7 17.5 

4 34.9 1.13 0.75 0.44 2.56 42.5 14.8 6.2 20.0 

5 32.1 1.13 0.75 0.44 2.56 42.5 13.6 5.5 22.0 

6 34.2 1.13 0.75 0.44 2.56 42.5 13.8 4.2 24.0 

7 32.7 1.13 0.75 0.44 2.56 42.5 19.3 7.6 22.0 

  

Table 4.9 Estimated post treatment settlements of trial footings under second load increment. 

Trial 
footing 

Load 
(kN/m2) 

Ao 
(m2) 

Stone 
column 

diameter 
(m) 

Ac 
(m2) 

A/Ac 

Friction 
angle of 
Stone φ 

(o) 

Pre-
treatment 
settlement 

(mm) 

Post-
treatment 
settlement 

(mm) 

Measured 
post-

treatment 
settlement 

(mm) 

1 72 1.13 0.75 0.44 2.56 42.5 34.9 17.1 50.0 

2 67.1 1.5 0.75 0.44 3.41 42.5 32.5 16.6 42.5 

3 67.8 1.13 0.75 0.44 2.56 42.5 27.1 13.6 37.5 

4 71.1 1.13 0.75 0.44 2.56 42.5 30.2 14.8 42.5 

5 67.8 1.13 0.75 0.44 2.56 42.5 28.8 14.1 40.0 

6 69.6 1.13 0.75 0.44 2.56 42.5 28 12.2 45.0 

7 67 1.13 0.75 0.44 2.56 42.5 39.6 19.0 42.5 
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4.14 Influence of column diameter and strength 

The influence of key design parameters such as the column diameter upon the 

settlement performance of Footing 4 in drained analysis is shown in Figure 4.41. 

It can be seen than the larger column diameter settled the least (keeping the 

column spacing over the column diameter constant s/d= 2.0). This may be 

explained as more stone is used to build the larger diameter column than the 

smaller diameter column therefore more area is treated by the larger column 

diameter. 

 

Figure 4.41 Influence of column diameter upon footing settlement- drained 

conditions. 

The variation of vertical displacement with loads is illustrated in Figure 4.42. A 

negligible settlement improvement is observed with increasing column strength 

(angle of internal friction) at working applied pressure (lower than 50 kPa). 

However, it can be seen that increasing the column strength leads to significant 

improvement in settlement at ultimate pressure (higher than 150 kPa). This may 

be explained as the column load increases, the column is in a plastic state where 
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the angle of internal friction is mobilised. Therefore, the effect of angle of friction 

is more pronounced on columns with the largest degree of plasticity.   

 

Figure 4.42 Influence of column strength upon footing settlement- drained 

conditions. 

4.15 Influence of reinforcement stiffness 

Two different geogrid materials are used to encase the column in this analysis, as 

shown in Table 4.5. The column bearing capacity increases significantly by 

encasing the column with a geosynthetic material. It can be seen that as the 

geogrid stiffness increases leads to better improvement in the column settlement 

(Figure 4.43).  

It was shown earlier that the geogrid material will enhance column lateral 

confinement by generation of hoop tension forces. Drained conditions analysis 

agrees quite well with the undrained analysis. The settlement improvement is 

more pronounced at higher loads where the contribution of geogrids in resisting 

the lateral bulging is increasing due to more hoop tension forces being generated. 
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Figure 4.43 Influence of geogrid encasement on Load-displacement behaviour for 

OSC and ESC. 

4.16 Summary of results 

Various arrangements of footings and columns were analysed over a typical range 

of applied loads to investigate the influence of key design parameters such as 

column length, spacing, footing shape and the crust layer on footing behaviour at 

the Bothkennar site. The vertical settlement, the settlement at the ground surface, 

the lateral bulging, the encasement and their depth were examined for a select 

number of trial footings at the Bothkennar site. The main findings from this 

research are summarised as follows:  

• It was found that a working applied pressure of 50 kPa is deemed 

satisfactory for the Bothkennar field trial (and could be used as a guidance 

when designing a pad footing supported by stone columns in soft soils) 

applying a typical factor of safety in the range of 2.5 to 3. It is inferred that 

the applied working load should be limited to satisfy a typical settlement 
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performance of columns installed beneath a narrow footing supporting 

lightly loaded structure. 

• For all the trials, the ground settlement profile indicates that the settlement 

at ground level would diminish at a distance in the range of 2 to 3 of the 

footing width measured from the centreline of the footing for undrained 

and drained analysis, respectively.  

• Analysis of Footing 6 (founded at the base of the crust) predicts a 

settlement similar to that of Footing 4 (founded at 0.5m depth in the crust) 

for the first two load increments. However, the rate of settlement increased 

significantly compared with Footing 4 at higher loads which is in line with 

the expectations due to the founding depth in soft soil (i.e. base of crust) 

and also demonstrates the sensitivity of foundation depth within the crust. 

• The predicted settlement for Footing 7 was comparable (slightly more) to 

that of the trial Footing 4 settlement. This may be explained on the basis 

that the stress depth influence is deeper for Footing 7 compared with 

Footing 4. This suggests that the crust may be playing an important role in 

masking some of the beneficial contribution of the smaller footing 

dimensions. 

• The settlement performance of larger diameter stone column is superior to 

that of a smaller diameter (keeping s/d= 2.0 ratio constant) due to the 

larger treated area associated with larger column diameter (larger 

proportion of soil replacement). 

• The estimated settlement calculated in accordance with Priebe (1995) 

design charts significantly underestimated the settlement of the trial 

footings. This may be attributed to the high energy used in column 

installation which leads to soft soil disturbance contributing to less 

settlement prediction than the trial footings. In order to err on the side of 

caution, Priebe method outcomes should be verified against field tests or 
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with a numerical analysis when stone columns installed in sensitive clays 

or where a crust layer is available at shallow depths. 

• The lateral bulging of Bothkennar field trials stone columns is analogous to 

Hughes and Withers (1974) laboratory findings, Hughes et al. (1976) field 

findings and the case where a triaxial sample is failed (height to width ratio 

= 2). It was observed that the stone column suffers a severe lateral bulging 

near the top of the column. The lateral bulging is constrained by the crust 

presence at the upper part of the column. However, bulging of the stone 

column is still taking place in the soft clay underlying the crust layer at the 

point of peak stress.  

• Trial Footing 1 laterally bulged less than trial Footing 2 and settled slightly 

less than Footing 2. This may be attributed to the increase in the area ratio 

which leads to an increase in the total load taken by the column. Therefore, 

for a similar column length, the shear resistance along the side of the 

column is similar (if shear resistance is fully mobilised) and the increase in 

the column load will increase the column load resisted at the base, which 

consequently increase the column vertical settlement. Similarly, higher 

lateral bulging is associated with larger area ratio (Footing 2).  

• For the shortest column (Footing 3) to the longest column (Footing 5), the 

lateral bulging is similar. However, the lateral bulging for Footing 3 is 

gradually reduced from a maximum to a minimum value of between 0.5 

mm to 2 mm correspondent to the applied loads. This confirms that the 

load is transferring to the column toe. Therefore, it appears that the 

dominant mode of failure for the short column is by punching through the 

soft soil. This is consistent with the analyses carried out in Chapter 5 using 

the punching and compression ratios and the findings of McCabe and 

Killeen (2016).   
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• Footing 6 constructed at the top of the soft soil (base of the crust) laterally 

bulged the most. The large bulging can be explained as the crust does not 

contribute significantly in reducing the lateral bulging in contrast to other 

footings. Therefore, there is a potential of raising the site level by using a 

compacted fill at the expected depth of bulging to avoid bulging failure 

where sensitive or very soft clays are present. It is important that the base 

of the foundation is constructed as far as possible from the soft clay 

However, other factors such as construction time, cost, and safety must 

also be considered to develop a proper foundation solution. This will enable 

the engineers to specify stone column solutions in lieu of other expensive 

geotechnical solutions such as piling. 

• The use of geogrid encasement around the column improves the column 

bearing capacity and their stress-displacement behaviour (the 

serviceability performance). The greater the length of encasement used, 

the more the total and the relative vertical settlement between the footing 

and the surrounded soils are reduced  

• The encasement of the top metre of the column reduces the lateral bulging 

considerably. However, the lateral bulging reduced significantly by 

extending the encasement below the maximum lateral bulging zone 

(around 2 times the diameter of the column). 

• The lateral bulging becomes more uniform where similar lateral bulging 

occurs in both directions (x and y) if encasement depth extends below the 

maximum lateral bulging position.  

• The magnitude of the maximum predicted hoop tension forces ranges from 

a low of 1 kN/m to 29 kN/m for different applied loads and is much lower 

than the tension resistance of the most commercially available geogrids. 
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CHAPTER 5 

Chapter 5: SIMPLIFIED ANALYTICAL MODEL FOR STONE 

COLUMNS 

5.1 Introduction 

The results from the numerical analysis regarding the settlement performance, 

column bulging, and encasement depth for small groups of stone columns are 

placed in context in Chapter 4. A simplified design method is proposed which 

allows to investigate the influence of installing an unlimited column grid below an 

unlimited loaded area upon settlement performance. The improvement in 

settlement due to the installation of a small group of stone columns is also 

investigated in this chapter.  

The mode of deformation is identified in this chapter using punching and 

compression ratios for different area ratios and coefficients of the lateral stress. 

The modes of deformation such as punching, bulging and block behaviour are also 

identified and compared with FEA conducted by other researchers (Black, 2006; 

Kirsch, 2006; McCabe and Killeen, 2016; Satibi et al., 2009). 

In current practice, the numerical analysis is often used to investigate the stone 

column settlement performance (Al Ammari and Clarke, 2016). A series of 

analytical and empirical design methods are available to address the settlement 

improvement associated with stone column installation. In the UK, most designs 

use Priebe’s method to assess settlement improvement (Priebe, 1995). In this 

research, a numerical study of axisymmetric model (an efficient mathematical 
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means of modelling stone column grids) using Hardening Soil model is performed 

and compared with the derived analytical model to understand effectiveness of 

stone columns. The study is carried out with the intent to provide practicing 

engineers with a simple tool for assessing the foundation settlement in soft soils. 

The focus of this chapter is to propose a simplistic analytical model that can predict 

the settlement improvement in the soft soils due to the installation of vibro stone 

columns. The design of stone columns in soft clays is usually governed by 

performance (settlement) rather than the column bearing capacity to support 

applied load (Killeen (2012) and (Priebe, 1976)). An analytical approach developed 

by Satibi et al. (2009) was modified in the current study to assess the performance 

of an infinite grid of floating stone columns. Furthermore, the analytical model is 

used in conjunction with the design charts developed by Priebe (1995) to predict 

the settlement of single pad and strip footings  

This approach is used to calculate the critical stone column length defined as the 

minimum required length to resist the applied load solely by a floating stone 

column (ignoring toe resistance contribution). Although the existence of a critical 

column length at failure condition was reported by several researchers such as 

McKelvey et al. (2004) and Wehr (2004), this finding is not supported in the 

current study because the critical length determined in this research is based on 

the serviceability limit state rather than the ultimate limit state. The critical length 

in this study refers to the length where the entire foundation load is resisted by 

the floating stone column and no load is transferred to the underlying soil. 

However, the critical lengths calculated by various others (McKelvey et al. (2004) 

and Wehr (2004)) were at failure condition rather than at serviceability condition. 

The analytical approach is based on the unit cell concept where a uniformly 

distributed load is applied on the top of the stone column, as shown in Figure 5.1. 
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Figure 5.1 Settlement analysis of one cell of an infinite grid of floating stone 

columns (a) vertical cross section (b) vertical effective force equilibrium of 

element A. 

Figure 5.1 (a) and (b) show the vertical cross section of the axisymmetric cell and 

an element A illustrating the effective vertical forces in equilibrium within the 

column. The effectiveness of the footing or embankment constructed on top of the 

floating stone columns is then investigated by using a relative settlement reduction 

ratio (RSR).  

The RSR ratio is defined as: 

RSR = 
𝑺𝒐−𝑺

𝑺𝒐
 (5.1) 

where the subscript “0” means no stone column is installed thus So is soft soil 

surface total settlement without improvement in the ground due to stone column 

installation. S refers to the total settlement at the surface of the soft soil improved 

by stone columns. It needs to be emphasized that the use of an advanced method 

such as the FEA for detailed design is important to evaluate the effectiveness of 

the stone column as a ground improvement method. The advantage of the FEA is 
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that the behaviour of the stone columns solution can be captured more accurately 

than other methods such as the Priebe (1995) method due to its capability of 

capturing all the factors influencing the effectiveness of the stone columns 

solutions, rather than treating each layer individually (Killeen, 2012). However, 

analytical design methods based on more simplified material models compared to 

PLAXIS models would be more practical and easier to use by the practitioners and 

the industry when assessing the effectiveness of a stone column solution. A 

program was written by the author in Visual Basic to model circular cell geometry 

as illustrated in Figure 5.1 to predict the RSR (See Appendix B). 

5.2 Analytical model derivations 

Stone columns have been increasingly used to support embankments especially 

when a settlement/differential settlement is involved. Several researchers such as 

Pulko and Majes (2005) and Sexton et al. (2016) have indicated that the 

settlement of infinite grid of floating stone columns can be simulated by using unit 

cell model (concept). Different types of stone columns have been used, each with 

different rigidities, and using different installation processes and materials. The 

analytical model adopted in this research is based on the rigid column theory 

(Satibi, 2009). The soft soil settlement due to the foundation applied load is based 

on the Hooke’s law of elasticity where the soil is idealised as linear elastic, uniform, 

and isotropic if no stone column is installed. Hence; 

𝑺𝒐 =  𝑺𝒍 + ∆𝑺𝒐 = (𝒒 . (𝑯 − 𝒍))/𝑬𝒐𝒆𝒅,𝟐  + (𝒒 . 𝒍)/𝑬𝒐𝒆𝒅,𝟏 (5.2) 

∆𝑆0 refers to the partial soft soil settlement up to a depth of 𝑙 (𝑙 is the stone column 

length, if installed). Settlement of the soft soil below the stone column toe level, 

𝑆𝑙 . The embankment/foundation surcharge including the external applied load (q), 

and H is the soft soil layer thickness. Eoed is defined as the oedometer or 

constrained modulus of the soft soil layer. It should be noted that the previous 

investigations such as that by Balaam and Brown (1977) demonstrated that using 
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an elastic analysis will slightly under-predict the settlement performance of stone 

columns at working loads.  

If an embankment/foundation is constructed over a soft soil and improved with 

the stone column, then soft soil settlement can be determined by the equilibrium 

of the effective vertical stress. Considering floating condition with the ground 

water at the ground surface, the effective vertical stresses in Figure 5.1b can be 

written as follows: 

[(−𝝈𝒗
′ + (𝝈𝒗

′ + ∆𝝈𝒗
′ ) − 𝜸′. ∆𝒛) . 𝝅(𝑹𝟐 − 𝒓𝟐)] − 𝟐𝝅𝒓. 𝝉∆𝒛 = 𝟎 (5.3) 

where R is the radius of the circular cell, r is the stone column radius, 𝛾′ is the 

effective unit weight of the soil and 𝜏 is the stone column unit shaft friction. In 

terms of the soil mechanics theory, the ultimate skin friction on the stone column 

shaft (if it is modelled as a rigid column) can be evaluated in soft to firm clays in 

terms of the effective vertical stress using the following equation (Terzaghi et al., 

1996). 

𝝉 =  𝑹𝑭. 𝝈𝒗́  (5.4) 

where RF is the lateral reduction factor representing the reduction in the effective 

angle of friction with increasing depth up to the residual value. On the assumption 

that during column installation surrounding soft clay is in a remoulded state and 

the cohesion intercept is zero. 

RF= 𝑲𝒔 . 𝒕𝒂𝒏 𝜹 (5.5) 

where Ks is the final coefficient of horizontal soil pressure after stone column 

installation and δ is the average value of the angle of friction between stone 

column and soil. The reduction factor (RF), calculated on the basis of load tests, 

is found to vary from about 0.1 to 0.5 in soft to medium clay. Moreover, the values 

of the reduction factor range from about 0.25 to 0.5 for short columns where the 
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length to width ratio of less than 10 to 12 (Terzaghi et al., 1996; Tomlinson and 

Woodward, 2014). Satibi (2009) derived his analytical model using the coefficient 

of lateral pressure Ks to model the column installation effect. However, the author 

has used RF parameter in lieu of Ks because the stone column can be considered 

in most construction applications as a short column normally installed in soft soils 

to improve their compressibility and strength, accordingly. 

There are a few methods to simulate the stone column installation effects. 

However, Priebe’s approach (Priebe, 1995) is the most accepted method in the 

industry. It is based on the increase in the coefficient of lateral earth pressure 

(Ks=1.0) to simulate the stone column installation. 

Satibi (2009) derived the column critical length and settlement after improvement 

as follows: 

𝒍𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 =  √
𝟐 .  𝒒

𝜷 .  𝜸′ (5.6) 

𝑺 =  𝑺𝒍 +  
(𝒒+ 𝜸′ .𝒍+

𝜸′

𝜷
)

𝑬𝒐𝒆𝒅,𝟏 .𝜷
 . (𝟏 −  𝒆−𝜷𝒍 )– 

𝜸′ .𝒍

𝑬𝒐𝒆𝒅,𝟏 .𝜷
−  

𝜸′ .𝒍𝟐

𝟐 .  𝑬𝒐𝒆𝒅,𝟏
 (5.7) 

Critical stone column length 𝑙𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙   is the column length that satisfies the criteria 

where the entire embankment/foundation load is resisted by the floating stone 

column and no load is transferred to the soil where β can be calculated as follows: 

𝜷 =   (
𝟐𝒓

𝑹𝟐− 𝒓𝟐) . 𝑹𝑭 (5.8) 

and 𝐸𝑜𝑒𝑑 is the oedometer modulus of the soft soil layers taken as tangent modulus 

and can be determined by a power law relation (Brinkgreve et al., 2014): 

𝑬𝒐𝒆𝒅 =  𝑬𝒐𝒆𝒅
𝒓𝒆𝒇

 . (
𝝈𝒗

′

𝑷𝒓𝒆𝒇)
𝒎

 (5.9) 

where 𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

= tangent stiffness for primary oedometer loading at the reference 

pressure 𝑝𝑟𝑒𝑓=100kPa. 
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m= power for stress level dependency of stiffness.  

According to Stroud and Butler (1975), oedometer modulus Eoed can be estimated 

from the following equation: 

𝑬𝒐𝒆𝒅 =  
𝟏

𝒎𝒗
 (5.10) 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 can be determined using a recommended coefficient of volume compressibility 

for high compressible clays mv= 0.6 x 10-3 m2/kN (Carter and Bentley, 1991). 

Satibi et al. (2009) has used 𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 = 1 MPa; however, a typical design input of 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

= 1.5 MPa is used in this analysis for a soft sensitive clay (taken m= 1 and 

𝑃𝑟𝑒𝑓 = 100 𝑘𝑃𝑎). Therefore, above equation (5.9) reduces to 𝐸𝑜𝑒𝑑= 15. 𝜎𝑣
′. The 

effective stress 𝜎𝑣
′ is calculated at the middle of the soft soil layer and includes an 

additional applied load. The oedometer modulus of soft soil can be determined as 

follows: 

𝑬𝒐𝒆𝒅,𝟏 = 𝟏𝟓 (𝟎. 𝟓  𝒍  𝜸′ + 𝟎. 𝟓 𝒒 ) (5.11) 

𝑬𝒐𝒆𝒅,𝟐 = 𝟏𝟓 (𝟎. 𝟓 (𝐻 + 𝑙)𝜸′ + 𝟎. 𝟓 𝒒 ) (5.12) 

Therefore, the settlement after ground improvement in equation (5.7) can be 

calculated using above oedometer moduli in equations (5.11) and (5.12). The 

effectiveness of the footing system constructed over stone columns can be 

investigated based on the RSR factor in equation (5.1). 

5.3 Settlement improvement analysis 

The main objective of this section is to examine the improvement in the settlement 

performance of the footing/embankment due to the installation of stone columns 

in the soft clay. A hypothetical soft soil profile is considered in the build-up of the 

analytical model to perform a comparison between the analytical model and the 

FEA. The soil and stone material properties (Table 5.1) used in the FEA are 
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representative of most of the soft soils where the use of the stone columns as an 

improvement technique is of growing interest.  

Table 5.1 Material parameters for models. 

Properties Soft Soil Stone 

φ' [o] 25 45 

c' kPa 0.1 0.1 

ψ [o] 0 15 

γ kN/m3 16.5 19 

𝐸50
𝑟𝑒𝑓

=  𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 MPa 1.5 70 

        𝐸𝑢𝑟
𝑟𝑒𝑓

 MPa 4.5 210 

         𝜐𝑢𝑟 [-] 0.2 0.2 

m [-] 1 0.5 

The proposed analytical approach has been used to predict the critical length of 

the stone column and to assess their effectiveness (Table 5.2), with the radius of 

the circular cell lies in the range (R) = 0.5 to 0.75 m and a stone column radius 

of r = 0.3 m. In this analysis, the soft soil has the effective unit weight of 6.5 

kN/m3 and the effective angle of internal friction equal to 25°.  

Table 5.2 Analytical model predicted critical column length Lcritical and L/d ratio. 

 Lcritical L/d 

 Column spacing s (m) Column spacing s (m) 

RF 1.0 1.2 1.5 1.0 1.2 1.5 

0.42 3.13 4.06 5.37 5.22 6.77 8.95 

0.5 2.86 3.72 4.92 4.76 6.2 8.2 

It is interesting to note that the critical column length suggested by the analytical 

model is consistent with the findings of Hughes and Withers (1974), Narasimha 

Rao et al. (1992), McKelvey et al. (2004), and Black (2006). Hughes 1974 

suggested that the column shorter than 4d would fail by punching where it was 

found that the shear stress and end bearing pressure are lower than the bulging 

capacity for columns shorter than L<4d. A critical column length appears to exist 
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between 5 to 7 times the column diameter beyond which no further increase in 

ultimate capacity is gained (Narasimha Rao et al., 1992). McKelvey et al. (2004) 

suggests that there is some merit in installing columns longer than the bearing 

capacity critical column length to control settlement. The findings of Black (2006) 

are consistent with McKelvey et al. (2004) who carried out a laboratory study on 

small groups of columns and suggested that the ratio between the critical column 

length to the column diameter exists and lies in the range L/d= 6-10. As a result 

of these studies, it is suggested that the column critical length lies in the range 

L/d= 4 to 10. The column critical length predicted by the analytical model suggests 

that it lies in the range L/d= 4.76 to 8.95, as shown in Table 5.2. 

The reduction factor is set to be equal to 0.42 where the coefficient of lateral earth 

pressure Ks is set to be equal to 1.0 in order to account for the installation effect 

of the stone columns, which is consistent with the value proposed by Priebe 

(1995). However, a value of the lateral earth pressure of Ks=1.2 (equates to RF= 

0.5) is used to investigate the impact of the column installation effect on reducing 

the footing settlement. The reduction factors of 0.42 and 0,5 were derive based 

on that the soft soil is a non-dilating soil therefore tan δ = sin𝜑′ for ultimate skin 

friction as indicated by Satibi (2009), and Vermeer and Sutjiadi (1985).  

A numerical parametric study is carried out using PLAXIS 2D code and compared 

with the analytical model to examine the impact of various key parameters such 

as soil layer thickness and stone column spacing upon the column-foundation 

settlement performance.   

Finite Element program PLAXIS 2D is used to model the stone column behaviour 

where the soil and the stone are both modelled using the Hardening Soil model. 

The stone column reinforced foundation has been analysed by the axisymmetric 
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soil model similar to that used in the analytical approach. The geometry and mesh 

used in FE analysis are shown in Figure 5.2. The external boundary has a radius 

of 0.5 m to 0.75 m to simulate typical column spacing of 1.0 m to 1.5 m and the 

stone column radius is equal to 0.3m. 

 A vibrating poker is normally used to install the stone column (Bottom-feed 

system) with a fixed diameter of 430mm in the soft soils. It is most common that 

the column diameter of 600 mm is constructed using such poker diameter. The 

completed column diameter is alwayes greater than the initial diameter of the 

vibrating poker depending upon the soil type, soil strength, stone size, constuction 

method and the characteristic of the vibrating poker. 

 

Figure 5.2 FE mesh and geometry. 

In the subsequent FE and analytical analyses, the settlement behaviour of various 

configurations of soft soil thickness and stone column spacing is examined for an 

applied pressure up to 50 kPa, a typical working stress for a stone columns 

installed in the soft clay. Boundary conditions are applied by preventing the 

horizontal displacement at the vertical side of the mesh and preventing both the 
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vertical and horizontal movements at the bottom. The ground water level is set to 

be at the ground level.  

The Hardening Soil model is used for the soft soil and stone column materials. The 

influence of stone column installed in soft clay with different soft soil thickness 

upon the relative settlement reduction ratio (RSR) is shown in Figure 5.3 to Figure 

5.8 and Figure 5.10 to Figure 5.13. The effectiveness of stone columns is evaluated 

using the relative reduction in settlement (RSR). As the stone column length 

increases, the RSR ratio increases. A similar trend in the RSR ratio is observed for 

both of the FE and analytical model analyses. 
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Figure 5.3 Variation of RSR with column length for (i) RF= 0.42 and (ii) RF= 0.5 

for soft soil thickness of H= 10 m and column spacing of s= 1.0 m. 

The results indicate that the stone columns significantly improve the settlement 

performance of the footings in the range from approximately 21% to 75% (see 

Figure 5.3 to Figure 5.5). In general, the effectivness of installing the stone 

columns is between 42% to 61% at the critical column length for the soft soil 

thickness H = 10 m (see Figure 5.13). 
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The predictions from both the analytical model and the FEA agree relatively well. 

It can be also seen that the FE analysis and the analytical model predicted close 

RSR values at various column lengths. 

 

Figure 5.4 Variation of RSR with column length for (i) RF=0.42 and (ii) RF= 0.5 

for soft soil thickness of H= 10 m and column spacing of s= 1.2 m. 
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Figure 5.5 Variation of RSR with column length for (i) RF= 0.42 and (ii) RF= 0.5 

for soft soil thickness of H= 10 m and column spacing of s=1.5 m. 

As outlined previously in Section 5.2, the analytical model is derived on the basis 

of critical column length and, therefore, the RSR can only be predicted for a column 

length up to a critical length. The influence of increasing the soft soil thickness (H) 

from 10 m to 14.5 m upon the RSR is shown in Figure 5.6 to Figure 5.8, 

respectively.  
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Figure 5.6 Variation of RSR with column length for (i) RF= 0.42 and (ii) RF= 0.5 

for soft soil thickness of H= 14.5 m and column spacing of s= 1.0 m. 

While all plots indicate that all column arrangement exhibit similar variations of 

RSR with column length, the rate of the improvement in the settlement 

performance slightly reduces for applied pressures higher than 40 kPa.  
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Figure 5.7 Variation of RSR with column length for (i) RF= 0.42 and (ii) RF= 0.5 

for soft soil thickness of H= 14.5 m and column spacing of s= 1.2 m. 

This suggests that heavily loaded columns are deforming at shallow depths and 

only transfer a small proportion of the load to the toe of the columns. The reduction 

in the settlement ratio with length, corresponding to a column spacing of 1.5 m, 

is less than 1.2 m. The RSR values from the numerical analysis are compared with 

those from the analytical method.  
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Figure 5.8 Variation of RSR with column length for (i) RF= 0.42 and (ii) RF= 0.5 

for soft soil thickness of H= 14.5 m and column spacing of s=1.5 m. 

The variation of the RSR with applied load ranges from 1% to 13% at the column 

lengh up to the the critical column length. The distribution of plastic points along 

a cross section of column spacing corresponding to 1.0 m, 1.2 m, 1.5 m, and 2 m 

is shown in Figure 5.9. Plastic points represent stone elements which lie on the 

MC failure line.  
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It can be seen that the plastic point extends deeper for the higher area ratio (area 

ratio (A/Ac) is the ratio of area of unit cell to stone column area). The extent of 

plastic points increases for wider columns (higher area ratio) may be explained by 

the fact that the average column load increases for wider columns. This suggests 

that columns are in more of a plastic state for higher area ratio and hence the 

column plasticity reduces the ability of load transfer to column base and, 

consequently, leads to a lower improvement in the RSR ratio corresponding to the 

higher area ratio.  

 

Figure 5.9 Distribution of plastic points within a cross-section of (a) A/Ac= 3.5, 

(b) A/Ac=5.1, (c) A/Ac=8.0, and (d) A/Ac= 14.1 for column length of 6 m. 

The variation of the RSR – determined by FE analysis and analytical model- with 

applied load for a unit cell and column spacing of s= 1.0 m, s= 1.2 m, and s= 1.5 

m (soft soil thickness of H= 20 m) are shown in Figure 5.10, Figure 5.11, and 

Figure 5.12, respectively. 
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Figure 5.10 Variation of RSR with column length for (i) RF= 0.42 and (ii) RF= 0.5 

for soft soil thickness of H= 20 m and column spacing of s=1.0 m. 

The difference between the RSR values predicted by both FE and analytical models 

are found to be negligible (up to 4%) at the critical column length (Figure 5.13) 

with the exception of soft soil thickness column spacing s= 1.0 m, where the 

variation in predicting RSR was no greater than 9% at the critical column length. 
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numerical models, in predicting RSR, breaks down at closley-spaced columns 

where the difference in predicting the RSR is up to 19%.  

 

Figure 5.11 Variation of RSR with column length for (i) RF= 0.42 and (ii) RF= 0.5 

for soft soil thickness of H= 20 m and column spacing of s=1.2 m. 

It may be attributed to that closely-spaced columns are acting with the 

surrounding soils as a ‘Block’. The FE analysis is capable of capturing the presence 

of a ‘Block’ behaviour and therefore, capable of modelling more realistic soil- 

column interaction than the analytical model. In the subsequent FE analysis, a 
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‘Block‘ mechanism of various column spacings is investigated to examine their 

infulence upon the footing settlement performance.  

 

Figure 5.12 Variation of RSR with column length for (i) RF= 0.42 and (ii) RF= 0.5 

for soft soil thickness of H= 20 m and column spacing of s= 1.5 m. 

It is interesting to note that increasing the soft soil thickness from H=10 m to H= 

14.5 m and H= 20 m has a slight impact on the RSR, where column effectivness 
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lies in the range of 17% to 60% at different column lengths (Figure 5.3 to Figure 

5.8 and Figure 5.10 to Figure 5.13).  

The effects of column installation upon settlement improvement is investigated by 

increasing the lateral coefficient pressure in the soft clay from Ks= 1.0 (RF= 0.42) 

to Ks= 1.2 (RF= 0.5). The influence of increasing the reduction factor is shown in 

Figure 5.3 to Figure 5.8 and Figure 5.10 to Figure 5.12. It is evident that increasing 

Ks over 1.0 is of minor significance upon the RSR predictions.  

In general, it can be seen that increasing RF slightly enhances the settlement 

performance predicted by the analytical model. The range of increase is between 

1% and 5%. However, a slight decrease in the RSR ratio (between 1 and 5%) is 

observed in FE analysis. This may be explained as the settlement of untreated 

footing benefits more than the footing improved with the stone column installed 

by increasing lateral coefficient pressure and hence RSR decreases slightly. 

In fact, a light increase in RSR is observed for closed space columns with the soft 

soil thickness of H= 20 m. This suggests that the RSR is less dependent on the 

confinement pressure provided by the surrounded soils than other parameters 

such as column length, soft soil thickness and applied loads.  

The variation of RSR with the ratio of column critical length to the soft soil 

thickness (lcritical/H) at applied pressure of 50 kPa is shown in Figure 5.13. In 

general, it can be seen that the effectiveness of reinforcing soft soils by stone 

columns is with column critical length in the range of 0.35 to 0.6 times soft soil 

thickness. However, effectiveness predicted in this simplified method need to be 

assessed alongside the total and differential settlements to evaluate if ground 

improvement is satisfying specific project performance criteria.  

A good agreement exisits between both the FE analysis and the analytical model 

in predicting the RSR for all coefficients of lateral pressure (simulate column 
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installation) when the soft layer thickness over the critical column length ratio 

(H/Lcritical) = 2 to 5. 

 

Figure 5.13 Variation of RSR with critical column length to the soil thickness 

(lcritical/H) for (i) RF= 0.42 and (ii) RF= 0.5 at applied pressure= 50 kPa. 
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5.3.1 Settlement improvement of single and strip footings 

In general, the bearing capacity of stone columns is a less stringent design 

criterion than the settlement in soft soils (see Section 5.1). Considerable advances 

have been made in the soft soils constitutive models to incorporate the effect of 

bonding, creep and anisotropy in FEA. However, there is very limited use of such 

models by industry practitioners in ground improvement designs due to their 

complexity and the requirements of detailed and expensive soil investigations 

which are not always available.  

The most common design methods in stone column practice involve some 

empiricism in formulae derivations and many simplifying assumptions. It was 

worthwhile to carry out some modifications on the simplified analytical model in 

Section 5.2 to calculate the settlement improvement in stone columns under single 

and strip footings. Design charts developed by Priebe (1995) are used to predict 

the settlement of single pad and strip footings (Figure 2.25). 

The total settlement of an unlimited column grid below a widely-loaded area before 

ground improvement (see equation 5.2) is used to calculate the settlement of 

spread and strip footings by applying Priebe’s (1995) design charts reduction 

factor (Figure 2.25). The reduction factor (settlement of spread/strip footing over 

infinitely large group total settlement) can be calculated if the stone column 

diameter and length are known (see Figure 5.14). The settlement reduction factor 

is considered an acceptable approximation if the area ratio (A/Ac) is up to 10.   

The main modifications of Satibi et al. (2009) analytical model which are adopted 

in this research can be summarised below:  

1- The use of reduction factor RF in lieu of 𝐾𝑠 . 𝑡𝑎𝑛 𝛿 to simulate short columns 

(length over width ratio < 10 to 12).   
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2- Apply additional settlement factor to calculate the settlement of spread 

footings (see Figure 5.14). 

 

Figure 5.14 Simplified analytical model program used to predict the settlement of 

strip/spread footings 

The various configurations of footings analysed are outlined in Figure 5.15. The 

RSR was predicted by analysing various column configurations such as single 

column, 2x2, 3x3 groups and a row of 2 columns under pad footing. The footings 

are 0.6 m thick and the depth of the footing is 0.6 m below ground surface. A 

typical bottom feed stone column diameter of 0.6 m installed in soft soils with a 

critical length in accordance with equation 5.6. A square grid of columns spaced 
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at 1.0, 1.2, and 1.5 m is used in the analyses. The footing overhang is located at 

half the column spacing (0.5xs) from the centreline of the outer row. The 

settlement performance of different stone column arrangements was calculated at 

50kPa using soil properties in Table 5.1. The effectiveness of stone columns was 

measured using the reduced settlement ratio, (RSR), which is defined in Section 

5.2. 

 

Figure 5.15 Column configurations to examine RSR of single footings. 

The influence of column arrangement upon RSR is shown in Figure 5.16 and Figure 

5.17. It can be seen that the maximum difference between RSR predicted by FEA 

and analytical model is 14% in some arrangements. Most of the results predicted 

less than 10% difference in calculated RSR using FEA compared to the analytical 

model. Therefore, this simplistic analytical model tool could be used to estimate 

the effectiveness of the stone columns installed under single footings at 

preliminary design stage, however, the settlement of the footing should be verified 

by measurements made after the construction of sacrificial or working stone 

columns.  
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Figure 5.16 Variation of RSR with critical column length to the soil thickness 

(lcritical/H) for (i) Single footing and (ii) 2x2 group. 

The stone columns constructed to support pad and strip footings are more effective 

than the stone columns beneath a wide loaded area in reducing the foundation 

settlement with a column critical length in the range of 0.6 to 0.93 times the soft 

soil thickness as indicated in Figure 5.16 and Figure 5.17. Therefore, installing 

stone columns to support pad footings is more effective in reducing settlement 
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compared to an infinite grid of columns supporting an infinitely wide load as shown 

in Figure 5.13.  

 

Figure 5.17 Variation of RSR with critical column length to the soil thickness 

(lcritical/H) for (i) 3x3 group and (ii) 2-column footing.  

5.4 Definition of compression and punching ratios 

It was identified by the seminal work of Hughes and Withers (1974) and Muir Wood 

et al. (2000) that the stone column can deforms in four modes: bulging, punching, 
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shearing and bending. Compression and punching ratios were used by McCabe 

and Killeen (2016) to identify the stone column different modes of deformation.  

The compression and punching ratios are derived from the footing settlement at 

the surface (Ufooting), vertical displacement of the soil surrounding the base of the 

stone columns averaged over a square zone with a width equal to column spacing 

(Usoil), and the column settlement (Utoe) as shown in Figure 5.18. The compression 

ratio is a very important parameter to measure the load transfer to depth and is 

defined as the column compression (Ufooting-Utoe) normalised by Ufooting. 

 𝑪𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒊𝒐𝒏 𝒓𝒂𝒕𝒊𝒐 =  
𝑼𝒇𝒐𝒐𝒕𝒊𝒏𝒈− 𝑼𝒕𝒐𝒆

𝑼𝒇𝒐𝒐𝒕𝒊𝒏𝒈
 (5.13) 

A higher compression ratio suggests that the column deforming along their shaft 

and may be bulging at shallow depths. The compression ratio is limited in 

capturing column punching. Therefore, a punching ratio parameter is introduced 

to measure the relative settlement at the toe level of the column (Utoe – Usoil) 

normalised by the toe movement (Utoe). Punching ratio originally developed by 

McCabe and Killeen (2016) was normalising the relative settlement at the column 

base by the ground surface settlement. The compression of the column was 

included in the punching ratio developed by McCabe and Killeen (2016). It is 

considered more efficient by the researcher to normalise the relative settlement 

at the column base by the base movement when investigating the column 

punching. In order to compare the punching of the columns into soft soil layer, 

the punching ratio is used to quantify the proportion of loads transferred to the 

column base.  

𝑷𝒖𝒏𝒄𝒉𝒊𝒏𝒈 𝒓𝒂𝒕𝒊𝒐 =  
𝑼𝒕𝒐𝒆− 𝑼𝒔𝒐𝒊𝒍

𝑼𝒕𝒐𝒆
 (5.14) 

Compression and punching ratios are calculated using PLAXIS 2D to investigate 

the stone column mode of failure. 
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Figure 5.18 Displacements of footing, at column toe, and soil surrounding base 

of columns. 

5.4.1 Deformational behaviour 

5.4.1.1 Soft soil layer thickness 

In this section, the mode of deformation will be discussed in terms of the influences 

of column length, soft soil thickness and lateral coefficient pressure (installation 

effect) with respect to area ratio (A/Ac). The variation of the punching ratio with 

the column length, lateral coefficient pressure, and area ratio for the soft soil 

thickness of 10 m and an applied load of 50 kPa is shown in Figure 5.19. It can be 

seen that the punching ratios are the largest for short columns at an area ratio of 

A/Ac= 3.53. In general, the punching ratio is decaying with increasing column 

length.  

It can also be seen that columns at all area ratios larger than A/Ac= 3.53 exhibit 

a similar variation of punching ratio with the column length up to L= 2 m (up to 

L= 3 m for high area ratio) where punching ratios are observed to increase with 

column length. 
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Figure 5.19 Variation of (a) punching and (b) compression ratios for lateral 

coefficient (i) RF= 0.42, and (ii) RF= 0.5 with column length for unit cell model. 

It appears that the column is not deforming along the column shaft where 

punching and compression ratios increase with depth, therefore, punching is the 

dominant mode of deformation for shorter columns. It is evident that an increase 

in the area ratio leads to an increase in the punching ratio with increasing column 

length up to L= 2 m (up to L= 3 m for high area ratio).  

It appears that punching is the dominant mode of deformation for such short 

columns, which implies that columns mobilised a full shaft resistance along the 

shaft and end bearing resistance at the base of the column. An increase in the 

area ratio of columns corresponds to an increase in the column loads due to the 
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larger space between columns. Columns of similar length can resist similar shear 

force along the shaft if they are punching. Therefore, an increase in the column 

area ratio leads to an increase in the load portion transferred to the column toe 

and reflects the loss in the lateral confinement associated with the increasing of 

area ratio, which consequently leads to punching ratio increase for the higher area 

ratio. 

The column at low area ratios continue to exhibit relatively low punching ratio for 

column lengths L> 2 m. The compression ratios also remain relatively low, which 

indicates that the lower area ratio columns do not deform significantly compared 

to higher area ratio columns. The punching ratio for an area ratio of A/Ac= 3.53 is 

lower than other higher area ratios coupled with relatively lower compression ratio 

which suggests that block behaviour occurred for groups of closely-spaced 

columns and is characterised by a slight increase in the punching ratio coupled 

with the increase in compression ratio.  

A further investigation was carried out by the author based on FE analysis results. 

It is found that the soil settlement is uniform at the toe level where the settlement 

of the soft soil is similar to the settlement at the base of the column, as shown in 

Figure 5.20. 

The increase in lateral pressure coefficient from Ks= 1.0 to Ks= 1.2 coupled with a 

reduction in the compression ratio suggests that columns are transferring the 

foundation loads to depth when lateral coefficient pressure increases due to 

column installation (Figure 5.21-i and Figure 5.21-ii). The influence of the area 

ratio upon punching and compression ratios for soft soil thickness of H=14.5 m is 

shown in Figure 5.21. 
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Figure 5.20 Vertical displacement for q= 50 kPa with column length L= 2m and 

L= 7m (A/Ac= 3.53). 

 

Figure 5.21 Variation of (a) punching and (b) compression ratios for lateral 

coefficient (i) RF= 0.42, and (ii) RF= 0.5 with column length for unit cell model. 
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It was established previously that punching failure is the dominant mode of 

deformation for short columns. Furthermore, punching and compression ratios are 

lower for thicker soft soil of H= 14.5 m compared to H= 10 m, as the rigid layer 

is deeper. Therefore, the column toe movement is larger which leads to a higher 

punching ratio. 

Punching ratios for columns at high area ratios (A/Ac > 8.0) decay with depth for 

column lengths L > 3 m. This is coupled with relatively high compression ratios, 

which is consistent with the findings of McCabe and Killeen (2016). The increase 

in compression ratios indicated that columns may be bulging closer to the ground 

level. The influence of columns bulging upon the punching ratio is that columns 

cannot transfer applied loads to the base of the columns which consequently leads 

to a lower punching ratio.  

Punching ratio for columns with area ratio lower than 3.53 is relatively lower than 

other area ratios, which is again similar to the findings from the layer thickness of 

10 m. Punching failure is normally characterised by the higher punching ratio; 

however, it is indicated by Black (2006) and Satibi (2009) that ‘Block’ failure does 

not occur if the punching ratio is low and both column and surrounding soils deform 

uniformly. Punching and compression ratios variation for layer thickness of H= 20 

m with column length is shown in Figure 5.22.  

The column mode of deformation is similar to the above findings for layer 

thicknesses of H=10m and 14.5m. It can also be seen that punching and 

compression ratios are less than those with layer thickness of H=10m and 

H=14.5m.  
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Figure 5.22 Variation of (a) punching and (b) compression ratios for lateral 

coefficient (i) RF= 0.42, and (ii) RF= 0.5 with column length for unit cell model 

The existence of a block mechanism in conjunction with optimum area ratio 

(<3.53) where soil is more confined proved to have a detrimental effect on the 

settlement reduction and to prevent an excessive column deformation (see Figure 

5.23). 

Although these findings need additional modelling and field experiments to 

improve our understanding on how to incorporate the block mechanism alongside 

the optimum area ratio in the design. It appears that a trade-off exists between 

the column length and the area ratio (either short column length with low area 

ratio or long columns with high area ratio). However, other factors such as 
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construction time, cost, and safety must also be considered to develop a proper 

foundation solution. 

 

Figure 5.23 Block failure with different area ratio (L= 6 m and q= 50 kPa). 

5.4.1.2 Influence of the coefficient of lateral soil pressure 

The installation effect of stone columns can be modelled using K-Pressure 

procedure as described in Section 2.8.3.1. The influence of increasing lateral 

pressure coefficient from Ks= 1.0 (RF= 0.42) to 1.2 (RF= 0.5) upon the 

deformational behaviour is investigated (see Figure 5.19, Figure 5.21, and Figure 

5.22). It appears that increasing lateral coefficient pressure, leads to a reduction 

in the punching and compression ratios for various layer thicknesses and area 

ratios. However, it can be seen that increasing lateral coefficient pressure has a 

minor impact on column deformation behaviour which is consistent with the 

findings by Kirsch (2006). Kirsch (2006) performed FEA for a group of stone 

columns and observed that increasing the coefficient of lateral soil pressure 

improves column settlement but has no effect on the deformation behaviour of 

columns.    



Chapter 5    Simplified analytical model for stone columns 

227 

 

5.5 Summary of the results 

In this chapter, the analytical model developed by Satibi (2009) is modified to 

predict the foundation relative settlement reduction ratio (RSR) and compared 

with the FEA to evaluate the influence of installing a stone column upon the 

settlement performance of a footing. The effectivness of the stone columns was 

quantified using a RSR, which was identified as the ratio of the reduced footing 

settlement due to the column istallation to that of the total footing settlement 

without reinforcing. The analytical model was primarly used to calculate the 

effectiveness of stone columns installed to support widespread loads beneath 

ground bearing slabs. The analytical model was further developed by introducing 

Priebe (1995) factors to enable the calculation of spread and pad footings RSR.   

The main contributions achieved by the work presented in this chapter are 

summarised below:  

1- The analytical model derived by Satibi (2009) has been modified by the 

researcher to calculate the effectiveness of installing infinite grid of 

columns supporting an infinitely wide load. It was observed that the 

effectiveness (in terms of RSR) of the stone columns lies in the range 35% 

to 60%. The RSR ratio predicted by the FE analysis agrees quite well with 

the analytical model when the soft layer thickness over critical column 

length ratio (H/Lcritical) = 2 to 5. 

2- The analytical model is further modified by introducing Priebe (1995) 

factors to enable the calculation of spread and pad footings RSR. The 

simplified design analytical method was developed to calculate the RSR of 

a small group of stone columns from column diameter, column spacing, 

coefficentof lateral stress, column, layer thickness, external applied 
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pressure, and critical column length. It appears that the simplified 

analytical model yields reasonable results when predicting the settlement 

improvement of small group footings due to the installation of stone 

columns.  

The maximum difference between RSR predicted by FEA and analytical 

model is 14%, however, the majority of the results predicted less than 10% 

difference between the two models. The effectiveness of stone column 

constructed to support pad and strip footings is with column critical length 

in the range of 0.6 to 0.94 times soft soil thickness. Therefore, installing 

stone columns to support pad footings is more effective in reducing 

settlement compared to an infinite grid of columns supporting an infinitely 

wide load. 

3- The deformational behaviour of the stone column was examined in this 

chapter using compression ratio and newley defined punching ratio. Area 

ratios were found to have a significant influence on the mode of 

deformation of the columns. As the degree of plasticity is increasing within 

a widely-spaced columns, this reduces the ability of load transfer to the 

column base and, consequently, leads to a lower effectivness in reducing 

the settlement performance corresponding to a higher area ratio. 

Punching and compression ratio has been used in this thesis to examine 

the mode of deformation of the stone column. It is evident in this analysis 

that the short column is tranferring significant portion of the applied load 

to the base of the column and is characterised by a high punching ratio and  

low compression ratio. This is consistent with the lateral bulging analyses 

carried out in Chapter 4 (see Section 4.10.2). Therefore, the mode of failure 

of short columns can be identified by punchnig. In contrast, long columns 
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are bulging along the shaft and are characterised by a low punching ratio 

and a high compression ratio. Thus, they cannot transfer load to the base.  

It appears that the area ratio and column length are the key parameters 

governing the defomational behaviour of stone column (bulging, punching, 

and ‘Block’ behaviour). While the increase in the lateral pressure coefficient 

of soil improves the effectiveness of stone columns for a given area ratio, 

it appears that it does not alter the mode of deformation. The existence of 

a block mechanism (characterised by low punching and compression ratios 

where closed-spaced columns act together and punch as a block into the 

underlying soil) in conjunction with an optimum area ratio (<3.53), where 

soil is more confined, proved to have a detrimental effect on the settlement 

reduction and to prevent excessive column deformation. 

Finally, it appears that the block mechanism should be used to optimise the stone 

column design either by choosing a short length column with low area ratio or a 

long column with high area ratio. However, other factors such as construction 

time, cost, and safety must also be considered. The modified analytical model 

could be used to estimate the effectiveness of the stone columns installed under 

footings at preliminary design stage, however, the settlement of the footing should 

be verified by measurements made after the construction of sacrificial or working 

stone columns 
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CHAPTER 6  

Chapter 6: CONCLUSIONS 

6.1 Introduction 

A series of FEA were undertaken to examine the influence of the lateral earth 

pressure coefficient upon the granular fill material arching above column-like 

elements. Moreover, numerical analyses were carried out to investigate the 

influence of key design parameters upon the behaviour of small groups of stone 

columns used to support shallow footings for lightly loaded low- rise structures. 

The advanced Hardening Soil model in PLAXIS code is adopted in this research. 

The material parameters and soil profile were taken from a well characterised 

Zaeske’s model test (2001) and the Bothkennar (soft clay research site) (Serridge, 

2001), which formed the basis of this thesis.  

It was necessary to arrive at a reliable methodology to capture the embankment 

arching and arching distribution over the embankment height. The profile of 

normalised earth pressure coefficient (K/Kp) on a vertical profile at the midpoint 

between piles was used to investigate granular embankment material arching. It 

was found that the earth pressure coefficient K normalised by the passive earth 

pressure coefficient Kp plotted on a vertical profile at the midpoint between piles 

can be a very useful tool to study the embankment material arching. Furthermore, 

the K/Kp method can be used to perform a sensitivity analysis and to measure the 
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effect of number of key design variables on the arching when analysing piled-

embankment system.  

The monitoring of the Bothkennar field trials was carried out over a period of 

around 10 months, which enabled the author to perform a long-term FEA and 

predict the settlement under drained and undrained conditions. It was found that 

the long-term settlement performance of the trial footings at Bothkennar site can 

be accurately modelled using either a drained or undrained analysis (coupled 

analysis) up to a working load between 40 kPa to 50 kPa. It was observed that the 

long-term settlement difference between the drained and undrained analysis 

becomes more noticeable beyond an applied pressure of around 50 kPa with a 

distinct difference between short- term (undrained) and long-term loading. It was 

found that if a stiff crust layer is present on site, then a numerical analysis should 

be carried out to investigate the influence of the crust on the vertical settlement 

and lateral bulging of columns. The main conclusions of this thesis are summarised 

in this chapter.  

6.2 Piled-embankments 

A parametric FEA study was carried out in PLAXIS 2D to examine the influence of 

several key design parameters upon the behaviour of a granular embankment 

supported by piles installed in soft soils. The key conclusions are:   

• The predicted minimum embankment height necessary to mobilise a full 

embankment arching using the method of the normalised earth pressure 

coefficient (K/Kp) on a vertical profile at the midpoint between piles is in 

agreement with the specified minimum height criteria for full arching 

conditions recommended by the British Standards BS8006. It is clear that 
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the minimum height criteria recommended by the German standard 

underestimates the embankment height required for full arching condition. 

• It is evident from the results of the FEA that both plane of equal settlement 

and the K/Kp profile at mid- point methods can be used to determine the 

initiation of arching in the embankment and also can characterize the 

embankment arching. Therefore, a minimum embankment height can be 

determined using both the plane of equal settlement and the K/Kp profile 

at mid-point methods. 

Additionally, it is concluded that: 

• There is no evidence of arching above z/s ≈ 0.95 to 1.1 for a normalised 

embankment height of between h/s = 2.3 and 1.25, respectively. 

Therefore, the embankment height is one of the key parameters when 

assessing the embankment soil arching. 

• The increase in the granular embankment angle of internal friction leads to 

more efficient load distribution within the embankment material where the 

higher the effective angle of internal friction ,φ', results in a lower soft soil 

settlement accompanied with a lower K value at the same embankment 

height. Therefore, it is important to use a granular material with high 

effective angle of internal friction φ' to reduce soft soil settlement and for 

better load distribution within embankment material. 

• The settlement of the foundation soils is less dependent on the angle of 

dilatation ψ compared to that of the angle of internal friction φ'. However, 

both angles have similar effect, to some extent, on the settlement of the 

founding soils where the higher subsoil surface settlement is obtained for 

reduced φ' and ψ angles.   

• Generally, the stress concentration ratio increases with the increase of 

geogrid tensile stiffness. However, there is a limit beyond which increasing 
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the geogrid stiffness will not influence the stress concentration ratio. For 

the conditions simulated in this thesis, the limit was between 3000 kN/m 

to 5000 kN/m.  

• It was found that a capping ratio of between 10% to 25% is necessary to 

ensure a stable piled-embankment behaviour.  

6.3 Stone columns 

The influence of key design parameters such as column length, spacing, footing 

shape and the presence of crust layer at shallow depth on footing behaviour at the 

Bothkennar site was investigated in this thesis. The influence of key design 

parameters was examined by predicting the footing vertical settlement, lateral 

bulging distribution with depth, and the encasement impact on the footing 

performance for a selected number of trial footings at the Bothkennar site.  

6.3.1 Settlement 

The measured and predicted settlement was recorded at the top of the seven trial 

footings. The main findings from this research are summarised as follows: 

• It was found that a working applied pressure of 50 kPa is deemed 

satisfactory for the Bothkennar field trial (and could be used as a guidance 

when designing a pad footing supported by stone columns in soft soils) 

applying a typical factor of safety in the range of 2.5 to 3. It is inferred that 

the applied working load should be limited to satisfy a typical settlement 

performance (around 25mm subject to structure type) of columns installed 

beneath a narrow footing supporting a lightly loaded structure. 

• For all the trials, the ground settlement profile indicates that the settlement 

at ground level would diminish at a distance in the range of 2 to 3 of the 
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footing width measured from the centreline of the footing for undrained 

and drained analysis, respectively.  

• The design curves developed by Priebe (1995) were used to estimate the 

vertical settlement of the footings at the Bothkennar site. The settlement 

calculated by the Priebe (1995) method was adapted to match the 

numerical analysis results. It was found the Priebe (1995) method 

significantly under-predicts the settlement of the trial footings by 55% to 

73% (see Appendix A) which can be attributed to soil disturbance as a 

result of the high energy used in the column installation which contributed 

to less settlement prediction than the field trials. In order to err on the side 

of caution, either a time limit should be specified for the poker during 

column installation to avoid sensitive soil disturbance or Priebe calculation 

method should be verified against field tests if stone columns installed in 

sensitive clays similar to Bothkennar site. 

6.3.2 Bulging  

The lateral bulging of stone columns at the Bothkennar field trials was analogous 

to the laboratory findings by Hughes and Withers (1974) and the field findings by 

Hughes et al. (1976) and the failure mode of a conventional triaxial sample (height 

to width ratio = 2). It was observed that the stone column suffers a severe lateral 

bulging near the top of the column (around two times the column diameter below 

ground surface). This research is the first comprehensive three-dimensional FEA 

study of the influence of the crust on lateral bulging of the ordinary and reinforced 

stone columns constructed to support narrow footings. 

The key conclusions from Bothkennar field trials and the relevant numerical 

analysis are as follows: 
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• The maximum lateral bulging for trial Footing 1 occurs at shallow depths 

(around two times the column diameter below ground surface) below the 

crust layer. Footing (Footing 1) with the closer column spacing bulging and 

vertical settlement is less than trial Footing 2. This may be explained by 

the increase of the total load taken by the column due to the increase of 

the area replacement ratio (larger spacing). Therefore, for a similar column 

length and diameter, the shear resistance along the side of the column is 

similar (if shear resistance is fully mobilised) and the increase in the column 

load will increase the column load resisted at the base (see Figure 4.8), 

which consequently increases the column vertical settlement. If the 

ultimate applied load was higher than the soft soil shear resistance across 

the sides of the column shaft, then the failure would occur. Therefore, a 

careful consideration of the applied load will reduce bulging and will yield a 

better column performance. 

• For the shortest column (Footing 3) to the longest column (Footing 5), the 

lateral bulging is similar. However, the lateral bulging for Footing 3 is 

gradually reduced from a maximum to a minimum value of between 0.5 

mm to 2 mm correspondent to the applied loads. This confirms that the 

load is transferring to the column toe. Therefore, it appears that the 

dominant mode of failure for the short column is by punching through the 

soft soil. This is consistent with the analyses carried out in Chapter 5 using 

the punching and compression ratios. 

6.3.3 Encasement 

The influence of the stone columns encased by geogrids upon the settlement 

performance of the trial footings constructed at Bothkennar site was investigated 
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in PLAXIS 3D. The influence of key design parameters such as number of columns, 

column length, footing shape and depth upon the column settlement was also 

evaluated in this research. To the Author’s knowledge, this research is the first 

comprehensive 3D numerical study of the key design parameters affecting the 

encased stone columns in a sensitive soft clay such as soft soils at Bothkennar site 

in short and long-term conditions. The key conclusions are as follows: 

• The encasement of the top metre of the column reduces the lateral bulging 

considerably. However, the lateral bulging can be reduced further 

compared to partial encasement by extending the encasement below the 

maximum lateral bulging zone (around 2 times the diameter of the 

column). The lateral bulging of a fully reinforced column is reduced by 3.6 

and 2.8 in X and Y directions, respectively, compared to 1 m column 

encasement as indicated in Figure 4.22 and Figure 4.27 (applied load = 

150 kPa).   

• The lateral bulging becomes more uniform where similar lateral bulging 

occurs in both directions (x and y) if encasement depth extends below the 

maximum lateral bulging position. It was found that encasing the column 

below the maximum lateral bulging zone is considered sufficient to reduce 

the lateral bulging and increase the column bearing capacity (ultimate 

resistance).  

Additionally, it is concluded that the use of geogrid encasement around the column 

improves the column bearing capacity and their stress-displacement behaviour 

(the serviceability performance). The greater the length of encasement used, the 

more the total and the relative vertical settlement between the footing and the 

surrounded soils are reduced.  

The magnitude of the maximum predicted hoop tension forces ranges from 1 kN/m 

to 29 kN/m for different applied pressures. The hoop tension forces were much 
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lower than the tension resistance of the most commercially available geogrids. 

Therefore, a geogrid with a tension resistance of 50 kN/m (factor of safety = 1.5) 

would be sufficient to resist the mobilised tension forces within the geogrid due to 

the applied load on the Bothkennar field trials. 

6.3.4 Crust effect 

The effect of the crust on the column behaviour has found to be: 

• Footing 6 (founded at the base of the crust) analysis predicts a settlement 

similar to that of Footing 4 (founded at 0.5m depth in the crust) for first 

two load increments. However, the rate of settlement increased 

significantly compared with Footing 4 at higher loads which is in line with 

the expectations due to the founding depth in soft soil (i.e. base of crust) 

and also demonstrates the sensitivity of foundation depth within the crust 

on the column behaviour. 

• The predicted settlement for Footing 7 (1.5 m x 1.5 m pad with a 

corresponding area ratio similar to the trial strip Footing 4) was comparable 

(slightly more) to that of the trial Footing 4 settlement. This may be 

explained on the basis that the stress depth influence is deeper for Footing 

7 compared with Footing 4. This suggests that the crust may be playing an 

important role in masking some of the beneficial contribution of the smaller 

footing dimension. 

• The lateral bulging is constrained by the crust presence at the upper part 

of the column, however, bulging of the stone column is still taking place in 

the soft clay underlying the crust layer at the point of peak stress. 

• Footing 6 constructed at the top of the soft soil (base of the crust) laterally 

bulged the most. The large bulging can be explained as the crust does not 
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contribute significantly in reducing the lateral bulging in contrast to other 

footings. Therefore, there is a potential of using a compacted fill within the 

expected depth of bulging to avoid bulging failure where sensitive or very 

soft clays present. This will enable the engineers to specify stone columns 

solution in lieu of other expensive geotechnical solution such as piling 

option. 

6.4 Simplified design method 

The modified analytical model was used to predict the effectiveness of installing 

stone columns beneath foundation. The results were then compared with the FEA 

to validate the analytical model accuracy in predicting the effectiveness of stone 

column solution. The effectiveness of the stone columns was quantified using a 

relative settlement reduction ratio (RSR), which was identified as the ratio of the 

reduced footing settlement due to the column installation to that of the total 

footing settlement without reinforcing. The analytical model was primarly used to 

calculate the effectiveness of stone columns installed to support widespread loads 

beneath ground bearing slabs. The analytical model was further developed by 

introducing Priebe (1995) factors to enable the calculation of spread and pad 

footings RSR. The main findings of the simplified analytical model can be 

summarised as follow: 

• The effectiveness of the stone columns (RSR) lies in the range of 35% to 

60%. 

• The RSR ratio predicted by the FEA agrees well with the analytical model 

when the soft layer thickness over critical column length ratio (H/Lcritical) = 

2 to 5. 

• It appears that the simplified analytical model yields reasonable results 

when predicting the settlement improvement of small group footings due 
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to the installation of stone columns. The maximum difference between RSR 

predicted by FEA and analytical model is 14%, however, the majority of 

the results predicted less than 10% difference between the two models. 

• The relative settlement reduction ratio of a stone column constructed to 

support pad and strip footings is in the range of 0.6 to 0.94. This implies 

that the stone column constructed to support pad and spread footings were 

more effective in reducing settlement compared to an infinite grid of 

columns supporting an infinitely wide load. 

Additionally, it is concluded that the stone column design should be carried out to 

choose the optimum column length and area ratio to select either a short length 

column with the low area ratio or a long column with the high area ratio. Ground 

conditions such as the depth of rigid layer together with other factors such as 

construction time, cost, and safety must be considered. The existence of a block 

mechanism (characterised by low punching and compression ratios where a 

closed-spaced of columns act together and punch as a block into the underlying 

soil) in conjunction with optimum area ratio (<3.53) where soil is more confined 

proved to have a detrimental effect on the settlement reduction and to prevent an 

excessive column deformation. Punching and compression ratios were used in this 

research to examine the mode of deformation of the stone column. The mode of 

failure of short columns can be identified by punching (characterised by a high 

punching ratio and a low compression ratio). In contrast, long columns were 

bulging in their upper regions (characterised by a low punching ratio and a high 

compression ratio). This suggests that a smaller proportion of the load transferred 

to the base of long columns. Finally, it is concluded that the increase in the lateral 

pressure coefficient of soil improves the settlement performance of the pad 
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foundation for a given area ratio. Meanwhile, the mode of deformation was not 

altered by increasing the lateral pressure coefficient.  

6.5 Recommendations for future research 

This research was focussed on the arching behaviour of piled-embankment system 

and considered the influence of founding soil and embankment base reinforcement 

on the piled-embankment response to the applied external load. Whilst the current 

study has given an important contribution to the greater understanding of the 

influence of the key design parameters upon the partial depth stone column 

beneath a narrow, shallow footings using dry bottom-feed technique, further 

research and development could be undertaken in the future:  

• Piled-embankment system has been analysed under static loading 

condition. The stability of soil arching during cyclic and dynamic loading 

could be investigated using physical and numerical models.  

• The degree of secondary consolidation settlement (creep) reduction due 

to the installation of stone columns is not well understood and calls for 

further investigation.  

• The installation effects associated with column-like elements have been 

touched on in this research. Further research and development are 

required regarding excessive remoulding of sensitive soft soils and 

consequently the soil strength reduction because of column installation. 

Therefore, rigorous field monitoring system is essential to evaluate the 

influence of installation effects on different soil types.   

• The process of installing stone columns imposes complex changes on the 

surrounded soil (i.e. stress regime, increase the soil stiffness due to the 

poker displacing effect, and soil remoulding). More field measurements 
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are essential to validate the results presented in Chapter 5 using the 

modified analytical model.
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Appendix A:  

Prediction of the settlement performance of stone columns (after Priebe, 1995), 

utilising updated spreadsheet, for average applied second pressure increment in 

Bothkennar field trials (Footing 1 to Footing 7), together with explanatory notes 

for stress distribution and (pre-treatment) settlement analysis.  
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Figure A.1 Vertical settlement prediction using Priebe (1995) method- Footing 1.  

Determination of Improvement Factors (Priebe 1995)

Contract Name: Bothkennar, Trial Footing 1 Calculation Reference: 0.75 m w ide x 6.0 m long footing

Contract Number: Trial run

Po = 72 kN/m2
Founding Depth = 0.5 m

Ao = 1.13 m2 c = 42.5

Ec = 40 MN/m2

Layer d Dia. Ao/Ac Es s s n0 Ec/Es Kac (Ac/Ao)1 (Ao/Ac) Ac/Ao n1 (s.d) Pc/Ps Pc Koc fd n2

Ref. m m MN/m2 kN/m3
Column Compressibility Overburden Constraint

0.50 18

1 1.00 0.75 2.56 20 9 0.33 4.43 2.00 0.19 0.16 5.41 0.13 1.78 11.25 7.20 292 0.32 1.09 1.93

2 2.00 0.75 2.56 20 9 0.33 4.43 2.00 0.19 0.16 5.41 0.13 1.78 18 7.20 292 0.32 1.15 2.04

3 3.00 0.75 2.56 20 9 0.33 4.43 2.00 0.19 0.16 5.41 0.13 1.78 27 7.20 292 0.32 1.24 2.20

4 4.00 0.75 2.56 20 9 0.33 4.43 2.00 0.19 0.16 5.41 0.13 1.78 36 7.20 292 0.32 1.35 2.39

5 5.00 0.75 2.56 20 9 0.33 4.43 2.00 0.19 0.16 5.41 0.13 1.78 45 7.20 292 0.32 1.47 2.62

6 5.50 0.75 2.56 20 9 0.33 4.43 2.00 0.19 0.16 5.41 0.13 1.78 51.75 7.20 292 0.32 1.59 2.82

7 6.00 0.75 2.56 20 9 0.33 4.43 2.00 0.19 0.16 5.41 0.13 1.78 56.25 7.20 292 0.32 1.67 2.97

8 6.20 0.75 2.56 20 9 0.33 4.43 2.00 0.19 0.16 5.41 0.13 1.78 59.4 7.20 292 0.32 1.74 3.09

Ao  = Area per stone column n0  = Basic improvement factor

Ac  = Cross sectional area of stone column n1  = Improvement factor w ith Column Compressibility

d  = depth to bottom of layer from ground level n2  = Improvement factor w ith Overburden Constraint

d  = Layer Thickness Po  = Imposed Stress

Koc  = Coeficient of Earth Pressure at rest of column Pc  = Imposed Stress on Column

Kac  = Coeficient for Active Earth Pressure of column Ps  = Imposed Stress on Soil

Ec  = Modulus of Stone Column s  = Unit Weight of soil

Es  = Modulus of Soil s  = Poissions Ratio

c  = Friction angle of Stone Column

Calculation Sheet Page 1 of 2

Determination of Settlement Beneath Pad/Strip Foundation

Contract Name:

Contract Number:

Po = 72 kN/m2
B = 0.75 m

Ao = 1.13 m2
L = 6 m

Improvement factor = n2 (n0, n1 or n2) Time = 25 years

Cohesive Soils Granular Soils Improvement

depth d z z/B Po Po/v Soil Profile Consolidation Immediate Immediate Creep Vibro Priebe

m m m kN/m2 mv  c Cu Es/Cu  i SPT N  i f t  i + cr T y/n n2 Tn

0.50 0.50 0.25 0.333 57 5.06 NAT Cohesive 0.45 1 12.80 20 150 0.00 0.00 1.48 0.00 12.80 y 1.93 6.62

1.50 1.00 1 1.333 27 1.48 NAT Cohesive 0.5 1 13.32 20 150 0.00 0.00 1.48 0.00 13.32 y 2.04 6.53

2.50 1.00 2 2.667 13 0.48 NAT Cohesive 0.6 1 7.78 20 150 0.00 0.00 1.48 0.00 7.78 y 2.20 3.53

3.50 1.00 3 4.000 2 0.06 NAT Cohesive 0.45 1 0.97 20 150 0.00 0.00 1.48 0.00 0.97 y 2.39 0.41

4.50 1.00 4 5.333 0 0.00 NAT Cohesive 0.19 1 0.00 20 150 0.00 0.00 1.48 0.00 0.00 y 2.62 0.00

5.00 0.50 4.75 6.333 0 0.00 NAT Cohesive 0.25 1 0.00 20 150 0.00 0.00 1.48 0.00 0.00 y 2.82 0.00

5.50 0.50 5.25 7.000 0 0.00 NAT Cohesive 0.35 1 0.00 20 150 0.00 0.00 1.48 0.00 0.00 1.00 0.00

5.70 0.20 5.6 7.467 0 0.00 NAT Cohesive 0.35 1 0.00 20 150 0.00 0.00 1.48 0.00 0.00 1.00 0.00

Pre-Treatment Settlement = 34.87 mm

Post Treatment Settlement = 17.09 mm

Ao  = Area per stone column Po  = Imposed Stress

B  = foundation w idth z  = depth below  foundation to midpoint of layer

Cu  = cohesion of soil d  = Layer Thickness

depth  = depth to top of layer below  foundation level   = correction factor for 3D consolidation

Es  = Youngs modulus c  = Consolidation Settlement

L  = foundation Length  i  = Immediate Settlement

mv  = coeff icient of volumn compressibility cr  = Creep Settlement

n1  = Improvement factor w ith Column Compressibility T  = Total Settlement

n2  = Improvement factor w ith Overburden Constraint Tn  = Total Settlement w ith Improvement

v  = overburden stress

Calculation Sheet Page 2 of 2

Bothkennar, Trial Footing 1

Trial run
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Figure A.2 Vertical settlement prediction using Priebe (1995) method- Footing 2. 
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Figure A.3 Vertical settlement prediction using Priebe (1995) method- Footing 3. 
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Figure A.4 Vertical settlement prediction using Priebe (1995) method- Footing 4. 



Appendix A Settlement calculations (after Priebe, 1995)  

259 

 

 

Figure A.5 Vertical settlement prediction using Priebe (1995) method- Footing 5. 
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Figure A.6 Vertical settlement prediction using Priebe (1995) method- Footing 6. 
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Figure A.7 Vertical settlement prediction using Priebe (1995) method- Footing 7. 
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Figure A.8 Mean vertical stress (z) at a depth Z beneath a rectangular area (L x 

B) loaded to a uniform bearing pressure of P0, after Boussinesq (1885). 
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Figure A.9 Influence values (I) based on L/B = 1, for various soil layer thickness 

(H), after Ueshita and Meyerhoff (1968). 
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(Skempton and Bjerrum, 1957) 
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Figure A.10 Depth of influence, after Burland and Burbridge (1985). 
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Appendix B:  

A program was written by the author in Visual Basic (Figure B.1) to model the 

circular cell geometry as illustrated in Figure 5.1. The analytical model was used 

to predict the relative settlement reduction ratio (RSR) in Chapter 5.  
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Figure B.1 Simplified analytical model program used to predict the RSR. 
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NUMERICAL ANALYSIS OF PILED EMBANKMENTS ON SOFT SOILS 

Wisam Al-Ani1, Dariusz Wanatowski2 MASCE and Swee Huat Chan3 
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ABSTRACT: The construction of embankments on soft soils is a common problem. 
Soft soil cannot sustain external loads without having large deformations. Piled 
embankments system provides a possible solution for the construction of roads and 
rail over soft soils. Until now the system behaviour can only be described by 
analytical models such as those included in British or German Codes. This paper 
describes research undertaken to investigate the effects of pile embankment 
construction in soft soils. Experimental results are used to help investigate arching 
effect developed due to differential settlement between pile and surrounding soft soil. 
Numerical parametric study was carried out to examine impact of various soil 
parameters on the pile-embankment system behaviour. The outcome of parametric 
study implemented using numerical analysis has been investigated and discussed 
throughout this paper. Based on the numerical analysis carried out in this research, it 
was found that the earth pressure coefficient normalized by the passive earth pressure 
Kp plotted  on  a  vertical  profile  at  the  midpoint  between  piles  gave  a  good  
illustrations of arching behaviour. The findings presented in this paper can be 
considered as guides for numerical analysis and design criteria of soil arching for 
embankments constructed over piles. 
 
1. INTRODUCTION 
 
Geometry, load transfer mechanism (arching) and embankment stability are the main 
factors to consider in piled embankment system design. Embankment stability can be 
checked using most common slope stability methods such as Bishop’s method and 
Fellenius’s method. Construction requirements, system stability and soil arching 
phenomenon are the main factors which dictates embankment geometry. Both 
embankment stability and geometry are well defined, however uncertainties lie with 
load transfer mechanism through soil arching. Therefore, any improvement in piled 
embankment system design should address to soil  arching and how to measure this 
aspect of design.  

Arching action has been recognised by many published standards and papers in civil 
engineering. As stated by Handy (1987), in civil engineering is defined as the 
transfer of stress from a yielding part of soil mass to adjoining less-yielding or 
restrained parts of mass. Lack of a standard design has led to the development of 
many design theories and methods (Love and Milligan, 2003; Van Eekelen et al, 
2003 and many others). Additionally, soil-structure interaction is complex and the 
precise mechanism by which load transfers occur remains unknown. Current 
procedures such as BS8006 and German method EBGEO 2004 section 6.9 gives 



significant difference in the design results. However, it is both on safe side compared 
to measurements. The piles that support embankment are generally assumed as rigid 
piles. For the design of embankment on floating piles further studies of the floating 
piled embankment is required, although some studies on floating piled embankment 
exist (Poulos, 2007 and Satibi et al, 2008).  

Construction of embankments over soft soils for highways and rail embankments 
impose a significant load over wide area. The soft soils and other compressible soils 
are quite challengeable subject normally face geotechnical engineers. Several 
challenges include potential bearing failure, intolerable settlement, large lateral 
pressure and movement, global or local instability and soil arching (Han and Jabr, 
2002). Geotextile reinforcement stabilise arching effect by which called membrane 
effect. Structures settlement may be minimised considerably with shorter piles 
installed in soft soils. 

In 1943, Terzaghi was one of the first researchers to define soil arching in his text 
“Theoretical Soil Mechanics”. He describes the arching effects based on his 
experiment from which came the ‘trapdoor’ theory. Although arching effect has been 
acknowledged for decades, it still needs to be investigated due to various design 
uncertainties. 

As shown in FIG. 1, Terzaghi initially proposed vertical shear planes at either side of 
a ‘trapdoor’. Hewlett and Randolph (1988) derived theoretical solution based on 
observations from experimental tests of arching in a granular soil attempting to 
investigate arching in cohesionless soil. Semicircular arch proposed by Hewlett and 
Randolph for piled embankments.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2. PLAXIS SOIL PARAMETERS 

A very useful set of laboratory model tests were performed at University of Kassel. 
As described by Zaeske (2001) and Kempfert et al. (2004), four piles placed in a 

FIG. 1. Piled embankment showing potential arching mechanisms 

 (Zhuang, 2009). 



square grid in a 40 cm thickness of soft soil are arranged in a 1.1m x 1.1m box as 
shown in  FIG.  2.  Pile  size was 16cm and centre to  centre spacing of  50cm, which 
correspond to an area of replacement ratio of 10%.  

In separate experiments, sand was placed on top of the piles to represent 
embankment in two thicknesses: 35cm and 70cm. However, 70cm test is chosen to 
verify numerical analysis. All simulations are performed with the finite element code 
Plaxis 2D. 

 

 

 

 

 

 

 

 

 

The advanced elastic-plastic Hardening soil (HS) model in Plaxis was chosen to 
simulate  the  behaviour  of  the  sand  and  peat.  The  HS model  is  an  extension  of  the  
hyperbilc model developed by Duncan and Chang (1970). The sand and peat 
properties used in the soil model as described by Zaeske (2001) and Kempfert et al. 
(2004) are presented in Table 1.  

Table 1. Soil parameters for Hardening Soil model 

 Properties Sand Peat 
f】 [o] 38 24 
c】 [kPa] 0.1 8.5 
ょ】 [o] 11 0 
け╆ [kN/m3] 18 8 継堅結血
50

 [MPa] 23 1.7 継堅結血剣結穴 [MPa] 28 0.85 継堅結血憲堅  [MPa] 112 12.75 懸通追 [-]  0.2 0.2 
m [-]  0.5 1 迎沈津痛勅追 [-]  1 0.35 

h 
40cm

 

(b) 

1.
1 

m
 

Pile size 
(16cmx16cm)

1.1 m 50 cm 

Peat  

Surcharge q 

Geogrid 

FIG. 2. Zaeske (2001) Model test dimensions and configuration: 
(a) plan view of piles; (b) Section view. 

(a) 

Sand 



The  system  has  been  simulated  as  axisymmetric  and  3D  models.  Half  of  the  
geometry is selected to reflect the effect of symmetry. The nodes on the lateral 
boundaries have been restrained in the x-direction only but the nodes on the bottom 
boundary have restrained in both x and y-directions. The finite element mesh was 
generated automatically with six- node elements for axisymmetric model.  

3. FINITE ELEMENT ANALYSIS 

3.1 Soil Primary Compression  

The soil stress increase within a normally consolidated soil during the sedimentation 
process (Lambe and Whitman 1969). The ratio of the lateral effective stress to the 
vertical effective stress is known as the coefficient of the lateral earth pressure Ko, is 
given by  計墜 =  

蹄廿┋蹄寧┋                  (1)                                購┋塚 =  購塚 伐 憲  and  購┋朕 =  購朕 伐 憲        (2) 

where 購┋朕 and 購┋塚 represent effective lateral and vertical stresses respectively, 購朕 and 購塚 represent lateral and vertical stresses respectively. There are two ways to obtain 
Ko which  is  either  from  laboratory  test  carried  out  on  undisturbed  sample  or  field  
tests. However, in absence of tests or for simplicity Ko value can be readily estimated 
from the well known Jaky 1944 empirical formula: "計墜 = 1 伐 sin砿┋           (3) 

where l】 is soil effective angle of internal friction. However, there are also empirical 
equations to estimate the K0 in soft soils in particular. The Jaky’s formula which is 
widely accepted among engineers and researchers is underestimating the Ko value. In 
order to find out the right approach to calculate accurate figure for Ko, measured K0 
values from Scherzinger 1991 and published work by Alphan 1967, Lee and Jin 1979 
and Sherif and Koch 1970 ( FIG. 3) compared with Jaki formula. Jaki formula ko 
value lies far away from the range of measured K0 by Scherzinger hence K0 
calculated based on Scherzinger is recommended in this research.  

 

 

 

 

 

FIG. 3. Empirical equations after Kempfert 2006 to estimate K0 from (a) plasticity index Ip, 
(b) Liquid limit WL and (c) Effective angle of friction l】 (data from Scherzinger 1991)  

 



3.2 Validation of Soil Model 

 A well- documented set of laboratory model tests were performed by Zaeske (2001) 
was simulated using Plaxis in order to substantiate the use of parameters in Table 1.  
Firstly, the initial stresses were generated under Ko conditions. Then, pile sector was 
activated to represent pile installation (wish in place). The embankment fill was then 
added to simulate embankment’s construction on the top of the piles. If embankment 
was reinforced with basal geotextile, it was applied simultaneously with the 
embankment construction. Last stage in computation procedure was placing an 
external surcharge on to top of the embankment. Finite element mesh of various 
stages of analysis is shown in FIG. 4. 

 

  

 

 

 

 

 

 

 

  

 

The pile load and geogrid tensile force versus embankment load responses of the 

model test recorded by Zaeske (2001) are shown in FIG. 5 together with the Plaxis 

2D prediction.  
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FIG. 5. Validation of soil profile and parameters for Zaeske (2001) model 
test. 
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It is clear that both curves are in good agreement with Zaeske (2001) model test, 
affirming the selection of the adopted soil profile and material parameters.  

4. MIDPOINT OF EARTH PRESSURE COEFFICIENT 

It is found the earth pressure coefficient (K= 
蹄廿廿┋蹄寧┋ ) plotted on a vertical profile at the 

midpoint between piles (the right-hand boundary of the mesh in FIG.4) gave a good 
‘illustration’ of arching behaviour (Zhuang, 2009). Earth pressure coefficient (K) 
midpoint profile has been used to investigate embankment material arching and 
compare it with a semi-circular arch in shown in FIG.1 developed by Terzaghi 
(1943). In this research, K profile has been normalized by passive earth pressure Kp 
(taking the standard Rankine value and ignoring the small cohesive element of 
strength Kp =(1+sin l)/(1-sin l))  plotted upward from the base of embankment 
normalised by spacing (s). This approach will provide direct results whether the soil 
is in plastic state comparing this with FIG. 1. 

5.0 RESULTS  

Zaeske (2001) model test shown in Fig. 2 is revisited, which shows the influence of 
key parameters variation upon the normalized K value. Fig. 6 shows the profiles 
plotted with z – vertical distance upwards from the base of the embankment 
normalized  by  s.  The  profile  as  plotted  do  extend  to  the  top  of  the  embankment,  
values  of  0.5(s-a)  and  0.5s  are  highlighted  on  the  z/s  axis.  Subplot  (a)  shows  the  
effect of increased embankment surcharge (q) keeping angle of friction (l'), 
embankment height (h) and dilatation angle (ね) constant. Subplots (b) and (c) again 
show variation of embankment angle of friction whilst keeping other soil properties 
constant. In order to measure embankment surcharge affects, surcharge in subplots 
(c) increased to 85kPa. 

Referring to FIG. 6 (a) for (z/s) >1.0, K= K0 , and thus has not been modified by the 
formation of the arch. Embankment where h/s= 1.25, K increases with depth for z/s< 
1.0, reaching Kp just below z Ã 0.5(s-a) for the higher surcharge of 85kPa. 
Comparing this  with  a semicircular  arch in  FIG.  1,  the upper  limit  of  the effect  of  
arching is about 2.0 times higher, but the passive limit is only reached (q= 85kPa) 
below the inner radius of the arch, where the ‘infill material is evidently in a plastic 
state. Subplot (e) where h/s=2.3 suggests for (z/s) >0.9, K= K0 , and thus has not 
been modified by the formation of the arch. Comparing this with a semicircular arch 
in FIG. 1, the upper limit of the effect of arching is about 1.8 times higher, but the 
passive limit is only reached (q= 85kPa) below the inner radius of the arch, where the 
‘infill material is evidently in a plastic state. Therefore, even the data show similar 
trends to lower embankment however embankment modified by arching at lower 
level than for the lower embankments.   

Effective cohesion can be assumed zero for granular embankment. Hence, evaluation 
is focused on the variation of l’ and ね to investigate the influence of shear 



parameters. In order to assess the influence of l', all other parameter are kept 
constant. Moreover, dilation angle ね has been taken as zero and 8° to assess its 
influence on piled embankment system behaviour. l' has an influence on subsoil 
surface settlement as illustrated in FIG.7 (a). The higher the angle of friction is the 
less subsoil surface settlement.  FIG. 7 (b) shows that pile loads have a proportional 
relationship with the embankment angle of internal friction and the portion of 
external loads transferring to pile. Therefore, l’ has significant influence on 
embankment  soil  arching.   FIG.6  (subplots  b  to  e)  shows  the  effect  of  increased  
friction angle.   
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(c) h= 0.7m, ょ=0° and q=85KPa (d) h= 1.0m, ょ=0° and q= 100KPa 

(a) h=0.7m,  ょ=0° and f= 35°  (b)  h= 0.7m, ょ=0° and q= 50 kPa 

FIG.6. Profiles of normalized earth pressure coefficient (K/Kp) on a 
vertical profile at the midpoint between piles. 

(e) h= 1.3m, ょ=0° and q= 135KPa 



The same results can be observed in FIG.6 (subplots b to e) where the higher l' the 
stronger the arching action in the embankment. The higher l' leads to less K at the 
same height. The influence of ね on Subsoil surface settlement is less significant than 
l' as shown in FIG. 7(a). However, similar trends to increasing l' is observed when 
increasing ね. The higher subsoil surface settlement is for reduced ね angle. 

 

 

 

 

 

 

 

 

 

FIG.7. (subplots b and c) demonstrate the effect of external embankment surcharge 
on piled embankment system. Increasing q value from 50kN to 85kN leads to an 
increase in K value for l’= 35° at the same level.  

6. CONCLUSION 

A parametric  finite  element  study  with  an  advanced  soil  model  was  carried  out  to  
assess  the  effect  a  number  of  key  design  variables  on  the  arching  of  a  granular  
embankment  supported  by  pile  caps  over  a  soft  soil.  The  results  of  a  series  of  
hardening soil constitutive relation using axi-symmetric finite element analysis to 
investigate piled embankment performance. The following conclusions may be 
drawn, which are based on modelling Zaeske 2001 laboratory model test: 

‚ There is virtually no effect of arching above z/s= 1.0 for h/s= 1.25 embankment 
and above z/s= 0.9 for h/s= 2.3 embankment therefore embankment height is ine 
of key parameters when assessing embankment soil arching. 

K value increases with depth reaching Kp below z Ã 0.5(s-a). Comparing this with 
a semicircular arch in FIG. 1, the upper limit of the effect of arching is about 1.8 
to 2.0 for h/s between 1.25 to 2.3 times higher, but the passive limit is reached for 
lower angle of friction (FIG.6 (c-e)) below the inner radius of the arch, where the 
‘infill material is evidently in a plastic state.   
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‚ The higher l' the stronger the arching action in the embankment. The higher l' 
leads to less K at the same height. 

‚ The  influence  of  ね on  Subsoil  surface  settlement  is  less  significant  than  l'  as  
shown in FIG. 7(a). However, similar trends to increasing l' is observed when 
increasing ね. The higher subsoil surface settlement is for reduced ね angle.   

It is found the earth pressure coefficient (K= 
蹄廿┋蹄寧┋  ) normalized by passive earth 

pressure coefficient plotted on a vertical profile at the midpoint between piles gave a 
good ‘illustration’ of arching behaviour and can be used to perform a sensitivity 
analysis to measure the affect of number of key design variables on the arching of the 
piled embankment system. 
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placement, the horizontal displacement and the bend-
ing moment along the pile are depicted in Figure 9 
and Figure 10 respectively. For comparison purposes 
to the existing p-y curves methodologies for soft 
clays, the corresponding pile response derived from 
these curves is also depicted in the aforementioned 
diagrams. 

 

 
Figure 9. Pile head lateral load-horizontal displacement curve. 

 

  
Figure 10. Distribution of bending moment (left) and horizontal 
displacement (right) along the pile. 

 
It is clearly observed that all existing methodolo-

gies are conservative in terms of deformations and in-
ternal forces along the laterally loaded pile - com-
pared to the proposed p-y curves methodology. Even 
for relatively low values of the applied load H (name-
ly 300kN), a minimum difference of 30% is observed 
between the values calculated by the existing p-y 
curves and the proposed ones. 

6 CONCLUSIONS 

The problem of a single, free-head laterally loaded 
pile in NC clays under undrained conditions is stud-
ied through 3D effective stress finite element anal-
yses, using the MCC constitutive law. Based on the 
results of the analyses, a new relationship is proposed 
for the p-y curves simulating the undrained lateral re-
sponse of the pile-soil system. It is observed that ex-
isting methodologies potentially applicable to soft 
clays do not take into account the increasing un-
drained shear strength of NC soil with depth. There-
fore, they provide a conservative calculation of de-
formations and internal forces along the pile. The 
proposed p-y curves lead to a stiffer response of the 
pile, possibly attributed to the nonlinear stress-strain 
curve of the MCC constitutive law simulating the 
soil. 
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ABSTRACT  Great areas all over the world with underlying deep deposits of soft clay have increased the pressure on geotechnical engi-
neers and ground engineering practitioners into looking for various improvement techniques to overcome problems associated with con-
struction on soft soil, due to its low shear strength and high compressibility. For lightly loaded low- rise structures supported by narrow 
shallow footings, the use of vibro stone columns is gaining acceptance in industry and in construction. In this paper, numerical analysis is 
used to examine the influence of various parameters such as vibro stone column length, spacing and founding depth on the footing perfor-
mance. Comparisons are made with the published field trials at the Bothkennar research site in Scotland. It has been found that the upper 
crust of the Bothkennar profile has a significant impact on settlement performance. In addition, the settlement performance/reduction is 
more significant once column length to diameter ratio (L/d) exceeds around 8.3. Also, the depth of stone column bulging is between 1.85-
2.5 m below ground level which is comparable to the bulging depth suggested by Hughes et al. (1976). Numerical analysis predicts a stress 
ratio of 2.9 to 3.4 which is comparable with the field measurements. 

 
RÉSUMÉ La présence dans le monde de larges zones avec des dépôts profonds d’argile sous-jacents pousse les ingénieurs géotechniques et 
autres professionnels en ingénierie des sols à rechercher de nouvelles techniques d’amélioration pour remédier aux problèmes associés à la 
construction sur sols mous dus à leur faible résistance au cisaillement et haute compressibilité. Pour les structures basses hautement char-
gées supportées par des appuis réduits et peu profonds, l’utilisation de colonnes de roches compactées par vibration est bien acceptée dans 
l’industrie et la construction. Dans cet article, une analyse numérique est utilisée pour examiner l’influence de divers paramètres comme la 
longueur de la colonne de roches compactées par vibration, l’espacement et la profondeur de la fondation sur les performances de l’appui. 
Des comparaisons avec les essais sur le terrain du site de recherche de Bothkennar en Ecosse sont réalisées. Il a été découvert que la croûte 
supérieure du profil de Bothkennar a un impact significatif sur les performances de tassement. La réduction du tassement est également 
plus significative lorsque le rapport de la longueur de la colonne sur son diamètre (L/d) excède approximativement 8.3. La profondeur du 
renflement de la colonne de roches se trouve entre 1.85 et 2.5 m sous le niveau du sol, ce qui est comparable à la profondeur de renflement 
suggérée par Hughes et al. (1976). Une analyse numérique prédit un rapport de contrainte de 2.9 à 3.4, ce qui est comparable aux mesures 
sur le terrain.                
 

1 INTRODUCTION 

Great areas all over the world with underlying deep 
deposits of soft clay have increased the pressure on 
geotechnical engineers and ground engineering prac-
titioners into looking for various improvement tech-
niques to overcome problems associated with con-
struction on soft soil due to its low shear strength and 
high compressibility. 

The Bothkennar soft clay research site in Scotland 
is located between Edinburgh and Glasgow on for-
mer intertidal mudflats on the south bank of the Forth 
Estuary and adjacent to the Kincardine Bridge  and 
has been the subject of extensive soft soil research 
including in situ testing, soil sampling techniques 
(undisturbed), and also shallow and deep foundations 
performance on untreated soft clay (Hight et al. 1992, 
Jardine et al. 1995) together with soft clay reinforced 
with partial depth vibro stone columns (Watts & Ser-
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ridge 2000; Serridge 2013). The soft soil on this site, 
where comprehensive geotechnical investigation was 
carried out (e.g. Nash et al. 1992a) was devoid of any 
peat layers. The soil profile comprises a 1.5m thick 
desiccated crust underlain by a deep deposit of soft 
clay. The soft clay strength is relatively small com-
pared to the overlying crust layer. The soft clay be-
comes soft to firm with depth.  

In this paper, numerical analysis is used to exam-
ine the influence of various parameters such as vibro 
stone column length, spacing and founding depth on 
the footing performance. Comparisons are made with 
the field trials reported by Watts & Serridge (2000) 
and Serridge (2013) at the Bothkennar soft clay re-
search site. 

2 FIELD TRIAL DESIGN 

Stone column design for the Bothkennar field trials 
(Watts & Serridge 2000; Serridge 2013) was carried 
out based on the following:  

• Step 1: Calculate stone column ultimate load 
capacity based on the factor of safety against bulging 
failure (Hughes & Withers 1974). 

• Step 2: Calculate stone column length in ac-
cordance with Hughes & Withers (1974) observa-
tions. 

• Step 3: Calculate stress distribution between 
column and soil as defined by Baumann & Bauer 
(1974).  

• Step 4: Calculate pre-treatment settlement un-
der applied load to demonstrate a requirement for 
stone column. 

• Step 5: Predict settlement with stone columns 
under the applied load (Priebe 1995). 

 
A design treatment depth was found to be 5.5m 

below foundation level based on step 2. However, 
column lengths of 3.7 m and 7.7 m were adopted in 
the trials to investigate the effect of column length on 
performance. Table 1 and Figure 1 summarize the 
Bothkennar field trials footing arrangements and 
depths following the above design steps.  

There were two load increments applied on top of 
the footings, as given in Table 2. 

3 BOTHKENNAR NUMERICAL ANALYSIS 

The numerical investigation of the stone column per-
formance in this paper was carried out using PLAXIS 
3D (Brinkgreve & Broere, 2008) geotechnical soft-
ware package.  
 
Table 1. Summary of Bothkennar trial footing arrangements. 

 Trial 
footing 

Dimension     Column length        No of      Spacing 
  (LxB)          below founding      columns 
                             depth                                                   

    3 3 x 0.75 m            3.7 m                     2           1.5 m 
    4 3 x 0.75 m            5.7 m                     2           1.5 m 
    5 3 x 0.75 m            7.7 m                     2           1.5 m 
    6 3 x 0.75 m            5.7 m                     2           1.5 m 
    7 1.5 x 1.5 m           5.7 m                     2           1.5 m 

 
Table 2. Summary of loading increments to applied to trial foot-
ings at Bothkennar. 

 Trial 
Footing 

Dimension    Founding    1st Load            2nd load 
    (LxB)          depth        increment        increment 

    3  3 x 0.75 m      0.5 m      33.1 kN/m2       67.8 kN/m2    
    4  3 x 0.75 m      0.5 m      34.9 kN/m2       71.1 kN/m2    
    5  3 x 0.75 m      0.5 m      32.1 kN/m2       67.0 kN/m2    
    6  3 x 0.75 m      1.2 m      34.2 kN/m2         69.6 kN/m2    
    7 1.5 x 1.5 m      0.5 m      32.7 kN/m2       67.0 kN/m2    

 
Figure 1. Investigation of vibro stone column length on trial foot-
ing performance (footings 3-5) at Bothkennar (Watts & Serridge, 
2000; Serridge, 2013). 

 
PLAXIS uses unstructured mesh, which is gener-

ated automatically with options for global and local 
mesh refinement. The meshes were refined around 
the footing and stone column heads where the stress 

gradient was expected to be high. Fifteen-noded 
wedge elements with six Gaussian integration points 
were used. Around 6600 elements were used in the 
finite element analysis as illustrated in Figure 2. An 
interface element was used at the contact between the 
stone columns and surrounding weak soil.  

For the purposes of building the numerical model 
in PLAXIS, a detailed soil profile and geotechnical 
properties are required. For analysis the Bothkennar 
clay soil stratification has been taken as comprising a 
thin desiccated crust underlain by a succession of 
Upper Carse Clay over Lower Carse Clay. Nash et al. 
(1992b) reported the variation of Carse clay initial 
void ratio (eo), compression index (Cc), and swelling 
index (Cs) with depth. E50 and Eoed are secant stiff-
ness in standard drained triaxial test and tangent 
stiffness for primary oedometer loading respectively 
derived from Cc while the unloading/reloading stiff-
ness is derived from Cs.  

 
Figure 2. Typical finite element analysis mesh as used for Both-
kennar analyses. 
 

Allman & Atkinson (1992) suggested a high criti-
cal state friction angle (φ΄) of 34° due to the high 
proportion of angular silt particles in the clay. Also 
effective cohesion of 1 kPa for the clay was used for 
numerical stability. However, a slightly higher cohe-
sion (c΄) =3 kPa was used for the weathered crust. 
Soil parameters used in this paper are presented in 
Table 3. A variation of yield stress has been reported 
by Nash et al. (1992a) which is equivalent to the over 
consolidation stress (OCR) measured in an oedome-
ter, and in situ lateral earth pressure coefficient (Ko) 
with depth, attributable to the influence of erosion, 

drop in sea level, and fluctuating groundwater levels 
on stress state. 

 
Table 3. Bothkennar field trials soil parameters (Killeen & McCa-
be, 2010). 

              Crust    Upper Carse  Lower Carse    Stone 
                               Clay              Clay          Backfill 
 

Depth                 0-1.5      1.5-2.5           2.5-14             - 
   φ' [o]              34            34                  34               45 
   c' [kPa]          1              1                    1                 1 
   Ψ' [o]               0              0                    0                15   
    γ΄ [kN/m3]     18           16.5              16.5              19  

       [kN/m2]   1068          506               231           70000 

        [kN/m2]   1068          506               231           70000 

       [kN/m2]   5382         3036             1164         210000 
  OCR [-]               1               1                 1.5                - 

  POP [kN/m2]     15             15                  0                 -        
    m [-]               1               1                   1               0.3 

 
In choosing the aggregate for the field trials, guid-

ance published by BRE (2000) was followed. Soil 
parameters used in this paper including deformation 
modulus and the angle of shearing resistance of the 
stone column aggregate are based upon Killeen & 
McCabe (2010). It is rare for stone column angle of 
shearing resistance to be measured directly for stone 
column projects. A value of angle of friction for 
stone column aggregate of 42° to 45° is recommend-
ed for high quality well compacted rounded and an-
gular aggregates. It is conservative to use φ´= 40° as 
indicated by Killeen & McCabe (2010). Following 
discussions with Specialist Contractors in the UK a 
minimum friction angle of the stone backfill, φ´= 45° 
is suggested for current analysis. This was subject to 
adequate workmanship combined with the fact that a 
sample of the backfill material was tested in large tri-
axial cell apparatus and yielded an angle of shear re-
sistance φ´ in excess 45° (Serridge 2013). The calcu-
lation of the angle of dilatancy is based on the 
relationship = φ΄- 30. 

A field trial described by Jardine et al. (1995) at 
Bothkennar has been performed and simulated by 
PLAXIS 3D foundation software programme in order 
to substantiate the adoption of the geotechnical pa-
rameters detailed in Table 3. The trials were per-
formed for a pad footing at 0.75m depth within the 
1.5m thick surface ’crust’ and without the support of 
stone columns. According to Jardine et al. (1995) 
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ridge 2000; Serridge 2013). The soft soil on this site, 
where comprehensive geotechnical investigation was 
carried out (e.g. Nash et al. 1992a) was devoid of any 
peat layers. The soil profile comprises a 1.5m thick 
desiccated crust underlain by a deep deposit of soft 
clay. The soft clay strength is relatively small com-
pared to the overlying crust layer. The soft clay be-
comes soft to firm with depth.  

In this paper, numerical analysis is used to exam-
ine the influence of various parameters such as vibro 
stone column length, spacing and founding depth on 
the footing performance. Comparisons are made with 
the field trials reported by Watts & Serridge (2000) 
and Serridge (2013) at the Bothkennar soft clay re-
search site. 

2 FIELD TRIAL DESIGN 

Stone column design for the Bothkennar field trials 
(Watts & Serridge 2000; Serridge 2013) was carried 
out based on the following:  

• Step 1: Calculate stone column ultimate load 
capacity based on the factor of safety against bulging 
failure (Hughes & Withers 1974). 

• Step 2: Calculate stone column length in ac-
cordance with Hughes & Withers (1974) observa-
tions. 

• Step 3: Calculate stress distribution between 
column and soil as defined by Baumann & Bauer 
(1974).  

• Step 4: Calculate pre-treatment settlement un-
der applied load to demonstrate a requirement for 
stone column. 

• Step 5: Predict settlement with stone columns 
under the applied load (Priebe 1995). 

 
A design treatment depth was found to be 5.5m 

below foundation level based on step 2. However, 
column lengths of 3.7 m and 7.7 m were adopted in 
the trials to investigate the effect of column length on 
performance. Table 1 and Figure 1 summarize the 
Bothkennar field trials footing arrangements and 
depths following the above design steps.  

There were two load increments applied on top of 
the footings, as given in Table 2. 

3 BOTHKENNAR NUMERICAL ANALYSIS 

The numerical investigation of the stone column per-
formance in this paper was carried out using PLAXIS 
3D (Brinkgreve & Broere, 2008) geotechnical soft-
ware package.  
 
Table 1. Summary of Bothkennar trial footing arrangements. 

 Trial 
footing 

Dimension     Column length        No of      Spacing 
  (LxB)          below founding      columns 
                             depth                                                   

    3 3 x 0.75 m            3.7 m                     2           1.5 m 
    4 3 x 0.75 m            5.7 m                     2           1.5 m 
    5 3 x 0.75 m            7.7 m                     2           1.5 m 
    6 3 x 0.75 m            5.7 m                     2           1.5 m 
    7 1.5 x 1.5 m           5.7 m                     2           1.5 m 

 
Table 2. Summary of loading increments to applied to trial foot-
ings at Bothkennar. 

 Trial 
Footing 

Dimension    Founding    1st Load            2nd load 
    (LxB)          depth        increment        increment 

    3  3 x 0.75 m      0.5 m      33.1 kN/m2       67.8 kN/m2    
    4  3 x 0.75 m      0.5 m      34.9 kN/m2       71.1 kN/m2    
    5  3 x 0.75 m      0.5 m      32.1 kN/m2       67.0 kN/m2    
    6  3 x 0.75 m      1.2 m      34.2 kN/m2         69.6 kN/m2    
    7 1.5 x 1.5 m      0.5 m      32.7 kN/m2       67.0 kN/m2    

 
Figure 1. Investigation of vibro stone column length on trial foot-
ing performance (footings 3-5) at Bothkennar (Watts & Serridge, 
2000; Serridge, 2013). 

 
PLAXIS uses unstructured mesh, which is gener-

ated automatically with options for global and local 
mesh refinement. The meshes were refined around 
the footing and stone column heads where the stress 

gradient was expected to be high. Fifteen-noded 
wedge elements with six Gaussian integration points 
were used. Around 6600 elements were used in the 
finite element analysis as illustrated in Figure 2. An 
interface element was used at the contact between the 
stone columns and surrounding weak soil.  

For the purposes of building the numerical model 
in PLAXIS, a detailed soil profile and geotechnical 
properties are required. For analysis the Bothkennar 
clay soil stratification has been taken as comprising a 
thin desiccated crust underlain by a succession of 
Upper Carse Clay over Lower Carse Clay. Nash et al. 
(1992b) reported the variation of Carse clay initial 
void ratio (eo), compression index (Cc), and swelling 
index (Cs) with depth. E50 and Eoed are secant stiff-
ness in standard drained triaxial test and tangent 
stiffness for primary oedometer loading respectively 
derived from Cc while the unloading/reloading stiff-
ness is derived from Cs.  

 
Figure 2. Typical finite element analysis mesh as used for Both-
kennar analyses. 
 

Allman & Atkinson (1992) suggested a high criti-
cal state friction angle (φ΄) of 34° due to the high 
proportion of angular silt particles in the clay. Also 
effective cohesion of 1 kPa for the clay was used for 
numerical stability. However, a slightly higher cohe-
sion (c΄) =3 kPa was used for the weathered crust. 
Soil parameters used in this paper are presented in 
Table 3. A variation of yield stress has been reported 
by Nash et al. (1992a) which is equivalent to the over 
consolidation stress (OCR) measured in an oedome-
ter, and in situ lateral earth pressure coefficient (Ko) 
with depth, attributable to the influence of erosion, 

drop in sea level, and fluctuating groundwater levels 
on stress state. 

 
Table 3. Bothkennar field trials soil parameters (Killeen & McCa-
be, 2010). 

              Crust    Upper Carse  Lower Carse    Stone 
                               Clay              Clay          Backfill 
 

Depth                 0-1.5      1.5-2.5           2.5-14             - 
   φ' [o]              34            34                  34               45 
   c' [kPa]          1              1                    1                 1 
   Ψ' [o]               0              0                    0                15   
    γ΄ [kN/m3]     18           16.5              16.5              19  

       [kN/m2]   1068          506               231           70000 

        [kN/m2]   1068          506               231           70000 

       [kN/m2]   5382         3036             1164         210000 
  OCR [-]               1               1                 1.5                - 

  POP [kN/m2]     15             15                  0                 -        
    m [-]               1               1                   1               0.3 

 
In choosing the aggregate for the field trials, guid-

ance published by BRE (2000) was followed. Soil 
parameters used in this paper including deformation 
modulus and the angle of shearing resistance of the 
stone column aggregate are based upon Killeen & 
McCabe (2010). It is rare for stone column angle of 
shearing resistance to be measured directly for stone 
column projects. A value of angle of friction for 
stone column aggregate of 42° to 45° is recommend-
ed for high quality well compacted rounded and an-
gular aggregates. It is conservative to use φ´= 40° as 
indicated by Killeen & McCabe (2010). Following 
discussions with Specialist Contractors in the UK a 
minimum friction angle of the stone backfill, φ´= 45° 
is suggested for current analysis. This was subject to 
adequate workmanship combined with the fact that a 
sample of the backfill material was tested in large tri-
axial cell apparatus and yielded an angle of shear re-
sistance φ´ in excess 45° (Serridge 2013). The calcu-
lation of the angle of dilatancy is based on the 
relationship = φ΄- 30. 

A field trial described by Jardine et al. (1995) at 
Bothkennar has been performed and simulated by 
PLAXIS 3D foundation software programme in order 
to substantiate the adoption of the geotechnical pa-
rameters detailed in Table 3. The trials were per-
formed for a pad footing at 0.75m depth within the 
1.5m thick surface ’crust’ and without the support of 
stone columns. According to Jardine et al. (1995) 
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2.2m square pad footing (with 0.8m thickness) had 
been loaded to failure in increments over a period of 
3 days using Kentledge blocks. The Plaxis 3-D anal-
ysis results were closely aligned with the load-
settlement curve for Jardine’s trial as reported by 
Killeen & McCabe (2010) in Figure 3. It is evident 
from Figure 3 that there is a good agreement affirm-
ing the selection of the adopted soil profile and mate-
rial properties. 
 

 
 
Figure 3. Validation of soil profile and parameters after Killeen & 
McCabe (2010). 

4 RESULTS 

The ground response to the load applied on footings 
placed over different arrangements and depth of 
stone columns are investigated below for each of the 
footings. Different footing combinations are used in 
an attempt to model the key design variables for the 
vibro stone column field trials described by Watts & 
Serridge (2000) and Serridge (2013). The depth of 
the footings is typically 500mm below ground level, 
whilst footing 6 depth is 1.2 m below ground level 
(i.e. at the base of the crust), as shown earlier in Ta-
ble 1. Stone column diameter was measured during 
the field trials and a 750 mm stone column diameter 
was adopted in this analysis based upon direct meas-
urements. Vertical stress changes are measured at the 
top of the stone column and at the same level in the 
soil between columns. Stress concentration ratio 
(proportion stress carried by both stone column and 

soil) was measured and values are summarized in 
Table 4. The recorded settlements under the load in-
crements are detailed in Table 5.  
 
Table 4 Recorded stress ratios for Bothkennar trial footings (Ser-
ridge 2013). 

Footing 
No. 

Column length below     1st load         2nd load 
   founding depth           increment     increment 

  3        3.7 m                         2.29                2.63 
  4        5.7 m                          2.8                 3.26 
  5        7.7 m                         2.44                  4 

  
Table 5 Recorded vertical settlement (δ) for Bothkennar trial foot-
ings (Serridge 2013). 

Footing 
No. 

Column      Founding      1st load         2nd load          
 length          depth         increment     increment 

  3   3.7 m           0.5 m          17.5 mm   37.5 mm 
  4   5.7 m           0.5 m          20 mm      42.5 mm 
  5   7.7 m           0.5 m          22 mm      40 mm 
  6   5.7 m           1.2 m          24 mm      45 mm 
  7   5.7 m           0.5 m          22 mm      45 mm 

4.1   Effect of stone column length 

The effect of stone column length on the perfor-
mance of the partial depth-vibro stone columns has 
been investigated at the locations of the trial footing 
3 (shortest length), footing 4 (intermediate length) 
and footing 5 (longest length). Settlement data for 
trial footings 3, 4 and 5 are detailed in Table 6. 
 
Table 6 Calculated vertical settlement for footings 3 to 7. 

Footing    1st Load increment 
No.      Plaxis 3D      Measured 

  2nd  Load increment 
 Plaxis 3D     Measured  

  3         15.47 mm     17.5 mm                41.66 mm       37.5 mm 
  4         14.47 mm     20 mm 48.37 mm       42.5 mm 
  5         11.93 mm     22 mm 40    mm         40 mm 
  6         14.44 mm     24 mm 43.2 mm         45 mm 
  7         15.66 mm     22 mm 47.3 mm         45 mm 

 
For the current material data, good agreement with 

the measured settlement data was achieved for both 
of the load increments. However, PLAXIS 3D pre-
dicted settlement under first load increment was less 
than measured by up to around 10 mm. It may be due 
to the influence of foundation ‘bedding-in’ effects, 
this would suggest that settlement will occur until an 
equilibrium condition is reached. In addition, settle-
ment underestimated in the first load increment may 

Existing ground 
level 

be attributed to increased soil stiffness at low strain 
which is not accounted for in the current soil model. 

Footing 5 over the longer stone column settled the 
least (around 12 mm under the first load increment 
and 40 mm under the second load increment) with 
footing 4 settling marginally less than footing 3 un-
der the first load increment (14.5 mm, compared to 
15.5 mm for footing 3). However, footing 4 settled 
more than footing 3 under the second load increment 
(48 mm, compared to 42 mm for footing 3). 

PLAXIS 3D output suggests that settlement per-
formance is improved with increasing column length 
as shown from trial footing 5 results. Settlement im-
provement becomes more significant when column 
length (L) to diameter ratio (d) exceeds = 8.3. 

4.2     Effect of footing shape 

Trial footing 7 was used to assess the impact of crust 
and footing shape on settlement. The dimension of 
trial footing 7 is 1.5 m x 1.5 m pad with two stone 
columns. It is important to note that for trial footing 7 
area replacement ratio is the same for other trial foot-
ings with columns at 1.5 m centres. In order to inves-
tigate the effect of footing shape on settlement, foot-
ing 7 was compared with trial footing 4 because they 
are both identical in terms of stone column length 
and replacement ratio. However, the stress depth in-
fluence (stress bulb) is deeper for trial footing 4. It 
was found that both trial footings 4 and 7 had similar 
settlement performance under the second load incre-
ment as presented in Table 6 which would suggest 
that the crust has a greater impact than footing shape 
on footing/foundation performance.  

4.3     Stone column bulging 

Following completion of numerical analysis of trial 
footings 3 to 7, it was considered important to inves-
tigate stone column deformed shape after load appli-
cation in order to measure stone column bulging and 
to compare it with published data. Following obser-
vations by Hughes & Withers (1974), a single col-
umn bulges under applied load the magnitude of 
which will be a function of the passive resistance af-
forded by the surrounding clay soil, which in turn 
will be a function of its undrained shear strength. 
Calculated lateral deformations for the stone columns 
are shown in Table 7. The depth of bulging is be-

tween 1.85 m and 2.5 m (2.5 to 3.3 column diameter, 
D) below ground level (Figure 4). The bulging depth 
is slightly higher than the 2D that was reported by 
Hughes et al. (1976) and Serridge (2013) in their 
field based trials and can be attributed to the influ-
ence of the stiffer crust and interface effects at the 
base of the crust and underlying soft clay.  
 
Table 7 Stone column lateral deformation (trial footings 3 to 7). 

Footing 
No. 

1st load increment 
Lateral              Depth 
displacement 
  (mm)                  (m) 

2nd load increment 
Lateral            Depth 
displacement 
  (mm)              (m) 

  3      0.5                  1.85   3.73             1.85 
  4      0.9                  1.85   5.7               1.85 
  5      0.5                  2.50   4.4               2.50 
  6      0.7                  1.85   5.3               2.50 
  7      1.3                  1.85   6.0               2.50 

 
The greater the applied load, the greater the lateral 

deformation (bulging) as indicated in Table 7. The 
bulging is confined to shallow depth immediately be-
low the crust. This is perhaps not surprising given to 
the influence of a stiffer crust layer over soft clay.  
 
 

 
 
 
 
 
 
 
  
 
 
 

Figure 4. Footing 7- Lateral deformation and bulging. 
 

4.4     Stress ratio 
 

Measured and calculated stresses ratio under the first 
and second load increment are detailed in Table 8. 
Under the first load increment, the predicted stress 
ratio is 3.37 for the short footing (trial footing 3) re-
ducing to 3.07 for the intermediate and long footings 
(trial footing 4 and 5). 
 

Bulging            
depth 
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2.2m square pad footing (with 0.8m thickness) had 
been loaded to failure in increments over a period of 
3 days using Kentledge blocks. The Plaxis 3-D anal-
ysis results were closely aligned with the load-
settlement curve for Jardine’s trial as reported by 
Killeen & McCabe (2010) in Figure 3. It is evident 
from Figure 3 that there is a good agreement affirm-
ing the selection of the adopted soil profile and mate-
rial properties. 
 

 
 
Figure 3. Validation of soil profile and parameters after Killeen & 
McCabe (2010). 

4 RESULTS 

The ground response to the load applied on footings 
placed over different arrangements and depth of 
stone columns are investigated below for each of the 
footings. Different footing combinations are used in 
an attempt to model the key design variables for the 
vibro stone column field trials described by Watts & 
Serridge (2000) and Serridge (2013). The depth of 
the footings is typically 500mm below ground level, 
whilst footing 6 depth is 1.2 m below ground level 
(i.e. at the base of the crust), as shown earlier in Ta-
ble 1. Stone column diameter was measured during 
the field trials and a 750 mm stone column diameter 
was adopted in this analysis based upon direct meas-
urements. Vertical stress changes are measured at the 
top of the stone column and at the same level in the 
soil between columns. Stress concentration ratio 
(proportion stress carried by both stone column and 

soil) was measured and values are summarized in 
Table 4. The recorded settlements under the load in-
crements are detailed in Table 5.  
 
Table 4 Recorded stress ratios for Bothkennar trial footings (Ser-
ridge 2013). 

Footing 
No. 

Column length below     1st load         2nd load 
   founding depth           increment     increment 

  3        3.7 m                         2.29                2.63 
  4        5.7 m                          2.8                 3.26 
  5        7.7 m                         2.44                  4 

  
Table 5 Recorded vertical settlement (δ) for Bothkennar trial foot-
ings (Serridge 2013). 

Footing 
No. 

Column      Founding      1st load         2nd load          
 length          depth         increment     increment 

  3   3.7 m           0.5 m          17.5 mm   37.5 mm 
  4   5.7 m           0.5 m          20 mm      42.5 mm 
  5   7.7 m           0.5 m          22 mm      40 mm 
  6   5.7 m           1.2 m          24 mm      45 mm 
  7   5.7 m           0.5 m          22 mm      45 mm 

4.1   Effect of stone column length 

The effect of stone column length on the perfor-
mance of the partial depth-vibro stone columns has 
been investigated at the locations of the trial footing 
3 (shortest length), footing 4 (intermediate length) 
and footing 5 (longest length). Settlement data for 
trial footings 3, 4 and 5 are detailed in Table 6. 
 
Table 6 Calculated vertical settlement for footings 3 to 7. 

Footing    1st Load increment 
No.      Plaxis 3D      Measured 

  2nd  Load increment 
 Plaxis 3D     Measured  

  3         15.47 mm     17.5 mm                41.66 mm       37.5 mm 
  4         14.47 mm     20 mm 48.37 mm       42.5 mm 
  5         11.93 mm     22 mm 40    mm         40 mm 
  6         14.44 mm     24 mm 43.2 mm         45 mm 
  7         15.66 mm     22 mm 47.3 mm         45 mm 

 
For the current material data, good agreement with 

the measured settlement data was achieved for both 
of the load increments. However, PLAXIS 3D pre-
dicted settlement under first load increment was less 
than measured by up to around 10 mm. It may be due 
to the influence of foundation ‘bedding-in’ effects, 
this would suggest that settlement will occur until an 
equilibrium condition is reached. In addition, settle-
ment underestimated in the first load increment may 

Existing ground 
level 

be attributed to increased soil stiffness at low strain 
which is not accounted for in the current soil model. 

Footing 5 over the longer stone column settled the 
least (around 12 mm under the first load increment 
and 40 mm under the second load increment) with 
footing 4 settling marginally less than footing 3 un-
der the first load increment (14.5 mm, compared to 
15.5 mm for footing 3). However, footing 4 settled 
more than footing 3 under the second load increment 
(48 mm, compared to 42 mm for footing 3). 

PLAXIS 3D output suggests that settlement per-
formance is improved with increasing column length 
as shown from trial footing 5 results. Settlement im-
provement becomes more significant when column 
length (L) to diameter ratio (d) exceeds = 8.3. 

4.2     Effect of footing shape 

Trial footing 7 was used to assess the impact of crust 
and footing shape on settlement. The dimension of 
trial footing 7 is 1.5 m x 1.5 m pad with two stone 
columns. It is important to note that for trial footing 7 
area replacement ratio is the same for other trial foot-
ings with columns at 1.5 m centres. In order to inves-
tigate the effect of footing shape on settlement, foot-
ing 7 was compared with trial footing 4 because they 
are both identical in terms of stone column length 
and replacement ratio. However, the stress depth in-
fluence (stress bulb) is deeper for trial footing 4. It 
was found that both trial footings 4 and 7 had similar 
settlement performance under the second load incre-
ment as presented in Table 6 which would suggest 
that the crust has a greater impact than footing shape 
on footing/foundation performance.  

4.3     Stone column bulging 

Following completion of numerical analysis of trial 
footings 3 to 7, it was considered important to inves-
tigate stone column deformed shape after load appli-
cation in order to measure stone column bulging and 
to compare it with published data. Following obser-
vations by Hughes & Withers (1974), a single col-
umn bulges under applied load the magnitude of 
which will be a function of the passive resistance af-
forded by the surrounding clay soil, which in turn 
will be a function of its undrained shear strength. 
Calculated lateral deformations for the stone columns 
are shown in Table 7. The depth of bulging is be-

tween 1.85 m and 2.5 m (2.5 to 3.3 column diameter, 
D) below ground level (Figure 4). The bulging depth 
is slightly higher than the 2D that was reported by 
Hughes et al. (1976) and Serridge (2013) in their 
field based trials and can be attributed to the influ-
ence of the stiffer crust and interface effects at the 
base of the crust and underlying soft clay.  
 
Table 7 Stone column lateral deformation (trial footings 3 to 7). 

Footing 
No. 

1st load increment 
Lateral              Depth 
displacement 
  (mm)                  (m) 

2nd load increment 
Lateral            Depth 
displacement 
  (mm)              (m) 

  3      0.5                  1.85   3.73             1.85 
  4      0.9                  1.85   5.7               1.85 
  5      0.5                  2.50   4.4               2.50 
  6      0.7                  1.85   5.3               2.50 
  7      1.3                  1.85   6.0               2.50 

 
The greater the applied load, the greater the lateral 

deformation (bulging) as indicated in Table 7. The 
bulging is confined to shallow depth immediately be-
low the crust. This is perhaps not surprising given to 
the influence of a stiffer crust layer over soft clay.  
 
 

 
 
 
 
 
 
 
  
 
 
 

Figure 4. Footing 7- Lateral deformation and bulging. 
 

4.4     Stress ratio 
 

Measured and calculated stresses ratio under the first 
and second load increment are detailed in Table 8. 
Under the first load increment, the predicted stress 
ratio is 3.37 for the short footing (trial footing 3) re-
ducing to 3.07 for the intermediate and long footings 
(trial footing 4 and 5). 
 

Bulging            
depth 
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Table 8 Measured and predicted stress ratio. 

Footing    1st load increment 
No.      Plaxis 3D     Measured 

2nd load increment 
Plaxis 3D     Measured 

    3         3.37            2.29                 3.43              2.63 
    4         3.07             2.8                   3.07              3.26 
    5         3.07            2.44                 2.93                4 

 
The values of measured stress ratio are in between 

2.3 to 2.8 for all of the three trial footings 3; 4 and 5. 
Under the second load increment cycle the predicted 
stress ratio from numerical analysis (Table 8) was 3.4 
(L/d= 5.6); 3.1 (L/d=8.3) and 2.9 (L/d= 10.9) respec-
tively for the short (footing 3) intermediate (footing 
4) and long (footing 5) stone column lengths com-
pared to 2.6 to 4 stress ratio measured on site and 
with field trials reported by Goughnour & Bayuk 
(1979) where recorded stress concentration ratios 
were between 2.6 to 3.0 on top of the stone column. 

It is evident from the results of the numerical 
analysis that the stress ratio increased with applied 
load. Also, there is a good agreement between meas-
ured and predicted stress ratio. A possible explana-
tion put forward by Hu (1995) was that due to con-
solidation of intervening soils the confining stress 
will increase accordingly which leads to the stiffness 
of the stone soil composite.  

5 CONCLUSIONS 

Settlement is the most significant parameters in stone 
column design rather than bearing capacity. In this 
paper, key variables affecting stone column settle-
ment including column length, footing depth and 
shape are addressed. These are the main conclusions 
that may be drawn from this paper: 
• PLAXIS 3D output suggests that settlement per-
formance is improved with increasing column length 
as shown from trial footing 5 results.  
• Settlement improvement becomes more significant 
when column length to diameter ratio exceeds (L/d) 
=8.3. 
• The upper crust layer has a significant impact on 
settlement performance. 
• The depth of stone column bulging is between 
1.85-2.5 m below ground level which is comparable 
to the suggested bulging depth by Hughes et al. 
(1976). 

• PLAXIS outputs suggest stress ratio of 2.9 to 3.4 
which is comparable with the site measurements and 
field trials reported by Goughnour & Bayuk (1979), 
Watts & Serridge (2000), and Serridge (2013). 
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Ultimate limit state design of retaining wall using finite 
element method and advanced BRICK soil model 

Dimensionnement, à l'état limite ultime, d'un mur de soutènement en 
utilisant la méthode des éléments finis et le modèle de sol avancé 

BRICK 
Hoe-Chian Yeow 

Flint & Neill, London, United Kingdom 

ABSTRACT  The increasing use of the finite element method (FEM) in geotechnical design has raised the question of the compliance 
of this design approach with Eurocode requirements for the ultimate limit state (ULS) conditions especially when a more complex soil con-
stitutive model has been used.  In this paper, the  design of a retaining wall will be analysed using the FEM and an advanced BRICK consti-
tutive soil model in an attempt to compare the conclusions made by Yeow (2014) in his paper which he undertook comparisons of simple 
problems analysed under ULS design using the FEM. 
 
RÉSUMÉ L'utilisation croissante de la méthode des éléments finis (FEM) dans le dimensionnement géotechnique soulève la question de la 
conformité de cette approche avec les exigences de l'Eurocode pour l'état limite ultime (ELU), notamment pour des modèles complexes.  
Dans cet article, nous présenterons les résultats obtenus pour le  dimensionnement d'un mur de soutènement en utilisant la méthode des 
éléments finis avec un modèle de sol avancé de type BRICK. L'objectif est de comparer les conclusions avec celles du précédent article 
(Yeow, 2014) qui traitait des cas simples ELU avec les mêmes hypothèses de modélisation (FEM, BRICK). 
 

1 INTRODUCTION 

The use of numerical modelling for design in accord-
ance with Eurocode 7 has been debated by practi-
tioners in the industry, especially on its use in con-
junction with advanced soil models. Numerous 
publications (Yeow (2014), Potts and Zdravkovic 
(2012), Cheung et. al. (2009), Schweiger (2005), 
Simpson & Simpson et. al. (2003, 2010), Bauduin et 
al. (2000, 2003, 2005)), workshops and technical ses-
sions have been held to discuss this topic and a for-
mal recommendation for an appropriate approach has 
yet to be made.  This is due to the fact that there are 
still uncertainties towards how (and when?) the par-
tial factors should be applied and different approach-
es may lead to different conclusions dependent on the 
nature of the geotechnical problems and the types of 
ground under consideration. 

In the UK, the design of geotechnical structures 
needs to satisfy the requirement of DA1 under EC7.  

DA1 combination 1 (DA1C1) introduces partial fac-
tors on actions (load) or the effects of actions; while 
DA1 combination 2 (DA1C2) has the main partial 
factors on the material (strength). 

There is, however, no recommendation in EC7 on 
any partial factor to be introduced for material stiff-
ness. CIRIA 580 (Gaba et al., 2003) recommends that 
for the ultimate limit state (ULS) DA1C2 design 
case, the stiffness value should be half of the value 
used for the serviceability limit state (SLS) design. 

Yeow (2014) published some typical geotechnical 
design analyses undertaken using the finite element 
method (FEM) and an advanced BRICK soil model 
(Simpson 1992) under Eurocode 7 (EC7) Design Ap-
proach 1 (DA1).  The FEM analyses for the design 
were undertaken for both the combinations required 
in DA1 (DA1C1 and DA1C2) where considerations 
of initial stress, factoring of the strength and stiffness 
and making modelling excursions have been allowed. 
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ABSTRACT: In recent years, stone columns have been used to support footings and embankments constructed on soft soils. Several 

design methods have been developed, including theoretical and numerical solutions to address several design issues. However, more 

research is needed to develop a simple yet robust design method. A new analytical method is proposed to assess stone column 

performance under applied external loads. Pile critical length is derived to estimate column length required to resist applied load by 

a floating stone column only. This method is used together with the numerical analysis to investigate the effectiveness of floating 

stone columns using relative settlement reduction ratio. The results of numerical parametric study were compared to the derived 

analytical solutions in order to examine stone column behavior. Despite the simplicity of the analytical approach adopted in this 

study, the proposed solution enhances the understanding of the stone column performance and can be used for estimating the critical 

length of the columns. 

RÉSUMÉ: Ces dernières années, les colonnes de pierres ont été utilisées pour supporter la base de fondations ou de remblais sur sols 

meubles. Plusieurs méthodes de design ont été développées, dont des solutions théorique et numérique pour traiter certains problèmes 

de conception. Cependant plus de travail de recherche est nécessaire pour développer une méthode de conception simple mais robuste. 

Une nouvelle méthode analytique est proposée pour estimer les performances des colonnes de pierres sous l’application de chargements 

externes. La longueur critique de pieu est dérivée afin d’estimer la longueur de colonne de pierre flottante requise pour qu’elle résiste à 

elle seule au chargement appliqué. Cette méthode est utilisée en combinaison avec une analyse numérique pour étudier l’efficacité des 

colonnes de pierres flottantes en utilisant le rapport de réduction de tassement relatif. Les résultats de l’étude paramétrique ont été 

comparés aux solutions analytiques dérivées afin d’examiner le comportement des colonnes de pierres. Malgré la simplicité de 

l’approche adoptée dans cette étude, la solution proposée améliore la compréhension des performances des colonnes de pierres et peut 

être utilisée pour estimer la longueur critique des colonnes. 

KEYWORDS: Stone column, analytical model, floating and design. 

1  INTRODUCTION 

Piles are often used in the UK and abroad as a foundation for    
road and rail embankments constructed over soft ground. The  
main function of the piles is to transfer embankment loads into 
deeper, more competent strata. It is important to consider the      
impact of the thickness of a soft soil layer on foundation 
selection. Generally, end-bearing piles can be an effective 
solution when the soft soil thickness is relatively small, i.e. up to 
25m. However, when the embankment is to be constructed over 
ground that is soft or compressible to adequately support the 
embankment, granular columns can be installed in a soft ground 
as an alternative to piles to provide a foundation with satisfactory 
performance.  

When the installed columns do not reach bearing strata due to 
the large thickness of the soft soil, the constructed stone columns 
are called floating columns. Moreover, floating stone columns 
can be used in lieu of full-length piles to control embankment 
settlement, satisfy specification performance criteria and to 
prevent the lateral spreading of the subsoil. 

In current practice, the numerical analysis is often used to 
investigate a stone column settlement performance. A series of 
analytical and empirical design methods are available to address 
the settlement improvement associated with stone column 
installation. In the UK, most designs use Priebe’s method to 
assess settlement improvement (Priebe 1995). In this paper, 
numerical study of axisymmetric model (an efficient 
mathematical means of modelling stone column grids) using hard 
soil model is performed and compared with derived analytical 
model to understand effectiveness of stone columns. The study 

is carried out with the intent to provide practicing engineers with 
a simple tool for assessing the foundation settlement in soft soils. 

 The focus of this paper is to propose a simplistic analytical 
model that can predict the settlement improvement in soft soils 
by the installation of vibro stone columns. The design of stone 
columns in soft clays is usually governed by performance 
(settlement) rather than column capacity to support applied load. 
An analytical approach developed by Satibi (2009) was modified 
in the current study to assess the performance of an infinite grid 
of floating stone columns.  

 
Figure 1. Settlement analysis of one cell of an infinite grid of  

floating stone columns (a) Vertical cross section (b) Vertical   
effective force equilibrium of element A (after Satibi 2009). 
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This approach is used to calculate critical stone column length 

defined as the minimum required length to resist the applied load 
solely by a floating stone column (ignoring toe resistance 
contribution). Although the existence of a critical column length 
was reported by several researchers (e.g. McKelvey et al. 2004, 
Wehr 2004), this finding is not supported in this current study 
because the applied load is at a working level rather than at an 
ultimate level. The analytical approach is based on the uniformly 
distributed load applied on top of the stone column following unit 
cell concept, as shown in Figure 1. Figures 1(a) and 1(b) show 
the vertical cross section of the axisymmetric cell and an element 
A illustrating effective vertical forces in equilibrium within the 
column. The effectiveness of footing or embankment constructed 
on top of the floating stone columns is then investigated by using 
a relative settlement reduction ratio (RSR). The relative 
settlement reduction is defined as: 

 

RSR= 
𝑆0−𝑆

𝑆0
  ( 1 ) 

where the subscript “0” means no stone column is installed 
thus So is soft soil surface total settlement without ground 
improvement by stone column installation. S refers to the total 
settlement at the surface of the soft soil improved by stone 
columns. It needs to be emphasized that it is necessary to use an 
advanced method such as the finite element method for detailed 
design. A program is written by the author in a Visual Basic to 
model circular cell geometry as illustrated in Figure 1.  

 
2  ANALYTICAL MODEL DERIVATIONS 

Stone columns have been increasingly used to support 
embankments especially when a settlement/differential 
settlement is involved. Several researchers (e.g. Pulko and Majes 
2005 and Sexton and McCabe 2013) have indicated that the 
settlement of infinite grid of floating stone columns can be 
considered in a unit cell model. Different types of stone columns 
have been used, each with different rigidities, and using different 
installation processes and materials. The analytical model 
adopted in this research is based on the rigid column theory 
(Satibi 2009). The soft soil settlement due to the foundation 
applied load is based on the Hooke’s law of elasticity where the 
soil is idealised as linear elastic, uniform, and isotropic if no 
stone column is installed. Hence; 

 

𝑆𝑜 =  𝑆𝑙 + ∆𝑆𝑜 = (𝑞 . (𝐻 − 𝑙))/𝐸𝑜𝑒𝑑,2  + (𝑞 . 𝑙)/𝐸𝑜𝑒𝑑,1) ( 2 ) 

 
∆𝑆0 refers to the partial soft soil settlement up to a depth of l. 

Where l is the stone column length if installed. Settlement of the 
soft soil below the stone column toe level, 𝑆𝑙 .q, refers to the 
embankment/foundation surcharge including the external 
applied load, and H is the soft soil layer thickness. Eoed is defined 
as the oedometer or compression modulus of the soft soil layer. 
It should be noted that previous investigations (e.g. Balaam et al. 
1977) demonstrated that using an elastic analysis will slightly 
under-predict the settlement performance of stone columns at 
working loads. Therefore, it is deemed sufficiently accurate to 
use the elastic approach to investigate the total settlement of 
stone columns in this paper. If an embankment/foundation is 
constructed over a soft soil and improved with stone column, 
then soft soil settlement can be determined by the equilibrium of 
the effective vertical stress. 

Considering floating condition with the ground water at 
surface, the effective vertical stresses in Figure 1 can be written 
as follows: 

 

[(−𝜎𝑣
′ + 𝜎𝑣

′ + ∆𝜎𝑣
′ − 𝛾′. ∆𝑧) . 𝜋(𝑅2 − 𝑟2)] − 2𝜋𝑟. 𝜏∆𝑧 = 0 ( 3 ) 

R is the radius of the circular cell, r is the stone column radius, 
𝛾′  is the effective unit weight of the soil and τ is the stone 
column shaft friction. In terms of the soil mechanics theory, the 
ultimate skin friction on the stone column shaft (if it is modelled 
as rigid column) can be evaluated in soft to firm clays in terms 
of effective stress using the following equation (Terzaghi et al. 
1996). 

 

𝜏 =  𝑅𝐹. 𝜎𝑣́ ( 4 ) 

where RF is the lateral reduction factor representing the 
reduction in the effective angle of friction with increasing depth 
to the residual value. On the assumption that during rigid column 
installation surrounding soft clay is in a remoulded state and the 
cohesion intercept is zero. 
 

RF= 𝐾𝑠 . 𝑡𝑎𝑛 𝛿 ( 5 ) 

where 𝐾𝑠  is the coefficient of earth pressure after stone 
column  installation and δ is the average value of the angle of 
friction between stone column and soil. There are a few 
methods to simulate stone column installation effects. However, 
Priebe’s approach (Priebe 1995) is the most acceptable method 
in the industry. It is based on the increase in the coefficient of 
lateral earth pressure (Ks=1.0) to simulate stone column 
installation. 

Satibi (2009) derived pile critical length and settlement   
after improvement as follows: 

 

𝑙𝑐𝑟𝑖𝑡 =  √
2 .  𝑞

𝛽 .  𝛾′
 ( 6 ) 

𝑆 =  𝑆𝑙 +  
(𝑞+ 𝛾′ .𝑙+

𝛾′

𝛽
)

𝐸𝑜𝑒𝑑,1 .𝛽
 . (1 − 𝑒−𝛽𝑙 )– 

𝛾′ .𝑙

𝐸𝑜𝑒𝑑,1 .𝛽
−

 
𝛾′ .𝑙2

2 .  𝐸𝑜𝑒𝑑,1
 ( 7 ) 

Critical stone column length 𝑙𝑐𝑟𝑖𝑡  is the column length that 
satisfies the criteria where the entire embankment/foundation 
load is resisted by the floating stone column and no load is 
transferred to the soil where β can be calculated as follows: 

 

𝛽 =   (
2𝑟

𝑅2− 𝑟2) . 𝑅𝐹  ( 8 ) 

and 𝐸𝑜𝑒𝑑 is the oedometer modulus of the soft soil layers taken 
as tangent modulus and can be determined by power law relation 
(Brinkgreve and Broere 2006): 

 

𝐸𝑜𝑒𝑑 =  𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 . (
𝜎𝑣

′

𝑃𝑟𝑒𝑓)
𝑚

 ( 9 ) 

where 
 

𝐸𝑜𝑒𝑑

𝑟𝑒𝑓
= Tangent stiffness for primary oedometer loading at 

the reference pressure 𝑝𝑟𝑒𝑓=100kPa. 
 
m= Power for stress level dependency of stiffness.  
 
A typical design inputs 𝐸𝑜𝑒𝑑

𝑟𝑒𝑓 =1.5MPa and m= 1 are used for 
soft cohesive soils. Therefore, above equation reduces to 𝐸𝑜𝑒𝑑= 
15. 𝜎𝑣

′ . The effective stress 𝜎𝑣
′ is calculated at the middle of 

the soft soil layer and includes an additional applied load. Soft  
soil oedometer modulus can be determined as follows: 

 

𝐸𝑜𝑒𝑑,1 = 15 . (0.5 .  𝑙 .  𝛾′ +  𝑞 ) ( 10 ) 
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𝐸𝑜𝑒𝑑,2 = 15 . (0.5 .  (𝐻 + 𝑙𝑐𝑟𝑖𝑡).  𝛾′ +  𝑞 ) ( 11 ) 

Therefore, the effectiveness of the embankments on floating 
rigid inclusion can be calculated based on the relative settlement 
reduction (RSR).  

 
3  NUMERICAL PARAMETRIC STUDY AND 

SETTLEMENT ANALYSIS 

The proposed analytical approach has been used to predict the 
critical length of stone column and to assess the effectiveness of 
stone columns, with R equal to 0.75m and a stone column radius 
of 0.3m. In this analysis, the soft soil has an effective unit weight 
of 6.5 kN/m3 and an effective angle of internal friction equal to 
25°. The coefficient of the lateral earth pressure Ks is equal to 1.0 
in order to account for installation effect of stone column, which 
is consistent with the value proposed by Priebe (1995). 

A numerical parametric study has been carried out and 
compared to the analytical method to examine the impact of 
various key parameters, such as soft layer thickness and stone 
column spacing, on the column-foundation system behaviour. 
The Finite element (FE) program Plaxis 2D was used to model 
the stone column behaviour. The stone column reinforced 
foundation has been analyzed by the axisymmetric soil model 
similar to that used in the analytical approach. The geometry and 
mesh used in the FE analysis are shown in Figure 2. The mesh 
has a radius of 0.75m to 1m to simulate a typical column spacing 
of 1.5m to 2m and the stone column radius is equal to 0.3m. 

In the subsequent FE and analytical analyses, the settlement 
behaviour of various configurations of soft soil thickness and 
stone column spacing is examined for loads up to 50kPa. 
Boundary conditions are applied by preventing horizontal 
displacement at the vertical side of the mesh and preventing both 
vertical and horizontal movement at the bottom. The ground 
water level is set to be at the ground level. The hardening soil 
constitutive model is used for the soft soil and stone column 
materials. The soft soil and column backfill properties used in FE 
calculations are listed below in Table 1. 

 
Table 1 Material property as used in FE- Analysis 

Properties Soft     
Soil 

Stone 

φ' [o] 25 45 

c' kPa 0.1 0.1 

ψ [o] 0 15 

γ kN/m3 16.5 19 

𝐸50
𝑟𝑒𝑓

=  𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 MPa 1.5 70 

𝐸𝑢𝑟
𝑟𝑒𝑓

 MPa 4.5 210 

𝜐𝑢𝑟 [-] 0.2 0.2 

m [-] 1 0.5 

4  RESULTS 

The influence of column length and soft soil thickness upon the 
performance of a unit cell model is shown in Figure 3. The 
relative settlement reduction against stone column length with 
different soft soil thicknesses is shown for the applied load of 
40kPa on top of the stone column which is a typical working load 
for foundations constructed over the stone columns.  

The effectiveness of the stone column as ground improvement 
technique is represented by the relative settlement ratio. The 
relative settlement ratio increases with the increasing of the stone 
column length. In general, the effectiveness is between 50 and 
60% at a critical stone column length for columns installed at the 
spacing of 1.5m. The effectiveness of stone columns is slightly 
decreased where the RSR deceases to around 45 to 55% at critical 
column length if the column spacing increases to 2m centre to 
centre . The effectiveness is reduced because the more widley 
spaced stone columns attract a higher proportion of the load. It is 
also shown in Figure 3 that the improvement in settlement due to 

 
Figure 2. FE mesh and geometry 

 

 
Figure 3. RSR improvement with pile length 

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7/0.0

R
S

R

 H=10m 'Numerical'

 H=14.5m 'Numerical'

 H=20m 'Numerical'

 H=10m 'Analytical'

 H=14.5m 'Analytical'

 H=20m 'Analytical'

Lcritical S=1.5m

S=2.0m

R
S

R

Pile length/Soft soil thickness

Lcritical

 H=10m 'Numerical'

 H=14.5m 'Numerical'

 H=20m 'Numerical'

 H=10m 'Analytical'

 H=14.5m 'Analytical'

 H=20m 'Analytical'

 
Figure 4. Effectiveness of floating stone columns upon the variation of 

foundation surcharge for a soft soil thickness of 10m, 14.5m and 20m 
with column spacing of 1.5m at critical column length. 
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stone column installation is relatively more pronounced with 
reducing soft soil layer thickness.  

Based on the analysis performed on the unit cell model, it was 
observed that there is a good agreement between numerical and 
analytical solutions (Figures 3, 4 and 5). It can also be seen from 
Figures 4 and 5 that convergence is more pronounced at higher 
loads (around 50kPa). 

Generally, both the numerical and analytical methods predict 
similar reduction in the settlement at a critical stone column 
length. However, there is a slight difference in the RSR between 
the numerical and analytical solutions for soft layer thickness of 
10m and 20m (maximum difference of about 12%). The 
difference may be attributed to the assumption of constant 
oedometer stiffness in the analytical model, whereas in the FE 
modeling, stress dependent oedometer stiffness values are 
applied. 

 
The variations of the RSR with the applied load are compared 

in Figures 4 and 5. As the thickness of the soft clay layer at the 
bottom of the column increases, the RSR decreases irrespective 
of the column spacing as predicted in the analytical model. At 
lower loading, the settlement improvement is marginally higher 
than that at higher loads as presented in Figures 4 and 5. The 
marginal improvement in the RSR at lower loads is due to the 
initial readjustment of the stone particles. However, as the load 
increases, the improvement in settlement decreases rapidly. 

 
5  CONCLUSIONS 

In this paper, the settlement performance of stone columns was 
studied. An analytical method was proposed to predict the 
improvement in settlement due to stone column installation at 
any depth up to the critical column length predicted by the 
analytical model. 

Based on the results obtained from the derived analytical 
model and the parametric study through the FE analysis, the 
following conclusions may be drawn: 

 
1. Stone columns improve the foundation settlement 

behaviour. As the length of stone column increases, 
there is an increase in the RSR (Relative Settlement 
Reduction) ratio. 

2. The parametric study shows that the RSR ratio is about 
45 to 60% at the critical stone column length.  

3. The column spacing has an impact on the settlement 
reduction. Increasing the column spacing and thereby 
reducing the ratio between the area of cross-section of 
stone column and the area of surrounding soil, leads to 
a slight reduction in the RSR. 

4. The analytical model predicts that the RSR ratio 
decreases as the thickness of soft layer increases 
irrespective of the column spacing. 

 
5. At lower loading levels, the settlement improvement is 

marginally higher than that at higher load levels. The 
marginal improvement in the RSR at lower loads is due 
to the initial realignment of the stone particles until an 
equilibrium condition is met. 

 
It should be noted that these conclusions are based on the 

numerical and analytical analyses of a single column under an 
applied vertical load. The behaviour of a stone column in groups 
such as stone column suppporting an embankment, is typically 
different from the case of a single stone column analysis. 

It should be pointed out that the proposed analytical model is 
based on the Hooke elastic theory and the rigid column theory. 
Therefore, the settlement performance of stone columns at 
working loads is slightly underestimated. Despite the simplicity 
of the analytical approach adopted in this study, the proposed 
solution enhances the understanding of stone column 
performance and may be used for estimating the critical length 
of stone columns. 
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Figure 5. Effectiveness of floating stone columns upon the variation of 
foundation surcharge for a soft soil thickness of 10m, 14.5m and 20m 

with column spacing of 2.0m at critical column length. 
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