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ABSTRACT 

Stone columns are a well-established technique for improving the properties of soil 

under the foundation of embankments and heavy structures. Stone columns are 

inclusions of granular material typically installed using vibratory-displacement or 

vibro-replacement methods. A notable advantage of stone columns is that they tend to 

have a minimal impact on the properties of the surrounding soil, unlike other ground 

improvement methods. The primary outcomes of stone columns in untreated soil 

conditions include improved bearing capacity, reduced total and differential 

settlements, accelerated consolidation, enhanced stability of embankments and natural 

slopes, and decreased liquefaction susceptibility. Stone columns function as inclusions 

that provide higher stiffness, shear strength, and permeability than the natural soil. This 

enables them to effectively support the structure or embankment without significantly 

altering the physical state of the surrounding soil, as well as improve the drainage.  

The research aims to examine whether stone columns can be used in the soft clays 

typical to Scandinavia, resulting in preliminary design graphs. The numerical 

simulations will be carried out using constitutive models such as Creep-SCLAY1S and 

Soft Soil under 2D axisymmetric conditions in Plaxis. The simulations will be done as 

fully coupled consolidation concerning typical soil characteristics in Scandinavia. 

Ultimately, the outcome of this study would include Priebe-type charts suitable for 

Scandinavian clay, which can assist designers in constructing stone columns in each 

area.  

The findings reveal a substantial effect of the chosen constitutive model, the influence 

of replacement ratio A/Ac (the ratio of the area of the stone column to the area of the 

soil it replaces), and the effective friction angle of the stone column material on the 

settlement improvement factor. Furthermore, the results confirm and build upon 

previous findings, indicating that creep and increasing lateral earth pressure K increase 

the settlement improvement factor. Consequently, the results can be applied in stone 

column design for highly soft clay conditions (such as Swedish soil), where using 

Priebe’s charts might not be applicable. 

Key words: creep, extremely soft soil, friction angle, replacement ratio, Creep-

SCLAY1S, settlement improvement factor, Soft Soil, Soft Soil-creep, and stone 

columns. 
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Notations 

  List of Letters  

ad Deviatoric fabric tensor 

as Area replacement ratio 

c´ Effective cohesion 

k Constant depends on the column arrangement 

n Settlement improvement factor 

ns Stress concentration factor 

p´ Mean effective stress 

p Mean stress 

𝑝´0 Isotropic pre-consolidation stress 

peq Actual stress state 

pp 
eq Equivalent pre-consolidation stress 

𝑝´𝑚 Effective stress of actual yield surface 

qc Tip resistance 

rc Radius of stone column 

st Settlement in reinforced ground (at a given time)  

s0 Settlement in untreated ground  

A Effective area (Unit cell area) 

Ac Area of stone column 

Cu Undrained shearing resistance 

𝐶𝛼  Creep index 

Dc Stone column diameter 

De Effective diameter 

E𝑜𝑒𝑑 Oedometric soil modulus 

Eur Loading, reloading soil modulus 

Es Young’s modulus of soil 

Ec Young’s modulus of column 

K Lateral earth pressure  

K0 Lateral earth pressure at rest 

K* Lateral earth pressure coefficient  

Lc Length of stone column 

M Slope of Critical state line (CSL) 

NSPT Standard penetration test 

S Stone column spacing 

  

List of Symbols  

𝜎𝑣
′ = 𝜎1

′ Vertical effective stress 

𝜎ℎ
′ =𝜎3

′  Horizontal effective stress 

𝜏𝑓 Effective shear stress in failure plane 

𝜎𝑛𝑓
′  Effective normal stress in failure plane 

𝜀𝑝
𝑐 Plastic strain 

σ´r Effective radial stress 

σ´a Effective axial stress 

σs Stress in soil of unit cell 

σc  Stress in column 

σd Deviatoric stress  
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𝜑′ Effective friction angle 

𝜗1 Virgin consolidation 

𝜗𝑠 Swelling line 

𝑑𝜀𝜐
𝑃 Increment of plastic volumetric strain  

𝜈 Poisson ratio  

𝑘 Hydraulic conductivity 

𝜆 Compression index  

𝜆∗ Modified compression index 

𝜆𝑖 Inclination of the normal compression plane  

𝜆𝑖
∗ Modified intrinsic compression index 

𝜅 Swelling index 

𝜅∗ Modified swelling index 

𝜀𝑣 Volumetric strain 

𝜀𝜈
𝑒 Elastic volumetric strain 

𝜀𝜈
𝑃 Plastic volumetric strain 

𝜀𝑐
𝐻 Deformation during consolidation 

𝜇∗ Modified creep index  

𝜏𝑐 Parameter related to geometry and consolidation  

𝜂 Tensional equivalent for stress ratio =q/p´ 

𝜒 Amount of bonding 

𝜔 Rate of rotation 

𝜔𝑑 Rate of rotation due to deviator strain  

𝜉 Absolute rate of destructuration 

𝜉𝑑  Relative rate of destructuration 

𝛼0  Initial value of anisotropy 

𝛼  Scalar value of anisotropy 

𝛼𝑑   Deviatoric fabric tensor 

𝛽  Creep exponent 

𝜀𝑎  Axial strain 

𝜀𝑟  Radial strain 

𝜀𝜐  Volumetric strain 

𝜀𝑞  Deviatoric strain 

ε ̇  Strain rate 

𝜀̇ 𝑒 Elastic strain rate 

𝜀̇ 𝑐 Creep strain rate 

𝜀𝜗
𝑒   Volumetric elastic strain rate 

𝜀𝑞
𝑒  Deviatoric elastic strain rate 

𝑑𝜀𝑑   Incremental deviatoric strain tensor 

𝜃𝛼   Loade angle 

𝜂0  Stress ratio corresponding K0 state 

Δ𝑡  Time increment 

𝜏  Reference time 

𝑀(𝜃)  Stress ratio at critical state 

𝑀𝑒  Stress ratio at critical state in triaxial extension 

𝑀𝑐  Stress ratio at critical state in triaxial compression 

(𝐽2)𝛼  Modified second invariant to a-line 

(𝐽3)𝛼  Modified third invariant to a-line  
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1. Introduction 

Ground improvement involves techniques to modify the soil used in earthworks or the 

foundation soils, enhancing their performance under design and operational loading 

conditions (Schaefer et al., 2012). With the increased construction of embankments and 

heavy structures on weak soils, there is a growing demand for ground improvement 

techniques (Castro et al., 2013). Consequently, ground improvement methods have 

significantly evolved over the past fifty years and are now integral to various 

geotechnical and construction designs (Schaefer et al., 2012). 

Numerous methods and technologies are employed in ground improvement to alter the 

soil properties, when removing existing soil is not feasible due to cost, environmental, 

and technical constraints (Schaefer et al., 2016). Mitchell (1981) classified ground 

improvement applications into categories such as compaction for densification of in-

situ cohesionless soil, consolidation via preloading and/or vertical drains, grouting, soil 

stabilisation using admixtures, thermal stabilisation, and soil reinforcement. Chu et al. 

(2009) proposed five methods for ground improvement: non-cohesive soil non-

admixtures inclusion, fine-grained soil improvement without admixtures, inclusions, 

grouting admixtures, and earth reinforcement. 

The selection of an improvement method for a specific project is a complex process 

that involves meeting the requirements of ground improvement for a given project. 

Factors such as geometry, density, settlement, stability, and others are considered 

crucial in the design process. Additionally, surface conditions, loading conditions, 

materials, and construction techniques can influence the choice of method (Schaefer et 

al., 2012). Figure 1 provides a visual representation of the appropriate technique for 

various soil types. While some techniques have well-established design procedures, 

others are currently under development or have proprietary design processes (Schaefer 

et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1: The suitable ground improvement techniques for various types of soil (Schaefer et al.,2012) 
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It has been demonstrated through decades of experience that the required performance 

of these applications, such as the improvement in bearing capacity, slope stabilisation, 

precompression and acceleration of consolidation, and the construction of seepage 

barriers, can be obtained if the appropriate ground improvement method is chosen for 

the problem, and if both design and construction are done well. One frequent 

critical aspect of most approaches is the challenge of confirming that the intended 

degree of improvement has been achieved (Schaefer et al., 2012). 

Stone columns are an innovative and widely utilised technique, which offers a 

promising solution for improving soil properties. This method, often employed on soil 

that is unsuitable for construction purposes (Castro, 2017), involves creating vertical 

columns of compacted aggregate using a vibrator, known as the vibro-replacement or 

vibro-displacement method, to enhance the characteristics of the soil.  

Typically, a significant number of columns, or groups of columns, are installed when 

employing stone columns. However, it is essential to note that stone columns may not 

be suitable for highly sensitive soils, as found in Scandinavia, as maintaining the 

continuous stability of the columns and their geometric shape could be problematic. 

Finally, selecting the appropriate ground improvement technique for a specific problem 

is a sophisticated procedure influenced by multiple factors. This complexity can make 

obtaining the desired outcomes from the employed techniques challenging. 

1.1. Case study 

Constructing stone columns in extremely soft soil poses significant challenges. 

Inadequate lateral support of the surrounding soil, among other factors related to soil 

properties, can compromise the intended load-bearing capacity of the stone columns. 

This scenario necessitates further exploration into the behaviour of stone columns in 

very soft soil conditions. 

Considering the Ønsoy clay in Norway as a representative of medium sensitive clay in 

Scandinavia (Berre, 2014; Berre, 2018), this study investigates the possible settlement 

improvement by stone columns in Ønsoy clay using Plaxis 2D software for numerical 

model simulation. 

1.2.  Aim 

Examine whether stone columns can be used in typical Scandinavian medium sensitive 

clays and present preliminary design recommendations. 

1.3.  Objectives  

The objectives of this thesis will be as follows: 

1. A literature review on the application of stone columns in extremely soft   supported 

by previous case studies by Keller, a specialist ground engineering company with 

wide experience in ground improvement applications both internationally and in 

Scandinavia. 

2.   Understanding the installation procedure and how it may affect the performance. 

3.   Investigating the impact of K0 (the earth pressure coefficient at rest), as that will   

    change due to installation. 
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4.  Critical evaluation of constitutive models for the design of stone columns, and their 

ability to be applied in Scandinavian soil conditions. 

5.  Using constitutive models such as the Creep-SCLAY1S and Soft Soil model in  

    systematic numerical simulations, employing 2D axisymmetric conditions in Plaxis.  

    The modelling will be performed as a fully coupled consolidation  

6.  The result: Priebe type diagram for Scandinavian ground conditions and design 

guidance. 

1.4.  Limitations 

▪ This study will not simulate the installation effects of stone columns in sensitive 

clay. Instead, the installation effects will be considered via a comprehensive 

literature review, as well as considering the increase in the earth pressure at rest K0 

due to installation to be equal to one.   

 

▪ The study will not examine the influence of creep on the response of the stone 

column material, only creep in the soft clay will be considered. 
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2. Background  

Stone columns, also called granular columns or aggregate piers, stand out as one of the 

most extensively utilised ground improvement techniques. They are made of gravel-

filled vertical holes in the soil that have been vibrated into a compacted form (Castro, 

2014). The popularity of stone columns stems from their simplicity, ease of 

implementation, and relatively low cost, factors highly favoured by professional 

engineers (Dash & Bora, 2013). In challenging foundation sites, stone columns play a 

crucial role in enhancing various aspects such as boosting bearing capacity, reducing 

overall and differential settlements, accelerating consolidation, improving the slope 

stability of embankments, and fortifying the resistance to liquefaction (Barksdale & 

Bachus, 1983; Castro, 2014). 

The effectiveness of stone columns in enhancing weak soil is due to two main factors. 

First, the stiff column material, such as gravel and crushed stones, is added to the soft 

soil. Second, the surrounding soil is densified during the installation of the Vibro-

compacted stone column itself, followed by subsequent consolidation in the weak soil 

before the final loading of the improved ground (Guetif et al., 2007). 

According to Mitchell (1981), the construction of stone columns involves replacing a 

segment of unsuitable soil with vertical columns of compacted stone, typically 

extending through the entire thickness of weak strata. This process usually results in a 

stiffer composite material with lower compressibility and higher shear strength than the 

original soil. 

Generally, stone columns replace 15 to 35% of the volume of the soft soil during 

construction. When vertical loads are applied at the ground surface, the weak soil and 

the stone columns settle, leading to a significant stress concentration within the stone 

column (Golakiya & Lad, 2015). 

Stone columns are commonly used to support low-rise constructions such as raft 

foundations, liquid storage tanks, and embankments, mainly when situated a top of 

loose silty sands containing over 15% fine particles, or in other very soft to hard fine-

grained soils. The ideal soil conditions for applying stone columns are clayey soils with 

an undrained shear strength ranging between 15 and 50 kPa (Barksdale & Bachus, 

1983). 

2.1 Stone column construction method 

To construct stone columns, a hole is created in the ground and filled with granular 

material. Achieving the desired strength of the stone column involves compacting the 

granular fill, typically comprised of stone or a blend of stone and sand in the appropriate 

proportions, utilising suitable compaction techniques. Various methods have been 

employed to install stone columns, considering their effectiveness and the availability 

of required equipment in the vicinity (Mitchell, 1981).  

However, the successful improvement of soft and very soft soil depends upon the 

careful selection of stone column construction methods and their meticulous on-site 
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execution (McCabe et al., 2009). The most commonly applied methods for stone 

column construction include: 

2.1.1. Vibro-replacement method  

This method is typically employed when dealing with fine-grained soils. A vibrator is 

used to create a hole that is filled with granular material and compacted with the 

vibrator. The primary advantages of this method include its depth and speed of 

execution (Piccinini, 2015). In the application of this method for constructing stone 

columns, both wet and dry methods can be applied: 

• Wet-top feed method: This involves lowering a probe with the help of water to the 

desired depth, creating a hole in the ground. Once the uncased hole reaches the 

appropriate depth, it is flushed out, and then stone backfill, ranging in size from 12 

to 75 mm, is added incrementally at intervals of 0.3 to 1.2 m. Refer to Figure 2. 

Subsequently, an electrical or hydraulic vibrator compacts the backfill at the probe's 

bottom (Piccinini, 2015). This technique suits soft, fine-grained, and moderately 

impervious soil (Dheerendra Babu et al., 2013). Additionally, it is applicable for 

medium and deep treatment, having been successfully employed in soft clay soil 

(McCabe et al., 2009). 
 

 

 

 
 
 
 
 
 
 
 

 

Figure 2: Stone columns construction, Wet-top feed technique. (Taube,2001). 

• Dry-top feed method: The critical distinction between the dry and wet processes 

lies in the absence of water jetting during hole creation. See Figure 3. Unlike the 

wet process, the dry method maintains the vibrated hole open after the probe is 

withdrawn. Therefore, it is only suitable for application in stable, insensitive fine-

grained soils with an undrained shear strength ranging between 30 and 60 kPa, 

excluding very soft clay (Babu et al., 2012). As per McCabe et al. (2009), this 

approach can be used for shallow to medium-depth granular columns typically 

designed to support light to heavy loads. 
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Figure 3: Stone columns construction. Dry-top feed technique. (Taube,2001). 

• Dry-bottom feed method: Since its development in the 1970s, this technique has 

seen widespread adoption (McCabe et al., 2009). Its creativity lies in the vibrator's 

ability to facilitate stone column installation in areas characteried by high 

groundwater levels and soft soils. Through eccentric tubes positioned beside the 

probe, delivery of stone, sand, or concrete to the bottom of the excavated hole can 

be achieved without necessitating vibrator removal. Refer to Figure 4. In this 

method, the vibrator serves as a shield, preventing hole collapse (Piccinini, 2015). 

Wehr (2013) has documented numerous instances of successful stone column 

implementation in very soft soil conditions, mainly when the undrained shear 

strength (Cu) falls within the range of 4 to 5 kPa. 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 4: Stone column construction. Dry-bottom feed technique. (Taube,2001) 

2.1.2. Vibro-composer method  

Originating from Japan, the Vibro-composer method applies to stabilizing soft clays, 

particularly in abundant groundwater. Compacted columns are constructed to reach the 

desired depth by utilising a large vertical vibratory hammer atop a casing pipe. 

Subsequently, after adding a predetermined quantity of sand, the vibratory hammer is 

employed to extract and partially drive the casing from the bottom alternately. This 

process repeats until a fully compacted granular column is formed. This method is 

suitable for constructing columns with diameters ranging from 0.6 to 0.8 metres (Babu 

et al., 2012). 
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2.1.3. Rammed Columns 

This method entails gradually compacting granular materials into pre-bored holes using 

a heavy falling weight, typically ranging from 15 to 20 kN, with a drop height of 1.0 to 

1.5 metres. While considered a viable alternative to vibrator compaction, this method 

yields stone columns with greater capacity compared to those produced by vibro-float. 

However, its application is limited in soft soil due to disturbance and subsequent 

remoulding caused by the ramming operation. It becomes impractical when the depth 

of stone columns exceeds 12 metres (Babu et al., 2012). 

2.2. Basic design factors 

Various design factors affect the capacity of stone columns to hold loads. The following 

are the main factors that define the capability of stone columns: 

1. Column diameter  

The diameter of stone columns (Dc) typically ranges from 0.4 to 1.2 metres. However, 

factors such as the desired level of improvement, installation technique, stone size, and 

the strength of the in-situ soil all play a role in determining the specific diameter of the 

column (Golakiya & Lad, 2015). In soft, fine-grained soils where stone columns are 

installed, the process tends to self-adjust; the softer the soil, the larger the diameter of 

the resulting stone column (Ranjan, 2016). 

The final diameter of the hole is invariably larger than the initial diameter of the probe 

or casing. This is due to the lateral displacement of stones during vibration or ramming 

(Ranjan, 2016). That is influenced by factors such as soil type, undrained shear strength, 

stone size, vibrating probe or rammer characteristics, and the construction methodology 

employed. Understanding the role of soil type and stone size in this process is key to 

comprehending the construction methodology. 

2. Distribution pattern of columns  

Stone columns can be arranged either in a square formation or in a triangular 

configuration, as shown in Figure 5. While a square pattern is sometimes used, 

equilateral triangles are more frequently employed for constructing stone columns. 

Within a given area, the highest concentration of stone columns is typically observed 

within the equilateral triangle arrangement rather than the square arrangement 

(Golakiya & Lad, 2015). 

 

 

 

 

 

 

Figure 5: Stone column installation patterns, the triangular one to the left and the square one to the 
right. 
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3. Column spacing  

The spacing between stone columns at maximum and minimum distances is determined 

based on the site-specific conditions. However, column spacing, denoted by S, can be 

defined considering site characteristics, loading patterns, column material properties, 

installation methods, and settlement tolerances. According to Sondermann et al. (2016), 

the spacings range between 1.5 and 2.5m, while Babu et al. (2012) referred to the 

spacing as 2 to 3 times the diameter of the column. In the meantime, field tests are 

recommended for large-scale projects to determine the optimal stone column spacing, 

considering the allowable settlement of the foundation and the required bearing 

capacity of the soil (Golakiya & Lad, 2015). 

For settlement and stability calculations, it is advisable to treat the surrounding soil area 

of each stone column as an equivalent circle with the same total area. This equivalent 

circle has an effective diameter (De) of 1.05S for an equilateral triangular arrangement 

of columns and 1.13S for a square grid (Babu et al., 2012). This unit cell represents an 

equivalent cylindrical volume of material with a diameter of De, encompassing one 

stone column and the adjacent soil (Babu et al., 2012). 

4. Area replacing ratio (ARR)  

The extent to which stone columns replace soil directly influences the performance of 

the improved ground. The Area Replacement Ratio (ARR) quantifies this effect by 

comparing the area of the compacted stone column (Ac) to the total area within the unit 

cell (A) (Sexton et al., 2013). As shown in Figure 6. 

Research by Shahu et al. (2011) indicates that increasing the replacement area ratio 

enhances the overall response of ground reinforced with granular columns. A minimum 

area replacement ratio of 0.25 is deemed necessary for observing a noticeable increase 

in bearing capacity in the enhanced ground by stone columns (Wood et al., 2000). 

                                   𝑎𝑠 = 𝐴𝑐 𝐴⁄ = (𝐷𝑐 𝐷𝑒)⁄ 2
=

1

𝑘
(

𝐷𝑐

𝑆
)

2

                                           Eq. (1)                                             

where 𝑎𝑠 is the area replacement ratio, 𝐴𝑐 is the area of stone column, 𝐴 is the area 

within the unit cell, 𝐷𝑐 is the diameter of stone column, 𝐷𝑒is the effective diameter,S is 

the spacing between columns, and k is a constant depends on the column arrangement 

(see Fig. 6). 

 
 
 
 
 
 
 
 
 

 
 

Figure 6: The Area replacement ratio for stone columns (adapted from Sexton et al., 2015) 
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5. Stress concentration ratio (SCR) 

The stone column material exhibits significantly greater stiffness compared to the 

surrounding soil. According to principles of equilibrium, the stress within the 

surrounding soil should ideally be lower than that within the strongest stone columns, 

resulting in stress concentration within the granular column. The stress concentration 

ratio (ns) resulting from an externally applied load (σp) is defined as the ratio of the 

average stress in the stone column (σc) to the stress in the soil (σs) within the unit cell 

(Golakiya & Lad, 2015). As represented by Equation (2). 

                                                    𝑛𝑠 = 𝜎𝑐 𝜎𝑠⁄                                                            Eq. (2) 

According to Goughnour and Bayuk (1979), typical values of ns range between 3 and 

6 for stone column friction angles of 30o and 45o, respectively, at the ground level and 

falling between 3 and 4.5 at a depth of the column. Similarly, Juran and Guermazi 

(1988) observed that the stress concentration factor increases at the surface and 

decreases along the length of the stone column; simultaneously, it increases with 

consolidation time.  

2.3. Stone columns in extremely soft clay 

Very soft clay can be characterised by several specifications, such as a standard 

penetration test (NSPT) value of less than 2, an undrained shear strength Cu of less than 

20 kPa, and a tip resistance (qc) of less than 1 MPa (Almeida et al., 2022). 

Consequently, due to their unique structural characteristics—high water content, low 

shear strength, and low permeability—geotechnical structures constructed on soft soil 

require careful consideration (Wassie & Demir, 2023).  

Generally, soils with undrained shear strengths of less than 15 kN/m² exhibit an 

excessive tendency for compressibility and creep. So, applying excessive structural 

load to such weak soils may result in excessive pore pressures, thus causing problems 

with stability and leading to significant deformations. Consequently, structures built on 

soft soils are particularly vulnerable to severe deformations and slope failures, 

especially deep-seated failures (Deshpande et al., 2021). 

Utilising the stone column method to improve very soft clay soil enhances its load-

bearing capacity. Extending the penetration length of the columns also increases the 

bearing capacity of the soil (Malarvizhi & Ilamparuthi, 2007). Wassie and Demir 

(2023) noted that extending the length of the granular columns from half the 

embankment height to the full height reduces excess pore water pressure by half. 

However, extending the columns beyond the necessary length improves settlement 

performance but does not necessarily enhance bearing capacity performance (Grizi et 

al., 2022). However, Castro (2017) indicates that the stone columns, with a length 

beyond the critical one, do not make a remarkable improvement in both settlement and 

soil-bearing capacity. 

The value of the critical length of the columns can be discrepant, as it is sometimes 

provided as a function of the load. This illustrates that the footing dimensions 
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significantly influence the critical length of the columns. A few more column 

modelling-related elements, such as the impact of column installation, are also 

discussed (Castro, 2017).  

Nevertheless, McCabe et al. (2009) and Basack et al. (2016) highlighted that undrained 

shear strength Cu increases permanently during granular column construction. At the 

same time, the lateral stresses increase due to the process of column installation. 

However, applying granular columns to improve the soil may not be effective if the 

shear strength of the embankment soil is less than that of the foundation soil (Prakash 

& Krishnamoorthy, 2022). 

Nonetheless, settlements decrease as the ratio of stone column length to its diameter 

(Lc/Dc) increases until it reaches a value of 10 (Malarvizhi & Ilamparuthi, 2007). Castro 

(2017) mentioned that the efficient column length is twice the foundation width (B) in 

homogenous soft soil. Moreover, Wassie and Demir (2023) noted that doubling the 

length of the stone columns reduces settlement by two-thirds. Sarvaiya and Solanki 

(2015) found the most effective Lc/Dc ratio is between 4 and 5, and thus increasing the 

ratio does not yield further improvement beyond this point.  

On the other hand, as the internal effective friction angle 𝜑´ of the stone columns 

increases, the settlements decrease. However, when the applied load is relatively small, 

and the effective friction angle is approximately 𝜑´≈ 32°, the settlement reduction ratio 

is almost equal to one. This indicates that using loose gravel or crushed stone is 

inadequate to increase the load-bearing capacity (Malarvizhi & Ilamparuthi, 2007). 

According to McCabe et al. (2009), the Priebe design model, which utilizes commonly 

used effective friction angle of 𝜑´≈ 40°, offers a reliable lower-bound approximation 

of bottom-feed performance. Although it does not fully consider the fundamental 

changes in the soil and the stress changes occurring during granular column 

construction and load application, leading stone column designers still rely on this 

method due to its reliability. 

Bulging is the most common failure mechanism for stone columns, mainly when the 

confining stress is lower than the applied load. It typically occurs at the top of granular 

columns as the confining stress increases with depth (Idrus et al., 2023). Barksdale and 

Bachus (1983) suggested that bulging of the stone column may occur at a depth of two 

to three times Dc, while Malarvizhi and Ilamparuthi (2007) mentioned that it occurs at 

a depth of four times Dc from the ground surface. 

Prakash and Krishnamoorthy (2022) noted that column clogging significantly delays 

the consolidation and settlement of soft clay. Furthermore, the drainage capacity of 

columns is influenced by factors such as the capture coefficient (it is a function of flow 

velocity and increases with flow velocity increasing, where it can be defined according 

to Gruesbeck and Collin (1982) equation), area ratio, critical hydraulic gradient (which 

can be determined by calculating the discharged water and the eroded mass of the soil, 

where the thickness of the clay layer, spacing between columns, and effective friction 
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angle influence its value), compressibility ratio, and permeability ratio (Pal & Deb, 

2019).  

Stone column blockage is more common at lower ratios of volume compressibility than 

at higher ratios. Additionally, the probability of stone column blockage increases with 

decreasing critical hydraulic gradient, area ratio, and permeability ratio of the clay fine 

particles. Generally, a blocked stone column may result in greater final settlement but 

a slower consolidation rate (Tai & Zhou, 2019). 

2.4. Stone columns application in extremely soft clay 

The potential applications of stone columns include mitigating soil liquefaction, 

supporting retaining structures (such as reinforced earth), enhancing the stability of 

embankments, reinforcing foundation soils beneath embankments and fills, and 

providing support for bent (pier) and abutment structures for bridges on loose silty 

sands and moderately soft to stiff clays (Prasad & PVV, 2016). In instances where a 

relatively significant settlement is tolerable, such as for the foundations of large 

structures like liquid storage tanks, earthen embankments, and raft foundations, stone 

columns can effectively increase bearing capacity and reduce settlement. Additionally, 

stone columns can expedite primary consolidation (Prasad & PVV, 2016). 

The most effective application of stone columns is to densify clean, non-cohesive soils. 

However, according to Mitchell (1981), granular columns may not perform well when 

the percentage of fines—particles smaller than 200 mesh sieve or 0.074mm—exceeds 

20 to 25 percent by weight. This is explained by particles contribution to cohesion, 

making column construction challenging. Additionally, materials with more significant 

fine percentages may have limited permeability that impedes quick pore water drainage, 

which is required to densify liquified soil following stone column installation (Mitchell, 

1981). 

Prasad and PVV (2016) noted that stone columns may not receive sufficient lateral 

confinement from the surrounding soil in very soft soils, leading to inadequate load-

bearing capacity. Nonetheless, stone columns can influence loose, sandy soils below 

the water table to mitigate liquefaction during earthquakes. 

However, limitations exist when using stone columns in sensitive clays due to the 

absence of lateral constraints. This results in faster settlement of the bed layer and 

reduced radial drainage caused by clay particles trapping around the stone columns 

(Malarvizhi & Ilamparuthi, 2004). 

According to Emam et al. (2022), the application of stone columns is prohibited if the 

soil has an undrained shear strength of Cu < 15 kN/m². However, adding confinement 

and encasing individual granular columns with geosynthetics is beneficial for 

enhancing stone column performance in highly soft soils. 

Wehr et al. (2008) discussed three projects in Sweden that were built on highly soft 

soil. For instance, in Frövifros, grouted stone columns with a diameter of 75cm were 

utilised when the undrained shear strength ranged from 8 to 14 kPa. Vibro-gravel drains 
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with short lifts of 1m were deemed essential to prevent liquefaction during the 

construction of grouted stone columns. 

Furthermore, Wehr (2013) discovered, through four conducted lab tests, that there was 

no failure during column installation when the undrained shear strength of the soil was 

Cu=4 kN/m2 and the water content was at 30.5%, even when the static weight doubled 

from 40 to 80 N. However, the failure of stone columns occurred when Cu decreased to 

3.5 kN/m2, and the water content increased to 32%. This failure coincided with the 

doubling of the diameter of the granular columns, causing the soil stresses at the surface 

to become insufficient to support the column. Adherence to the European standard EN 

14731 for monitoring and testing, along with utilising a bottom feed system with an 

adjustable vibrator frequency, was deemed crucial in such scenarios (Wehr et al., 2008). 
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3. Lateral earth pressure (K)    

A primary factor contributing to stone column construction in the soil is the positive 

impact of vibro-installation process on the stress state of the soil. Therefore, utilising 

vibro-installation technique to insert stone columns into weak soil transcends a mere 

soil replacement procedure, as this installation method induces horizontal shifting and 

vibration in the soil (Elshazly et al., 2005). 

Since lateral earth pressure influences column yielding and provides a degree of lateral 

support, it plays a significant role in the improvement factor achieved with a stone 

column treatment. Thus, the K value, representing lateral earth pressures, becomes a 

critical parameter in stone column design (Camelo, 2016). 

Installing stone columns disturbs the surrounding soil, particularly when the 

displacement method is employed, altering the characteristics of soft soil. The 

introduction of columns elevates the horizontal stresses of the soil concerning, leading 

to an increase in the lateral earth pressure coefficient (K*). This augmentation in 

effective horizontal stresses, observed after the consolidation phase and cavity 

expansion, contributes to the beneficial effects of column installation in soft soils 

(Castro & Karstunen, 2010). However, disregarding radial stress variations may result 

in overestimating settlements associated with stone columns and underestimating the 

effectiveness of their ultimate capacity (Elshazly et al., 2005). 

Castro and Karstunen (2010) highlighted that plotting the lateral earth coefficient 

reveals a plateau at 4-8 times the column radius (rc) from the column's centreline. As 

depicted in Figure 7, this value should be regarded as the lateral earth stress value once 

the pore pressures generated during construction have dissipated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7: Change in lateral earth coefficient versus distance from the column centre (adapted from 

Castro & Karstunen, 2010). 

Moreover, the numerical results that have been obtained from Castro and Karstunen 

(2010) FEM model and Kirsch (2004,2006) field study have a similar trend. The 
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differences may also be due to remoulding and dynamic impacts that were not 

considered in the model by Castro & Karstunen (2010). See Figure 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: K value of FEM modelling versus Kirsch 2006 field results (adapted from Castro & Karstunen, 
2010). 

Shehata et al. (2018) observed that the most significant impact of lateral earth pressure 

occurs within 1 to 3 times the column radius (rc) from the column centre. Subsequently, 

horizontal movement decreases in a zone spanning 4-8 times the column radius, 

resulting in reduced densification. However, beyond eight times the radii, the influence 

of stone column installation diminishes entirely. 

Guetif et al. (2007) noted that the anticipated increase in effective radial stress in soft 

clay leads to a significant decrease in lateral strains. Consequently, the coefficient of 

lateral earth pressure at rest (K0) rises progressively from the outset and approaches a 

value of one near the column. In calculating settlement in the original soil, Priebe 

assumed a hydrostatic state (K0=1) following stone column installation. According to 

Camelo (2016), the lateral stress coefficient increases from K0 to nearly 2.3 K0 beside 

the column. However, the overall impact of granular column installation 

on K0 disappears within 11 times rc. 

Shien (2013) highlighted that the effect of column installation is more pronounced at 

the column boundary, approximately 3.2 times K0, within the installation zone, 

extending to 12 times rc (see Figure 9). This observation aligns closely with the field 

measurements by Kirsh (2006), indicating the reliability and consistency of the 

findings. Furthermore, Carvajal et al. (2013) emphasised that the lateral earth pressure 

value is the most reliable indicator for assessing soil improvement post-stone column 

installation. Assessing K can be achieved by comparing the cone penetration resistance 

after stone column installation to the tip resistance before the column construction at 

the field. Additionally, the value of K/K0 ranges between 1.5 and 2, with the influence 

diameter measuring 4 to 6 times rc at a depth of 16 metres and between 10 and 14 radii 

at a depth of 6 metres. However, as the column spacing of 1.5 to 2.5 metres that means 

the impact of the stone column installation will primarily affect the unit cell itself, rather 
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than extending beyond its boundaries. Additionally, the overlap of the influence zones 

of adjacent stone columns may lead to increased stress concentrations at the unit cell 

boundaries due to densification, potentially causing the soil to yield earlier 

 

 

 

 

 

 

 

 

 
Figure 9: The lateral stress coefficient values versus distance from column centre (adapted from Shien, 

2013) 

H. Elshazly et al. (2005) pointed out that due to displacements that take place during 

the stone column construction, there is a significant rise in K0 value. As well as the 

lateral earth pressure values are within the range of 1.0 to 1.5 of K0 with an average of 

1.2, and the post-installation values for K* are fit between the initial value K0 and the 

ultimate one Kp, which agrees with (Watts et al., 2000). Table 1 lists various studies 

versus the K* value. 

Table 1: Estimated (K*) values in various studies (a few are adapted from H. Elshazly et al., 2005 & 
Camelo,2016) 

Reference 
Post-installation lateral earth 

pressure coefficient K* 

H. A. Elshazly et al. (2006) 
Between 1.1 and 2.5, with an 

average of 1.5 

Pitt et al. (2003) 
Between 0.4 and 2.2, with an 

average of 1.2 

Watts et al. (2000), Goughnour and Bayuk (1979) Between K0 and Kp 

Priebe (1995) 1.0 

Goughnour (1983), Baumann and Bauer (1974) Between K0 and 1/K0 

H. A. Elshazly et al. (2005) 
Between 1.0 and 1.5, with an 

average of 1.2 

Kirsch (2006) Between 1 and 1.7 of K0 

Castro and Karstunen (2010) 1.4 K0 

Lima (2012) 1.39 

Carvajal et al. (2013) Between 1.5 and 2 of K0 

Camelo (2016) 2.3 K0 

Shien (2013) 3.2 K0 
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4. Constitutive Modelling  

The final load carrying capacity of the geostructure must be evaluated to define its 

performance (Guéguin et al., 2015). To describe soil functionality, the elasto-plastic 

response, and the mode of failure, a variety of constitutive models can be used. The soil 

performance before, during, and after the construction of stone columns can be 

simulated using these models. Some of the techniques for modelling stone columns 

include the following: 

4.1. Elasto-plastic models 

The elasto-plastic model is a sophisticated model that accurately captures the non-linear 

behaviour and dilatancy of soils observed in laboratory tests. This model incorporates 

a yield criterion, an associated flow rule, and a work-hardening law, all of which can 

be calibrated using experimental data obtained from laboratory tests (Guo & Li, 2008). 

Typically, the elastic part of the perfectly plastic models is based on Hook´s law, while 

the plastic one contributes to the conical yield surface (Kok et al., 2009). Uniaxially 

loaded bar is used to clarify the elastic perfectly plastic response (plastic yielding, 

hardening, and softening). In Figure 10, part AB represents the elastic response and is 

governed by Young’s modulus E, and the relation of stress-strain is still constant until 

σy (yield stress). Any deformation after point B is exhibit perfectly plastic behaviour. 

So, if the bar is loaded at point C, the plastic strain 𝜀𝑐
𝑝
 will occur, and the remaining 

strain is defined as d𝜀𝑐
𝑝

= 𝜀𝑐 − 𝜀𝐵 . The figure illustrates the ideal manner of linear 

elastic perfectly plastic (Potts & Zdravkovic, 2001). 

 
 
 
 
 
 
 
 
 
 
 
 

From a geotechnical point of view, Figure 11-a illustrates the softening behaviour 

(shear test for sandy soil), while Figure 11-b shows the hardening one (oedometer test 

for clayey soil).    

 

 

 

 

 

Figure 10: Uniaxial loading, linear elastic perfect plastic behaviour. (adapted from Potts & Zdravkovic.2001)  
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Figure 11: (a) the elasto-plastic for a direct shear test (softening behaviour), and (b) elasto-plastic for 

oedometer test (hardening soil) (adapted from Potts & Zdravkovic. 2001) 

However, elasto-plastic constitutive model includes the following models:   

4.1.1. Mohr-Coulomb model 

Mohr-coulomb failure criterion can be defined as the following Eq. (3) & Eq. (4). 

(Camelo, 2016). 

                                             𝜏𝑓 = 𝑐′ + 𝜎𝑛𝑓
′ 𝑡𝑎𝑛𝜑′                                                                            Eq. (3) 

                                                     𝜎1
′ − 𝜎3

′ = 2𝑐′𝑐𝑜𝑠𝜑′ + (𝜎1
′ + 𝜎3

′)𝑠𝑖𝑛𝜑′                                     Eq. (4) 

𝑐′is the effective cohesion, 𝜑′ is the effective angle of shearing resistance, 𝜏𝑓 stress 

shear, 𝜎𝑛𝑓
′  effective normal stress, 𝜎1

′ = 𝜎𝑣
′  effective vertical stress, and 𝜎3

′ = 𝜎ℎ
′  

effective horizontal stress.  

 

The yield/failure surface, can also be expressed using principal stresses as: 

  

                        𝐹({𝜎′}) =  𝜎1
′ − 𝜎3

′ − 2𝑐′𝑐𝑜𝑠𝜑′ − (𝜎1
′ + 𝜎3

′)𝑠𝑖𝑛𝜑′                            Eq. (5) 

If               𝑗 =
1

√6
√( 𝜎1

′ − 𝜎2
′)2 + (𝜎2

′ − 𝜎3
′)2 + (𝜎3

′ − 𝜎1
′)2 

                  𝑝′ =
1

3
( 𝜎1

′ +  𝜎2
′ +  𝜎3

′) 

                  𝜃 = 𝑡𝑎𝑛−1 [
1

√3
(2 

𝜎2
′−𝜎3

′

𝜎1
′−𝜎3

′ − 1)] 

                 𝑔 (𝜃) =
sin 𝜑′

cos 𝜃+
𝑠𝑖𝑛𝜃𝑥𝑠𝑖𝑛𝜑′

√3

 

 

Eq. (5) can be written as 

                                      𝐹({𝜎′}) = 𝑗 − (
𝑐′

𝑡𝑎𝑛𝜑′
+ 𝑝′) 𝑔(𝜃) = 0                                    Eq. (6) 

4.1.2. Cam-Clay model 

In the isotropic triaxial test, the clay sample compresses in the void-logarithm of mean 

effective stress (v-ln p´) space, along to the virgin consolidation line. In the unloading 

stage, the sample will heave/swell along the swelling line. When it is reloaded again, 

the sample will compress along the same swelling line and then after yield follows the 
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virgin consolidation line (Camelo, 2016). The following Figure 12 illustrates the virgin 

consolidation and the swelling line.  

 

 
 
 
 
 
 
 
 
 

Figure 12:Virgin consolidation and swelling line in isotropic triaxial test. 

The equation of virgin consolidation is    𝜈 + 𝜆(𝑙𝑛 𝑝´) = 𝜈1                                 Eq. (7) 

and for the swelling line is                       𝜈 + 𝑘(𝑙𝑛 𝑝′) = 𝜈𝑠                                 Eq. (8)     

Where the compressibility index 𝜆 and the swelling index 𝑘 are clay soil parameters, 

and 𝜈𝑠 varies according to the swelling line.  

The deformations within virgin consolidation are plastic, while for the swelling line is 

elastic. Furthermore, the yield surface equations for both CAM-Clay and the modified 

CAM-Clay are:  

       𝐹({𝜎′}, {𝑘}) = 𝑞 + 𝑀𝑝′𝑙𝑛 (
𝑝′

𝑝0
′ ) = 0                𝑓𝑜𝑟 𝐶𝐴𝑀𝐶𝑙𝑎𝑦                          Eq. (9) 

      𝐹({𝜎′}, {𝑘}) = (
𝑞

𝑝′)
2

+ 𝑀2 (1 −
𝑝0

′

𝑝′) = 0        𝑓𝑜𝑟 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐶𝐴𝑀 𝐶𝑙𝑎𝑦       Eq. (10)             

where M is the slope of the critical state line (CSL) in 𝑞 − 𝑝′space and it relates to the 

critical state friction angle.  

𝑞 = 𝜎1
′ − 𝜎3

′  

𝑝′ =
𝜎1

′ + 2𝜎3
′

3
 

𝑝0
′   is the isotropic pre-consolidation stress.  

The pre-consolidation pressure 𝑝0
′ , which is related to plastic volumetric strain 𝑑𝜀𝜈

𝑝
 

defines the size of the yield surface by the following equation.  

                                                    
𝑑𝑝0

′

𝑝0
′ = 𝑑𝜀𝜈

𝑝 𝜈

𝜆−𝑘
                                 Eq. (11)                                        

The Figure 13 illustrated the CAM-Clay and modified CAM-Clay yield surfaces 
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Figure 13: Both CAM Clay model and modified CAM Clay model yield surface (adapted from Potts & 

Zdravkovic. 2001) 

4.1.3. Soft Soil model  

According to Neher and Wehnert (2001) the Soft Soil model is based on a modified 

CAM Clay model with an assumption of a logarithmic relation between the volumetric 

strain 𝜀𝜈  and the effective stress p´, thus using the modified compression index 𝜆∗ 

instead 𝜆 The yielding on virgin isotropic compression can be described as: 

                                 𝜀𝜈 − 𝜀𝜈0
= 𝜆∗𝑙𝑛 (

𝑝′

𝑝0
′ )                                                            Eq. (12) 

and for isotropic loading and reloading case, where 𝜅∗ is the modified swelling index 

the Eq. (12) can be rewritten as  

                                   𝜀𝜈
𝑒 − 𝜀𝜈0

𝑒 = 𝜅∗𝑙𝑛 (
𝑝′

𝑝0
′ )                                                                      Eq. (13)   

Assuming the behaviour is elastic, so Eq. (13) implies linear stress as the following Eq. 

(14) 

                                  𝐸𝑢𝑟 = 3(1 − 2𝜈𝑢𝑟)
𝑝′

𝜅∗                                                         Eq. (14)    

where subscript (ur) represents the unloading and reloading situation. The yield 

function for a triaxial test of SS-model is   

                                        𝑓 = 𝑝𝑒𝑞 − 𝑝
𝑝
𝑒𝑞                                                                             Eq. (15)                       

The 𝑝𝑒𝑞 is the actual stress state and pp
eq

 is the equivalent pre-consolidation stress are 

defined by the following equations (Neher & Wehnert, 2001). See Figure 14.  

                                      𝑝𝑒𝑞 =
𝑞2

𝑀2(𝑝′+𝑐′ 𝑐𝑜𝑡𝜑′)
+ (𝑝′ + 𝑐′ 𝑐𝑜𝑡𝜑′)                                 Eq. (16)                    

                                    𝑝𝑝
𝑒𝑞 = 𝑝𝑝0

𝑒𝑞𝑒𝑥𝑝 (
𝛥𝜀𝜈

𝑝

𝜆∗−𝜅∗
)                                                      Eq. (17) 

where 𝜀𝜈
𝑝
is volumetric plastic strain 
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Figure 14: The yield surface in the p’-q plane for the SS-model (adapted from Neher & Wehnert, 2001) 

4.2. Elastic-viscoplastic model 

This model assumes that the response of the material is influenced by the rate at which 

it is loaded, exhibiting a rate-dependent or 'viscous' property. The dependence of the 

undrained shear strength and the pre-consolidation pressures on the loading rate and the 

size of the yield surface demonstrates this. The basis of viscoplastic straining is the 

gradual adjustment of particle contacts over time. Creep is a fundamental example of 

this process; it involves gradually developing plastic strains under constant stress 

conditions (Kelln et al., 2008). The Elastic-viscoplastic model includes the following 

constitutive soli models: 

4.2.1. Soft Soil-creep model  

Buisman (1936) indicated that the consolidation theory cannot fully explain the soft 

soil settlement. The equation that represents the creep was proposed by Butterfield 

(1979) 

                            𝜀𝐻 = 𝜀𝑐
𝐻 + 𝜇∗ 𝑙𝑛 (

𝜏𝑐+𝑡′

𝜏𝑐
)                                                    Eq. (18) 

where 𝜀𝑐
𝐻 is the deformation during consolidation, 𝜇∗ is modified creep index, and 𝜏𝑐 

is a parameter related to both the test geometry and consolidation. See Figure 15. 

 
 
 
 
 
 
 
 
 
 

Figure 15: Soft soil consolidation behaviour (a), and creep behaviour (b) (adapted from Neher 
&Wehnert, 2001) 

The strain rate can be computed from the following Eq. (19) 

                                 𝜀̇ =
𝜇∗

𝑡′+𝜏𝑐
      𝑜𝑟     

1

𝜀̇
=

𝑡′+𝜏𝑐

𝜇∗                                           Eq. (19) 
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where the dot refers to differentiation with time. The creep index 𝜇∗can be included in 

the last equation to get the total volumetric strain        

                             𝜀𝜈 = 𝜀𝜈
𝑒 + 𝜀𝜈

𝑐𝑟 = 𝜀𝜈𝑐
𝑒 + 𝜀𝜈𝑐

𝑐𝑟 + 𝜀𝜈𝑎𝑐
𝑐𝑟 = 

                                     𝜅∗𝑙𝑛 (
𝑝′

𝑝0
′ ) + (𝜆∗ − 𝜅∗) ln(

𝑝𝑝𝑐
′

𝑝𝑝0
′ )+𝜇∗𝑙𝑛 (

𝜏𝑐+𝑡′

𝜏𝑐
)                     Eq. (20)               

𝜀𝑣 is the total volumetric change when the stress increases from 𝑝0
′ to 𝑝′ within period 

𝑡𝑐 + 𝑡′. However, the volumetric strain contains the elastic part (e) and visco-plastic 

creep part (cr). Creep strains are divided into a part that takes place before consolidation 

(c) and other parts after consolidation (ac). Eq. (20) can only be applied for constant 

effective, but when the impact is transitive or continuous, another equation should be 

applied (Neher & Wehnert, 2001), see Figure 16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 16: The logarithmic relation between the volumetric strain (inclusion creep) and mean applied 

stress (adapted from Neher & Wehnert, 2001) 

If the inelastic strain is considered as time independent, and the pre-consolidation stress 

is related to the amount of the accumulated creep strain by time Eq. (20) can be written       

                        𝜀𝜈 = 𝜀𝜈
𝑒 + 𝜀𝜈

𝑐𝑟 = 𝜅∗𝑙𝑛 (
𝑝′

𝑝0
′ ) + (𝜆∗ − 𝜅∗)𝑙𝑛 (

𝑝𝑝𝑐
′

𝑝𝑝0
′ )                         Eq. (21)                

𝑝𝑝
′ = 𝑝𝑝0

′ 𝑒𝑥𝑝 (
𝛥𝜀𝜈

𝑐𝑟

𝜆∗−𝜅∗) ,  so    𝜀𝜈𝑎𝑐
𝑐𝑟 = (𝜆∗ − 𝜅∗)𝑙𝑛 (

𝑝𝑝
′

𝑝𝑝𝑐
′ ) = 𝜇∗𝑙𝑛 (

𝜏𝑐+𝑡′

𝜏𝑐
)                  Eq. (22)      

By combining Eq (20) and Eq (21)   

                        𝜀𝜈𝑎𝑐
𝑐𝑟 = 𝜀𝜈

𝑐𝑟 − 𝜀𝜈𝑐
𝑐𝑟 = (𝜆∗ − 𝜅∗)𝑙𝑛 (

𝑝𝑝
′

𝑝𝑝𝑐
′ ) = 𝜇∗𝑙𝑛 (

𝜏𝑐+𝑡′

𝜏𝑐
)                           Eq. (23) 

Nonetheless, if the applied load is within constant time 𝑡𝑐 + 𝑡′ = 𝜏 (assumed 24 

hours), and 𝑝𝑝
′ = 𝑝′ so the OCR= 1, Eq. (23) can be written  

                               (𝜆∗ − 𝜅∗)𝑙𝑛 (
𝑝′

𝑝𝑝𝑐
′ ) = 𝜇∗𝑙𝑛 (

𝜏𝑐+𝜏−𝑡𝑐

𝜏𝑐
)                                                Eq. (24)       

As 𝜏𝑐 − 𝑡𝑐 is very small, so    
𝜏

𝜏𝑐
= (

𝑝′

𝑝𝑝𝑐
′ )

𝜆∗−𝜅∗

𝜇∗

 ,  and the deferential creep formulation 

will be 
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              𝜀𝜈̇ = 𝜀𝜈̇
𝑒 + 𝜀𝜈̇

𝑐𝑟 = 𝜅∗ (
𝑝̇′

𝑝′) +
𝜇∗

𝜏𝑐+𝑡′ = 𝜅∗ (
𝑝̇′

𝑝′) +
𝜇∗

𝜏𝑐
(

𝑝𝑝𝑐
′

𝑝𝑝
′ )

𝜆∗−𝜅∗

𝜇∗

                   Eq. (25) 

4.2.2. SCLAY1 model 

Many constitutive models can be applied to simulate the anisotropic, plastic behaviour 

of the soil. The SCLAY1, which was proposed by Wheeler et al. (2003), has advantages 

over other frameworks, such as simple formulation, realistic prediction of K0, and the 

fact that the used parameters can be extracted from laboratory tests. Besides, the model 

has successfully compared with different tests results from various locations 

(Karstunen et al., 2005).  

Gens and Nova (1993) produced a general framework to combine bonding and 

destructuration within the elasto-plastic model, where the concept off an intrinsic yield 

surface is adopted in addition to the actual yield surface for the natural material (i.e., 

intrinsic yield surface shows the actual size of the yield surface in case there is no 

bonding). Various similar models were presented, like Kavvadas and Amorosi 2000; 

Nova et al. 2003, yet none of them considered the anisotropic behaviour, which is a 

typical for natural soft clays.  

SCLAY1S, developed by Koskinen et al. (2002) as an improved model for SCLAY, 

considers destructuration, bonding, and plastic anisotropy. Figure 17 shows the 

SCLAY1S yield surface in three dimensions space and triaxial stress space. 

 
 
 

 
 
 
 
 
 
 
 

Figure 17: The S-CLAY1S model: (a) three-dimensional space, and (b) triaxial stress space (adapted 
from Karstunen et al., 2005). 

In three-dimensional space the yield surface of S-CLAY1S is defined by the 

following equation Eq. (26) 

𝑓 =
3

2
[{𝜎𝑑 − 𝑝′𝛼𝑑}𝑇{𝜎𝑑 − 𝑝′𝛼𝑑}] − [𝑀2 −

3

2
{𝛼𝑑}𝑇{𝛼𝑑}] (𝑝𝑚

′ − 𝑝′)𝑝′ = 0        Eq. (26) 

where 𝜎𝑑  is the deviatoric stress tensor, 𝑝′  is the mean effective stress, 𝛼𝑑  is the 

deviatoric fabric tensor, which is a dimensionless second-order tensor to describe the 

anisotropy, M is the critical state slope value in the stress ratio in triaxial space, and 𝑝𝑚
′  

defines the actual size of the yield surface. Zentar et al. (2004) show how the primary 

values of deviatoric fabric tensor  𝛼𝑑 can be computed. 
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When both the material and stress state cross the anisotropic and the isotropic plan of 

material accompany with the stress isotropy plan, the inclination of yield surface in 

𝑝′ − 𝑞 (q is the deviatoric stress) can be applied instead of 𝛼𝑑(i.e., in-situ situation 

before load application).  

Furthermore, Gens and Nova (1993) described the bonding effect using an intrinsic 

yield surface. It has the same shape and slope as the real yield surface, while Eq. (27), 

describes the relation between 𝑝𝑚
′   and 𝑝𝑚𝑖

′ . Where 𝑥 is amount of bonding. 

                                               𝑝𝑚
′ = (1 + 𝑥)𝑝𝑚𝑖

′
                                                                             Eq. (27) 

The increase in intrinsic yield surface is connected to plastic volume strain 

incrementation. Eq. (28). 

                                              𝑑𝑝𝑚𝑖
′ =

𝑢𝑝𝑚𝑖
′

𝜆𝑖−𝜅
𝑑𝜀𝜐

𝑝
                                                                   Eq. (28) 

where 𝜐 is the specific volume, 𝜆𝑖  is the inclination of the normal compression plane in 

(𝑙𝑛𝑝′ − 𝜐) space, and 𝜅 is the slope of swelling in compression plane. The following 

equation, Eq. (29). shows the second hardening law, which describes the new angle of 

the yield surface because of the plastic strain. 

                     𝑑𝛼𝑑 =  𝜇 ([
3𝜂

4
− 𝛼𝑑] 〈𝑑𝜀𝜐

𝑝〉 + 𝛽 [
𝜂

3
− 𝛼𝑑] 𝑑𝜀𝜐

𝑝)                              Eq. (29) 

𝜂 =  𝜎𝑑 𝑝′⁄  is the tensional equivalent for stress ratio, and 𝑑𝜀𝜐
𝑝
is the plastic deviatoric 

incrimination. While 𝜇, 𝛽   represent the rate at which 𝛼𝑑 moves to its target value for 

both plastic deviatoric and plastic volumetric strains in rotating yield surface (Wheeler 

et al., 2003). 

The third hardening model illustrates the deterioration of bonding. It assumes both the 

plastic volumetric strain and plastic deviatoric strain. Eq. (30). 

                               𝑑𝑥 = −𝑎𝑥(|𝑑𝜀𝜐
𝑝| + 𝑏|𝑑𝜀𝜐

𝑝|)                                                 Eq. (30) 

The constant (a) defines the absolute rate of deterioration, while the constant (b) 

describes the comparative effectiveness strains of both plastic deviatoric and plastic 

volumetric at bond degradation (Koskinen et al., 2000).   

4.2.3. Creep-SCLAY1 model 

The simplicity of this model is all the parameters can be obtained from triaxial stress 

space, which can be achieved by subjecting vertically cut, anisotropic sample of soil to 

oedometer or triaxial test (Sivasithamparam et al., 2015).  

Where the stress quantities both the mean effective stress 𝑝´ =
𝜎´𝑎+2𝜎´𝑟

3
   and the 

deviator stress 𝑞 = 𝜎´𝑎 − 𝜎´𝑟  and the strain quantities both volumetric strain 𝜀𝜗 =

𝜀𝑎 + 2𝜀𝑟 and the deviator strain  

𝜀𝑞 = 2(𝜀𝑎 − 𝜀𝑟)/3 where a and r represent the axial and radial direction respectively. 

Both plastic and creep are included in one law  

                                                       𝜀𝜗̇ = 𝜀𝜗̇
𝑒 + 𝜀𝜗̇

𝑐
                                                                 Eq. (31) 
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                                                      𝜀𝑞̇ = 𝜀𝑞̇
𝑒 +  𝜀𝑞̇

𝑐
                                                                   Eq. (32) 

where the dot refers to differentiation with time, e for elastic part and c for creep part.  

The base of this model is there is no pure elastic domain, where the following equations 

illustrates the isotropic and deviatoric elastic part 

                                                             𝜀𝜗̇
𝑒 = 𝑝̇´/𝐾                                                    Eq. (33) 

                                                             𝜀𝜗̇
𝑒 = 𝑞̇/3𝐺                                                    Eq. (34) 

Where 𝐾 = 𝑝´/𝜅∗is the bulk modulus, 𝐺 = 3𝑝´/2𝜅∗ (
1−2𝜐´

1+𝜐´
) is elastic shear modulus, 

𝜅∗ is modified swilling index, and 𝜐´ is Poisson’s ratio. 

The outer ellipse is the boundaries between small and large strains (see Figure 18) 

where volumetric creep strain defines the ellipse size according to the following 

hardening law Eq. (35).  

                                                                        𝑝´ =  𝑝´𝑝0 𝑒𝑥𝑝 (
𝜀𝜗

𝑐

𝜆∗−𝜅∗
)                                                 Eq. (35) 

𝜆∗ is modified compression index, and the isotropic preconsolidation pressure 𝑝´𝑝0   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Current state surface (CSS) and Normal consolidate surface (NCS) in Creep-SCLAY1S model 
to the left, and the Creep-SCLAY1 in general stress space to the right (adapted from Sivasithamparam 

et al., 2015) 

The inner ellipse represents the Current state surface, while 𝑝´𝑒𝑞  the equivalent mean 

stress can be defined by the following equation 36. 

                                                        𝑝´𝑒𝑞 = 𝑝´ +  
(𝑞−𝛼𝑝´)2

(𝑀2(𝛩)−𝛼2)𝑝´
                                        Eq. (36) 

where 𝛼 is a scalar quantity that employed to describe the normal consolidation surface 

and current stress surface, and 𝑀(𝜃) is dependent load angle stress ratio at critical state.  

By applying the concept of a constant rate of visco-plastic multiplier, the creep can be 

calculated by the following equation 37 

                                            𝛬̇ =
𝜇∗

𝜏
(

𝑝´𝑒𝑞

𝑝´𝑝
)

𝛽

(
(𝑀2(𝜃)−𝛼

𝐾0
𝑁𝐶

2 )

(𝑀2(𝜃)−𝜂
𝐾0

𝑁𝐶
2 )

)                                         Eq. (37) 
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where  𝜂
𝐾0

𝑁𝐶
2 =

3(1−𝐾0
𝑁𝐶)

(1+2𝐾0
𝑁𝐶)

 , while this part of equation (
(𝑀2(θ)−𝛼

𝐾0
𝑁𝐶

2 )

(𝑀2(θ)−𝜂
𝐾0

𝑁𝐶
2 )

)  to ensure the 

inclusion of oedometer test, 𝛼𝐾0
𝑁𝐶  is the ellipse inclination in normally consolidate 

state, 𝜇∗ is the modified creep index, and 𝜏 is time reference and usually is equal to 24 

hours. For a standard oedometer 𝛽 =
𝜆∗−𝜅∗

𝜂∗  , 𝜂∗ =  
𝐶𝛼

𝑙𝑛10(1+𝑒0
 

To conclude the changes of the normal consolidation surface orientation with creep 

straining, Creep-SCLAY1 model employs rotational hardening law that allows the 

evolution of anisotropy simulation. Equation 38 shows the rotational hardening law 

                                𝑑𝛼 =  𝜔 ([
3𝜂

4
− 𝛼] 〈𝑑𝜀𝜗

𝑐 〉 + 𝜔𝑑 [
𝜂

3
− 𝛼] |𝑑𝜀𝑑

𝑐|)                               Eq. (38) 

where 𝜔𝑑  a soil constant that lies between  
𝜂

3
  and 

3𝜂

4
  and defines the relative 

effectiveness of creep shear strains and volumetric strains, 𝜔 defines the absolute rate 

of yield surface rotation towards the value of 𝛼, while  〈𝑑𝜀𝜗
𝑐  〉 = 𝑑𝜀𝜗

𝑐  if 𝑑𝜀𝜗
𝑐 > 0 and 

〈𝑑𝜀𝜗
𝑐  〉 = 0 if 𝑑𝜀𝜗

𝑐 < 0 

As the Creep-SCLAY1 model assumes flow-rule association so the creep strain rate 

calculates as the following equation 39 

                                         𝜖𝜗̇ = 𝛬̇
𝜕𝑝´𝑒𝑞

𝜕𝑝´
  and  𝜖𝑞̇ = 𝛬̇

𝜕𝑝´𝑒𝑞

𝜕𝑞
                                    Eq. (39) 

M is a function for load angle 𝜃 is calculated as Eq. 40. 

                                                        𝑀(𝜃) = 𝑀𝑐 (
2𝑚4

1+𝑚4+(1−𝑚4)𝑠𝑖𝑛3𝜃𝛼
)

0,25

                          Eq. (40) 

m = Me/Mc where Mc is the value of M in compression when 𝜃 = −30𝑜 

                              Me is the value of M in extension when 𝜃 = −30𝑜 

while the modified load angle 𝜃𝛼 that corresponds to 𝛼 line is calculated as  

                                                   𝑠𝑖𝑛3𝜃𝛼 = − [
3√3(𝐽3)𝛼

2 (𝐽2)𝛼
3/2 ]                                                     Eq. (41) 

where (𝐽2)𝛼  and (𝐽3)𝛼  are the second and third invariants of the modified stress 

deviator 𝑞 − 𝛼𝑝´ (Sivasithamparam et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

 



  
 

CHALMERS. Architecture and Civil Engineering. Master’s Thesis ACEX99                26 
 

5. Stone column design methods 

Installing stone columns essentially speeds the consolidation and increases the bearing 

capacity of the soft soil. By reducing the void ratio in the effect zone and releasing 

excess pore water pressure, the stone columns can improve soft soil characteristics 

(Jakati et al., 2019). However, settlement behaviour tends to gover the stone column 

design. Whereas most analytical design techniques offer a direct prediction of a 

settlement improvement factor (n), which is defined as the ratio of untreated ground 

settlement (s0) divided by the settlement of the reinforced ground by granular columns 

(st) at a given time t.  

                                                        𝑛 = 𝑠0 𝑠𝑡⁄                                                     Eq. (42)                                                                         

From Eq. (31), the expected improved settlement can be calculated    

                                               𝑠𝑡 = 𝑠0 𝑛⁄                                                  Eq. (43)  

For a large area, the untreated soil settlement factor can be extracted from elastic theory 

Eq. (33), where Pa is the applied pressure, H is the thickness of the treated earth layer, 

and Eoed is the oedometric soil modulus (Sexton et al., 2013). 

                                                      𝑠0 = 𝑃𝑎 . 𝐻 𝐸𝑜𝑒𝑑⁄                                                         Eq. (44)  

Generally, for the analytical design method, the factor (n) is related to the area 

replacement ratio (ARR=Ac/A). Moreover, additional significant factors are 

incorporated into analytical formulations, including the modular ratio, load level, 

installation effects, and the friction and dilatancy angles of the column material (Sexton 

et al., 2013). 

Greenwood (1970) presented the empirical and analytical formulas for determining the 

capacity of individual stone columns. This calculation method utilizes passive 

horizontal pressure on the soil and assumes the presence of a bulging stone column. 

Furthermore, Vesic (1972) was the first to depict and analyse the bulging mechanism. 

Leveraging cavity expansion theory, Vesic could ascertain the soil stresses around the 

stone column. Mecsi (2013) later elaborated on the principles and application of cavity 

theory in addressing recent geotechnical challenges. 

Madhav and Vitkar (1978) introduced the initial theoretical method to calculating the 

bearing capacity of a single column. Conversely, Priebe (1995) focused on predicting 

the capacity of groups of stone columns. Priebe's methodology involved developing a 

general shear-failure model and assuming the complement lengths for the foundation 

(i.e., the area of load distribution on soil and stone column). It was presumed that the 

shear angle and cohesion value of the original soil equated to those of the foundation. 

Hu (1995) and Shahu and Reddy (2011) emphasized that the predominant failure 

pattern for stone column-reinforced ground is the shear failure. However, Stuedlein and 

Holtz (2013) highlighted that the existing analytical methods do not encompass all 

scenarios, including settlement-based ones. 
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Two main approaches are applied to design the stone column: 

5.1. Single column approach  

This way assumes that the stone column will behave and collapse independently of the 

other columns. Accordingly, many methods treat the column as a singular pile.  

However, it is uncommon to apply granular columns individually. Thus, calculating the 

capacity of the column group by multiplying the capacity of an individual column by 

the total number of columns is considered conservative. (Sondermann et al., 2016). 

Figure 19 illustrates the potential failure mode of a single column. 

 

 

 

 

 

 
Figure 19: The possible failure modes of single stone column” bulging of long column, shearing failure 
of short column, sinking of floating column, and bulging in deep soft clay from left to right (adapted 

from Kirsch and Kirsch. 2010) 

5.2. Group of columns approach 

Typically, a substantial quantity of stone columns is utilized as the required 

improvement will be over a spread ground area. While the performance of a group of 

columns differs significantly from that of a single column, the behaviour also varies 

depending on whether there is a rigid foundation or a flexible load transfer platform in 

place (Sondermann et al., 2016). Wood et al. (2000) highlighted the importance of the 

area replacement ratio, and distinctions between single columns and groups regarding 

load distribution and interaction. Figure 20 shows the possible failure mechanism for a 

group of columns. 

 

 

 

 

 

Figure 20: The different failure modes for group of stone columns (adapted from Kirsch and Kirsch. 
2010) 

Babu et al. (2012) identified five primary numerical methodologies for the design of 

stone columns. They are as follows: (i) The axisymmetric design, which is a "unit cell" 

made up of just one column and the surrounding affected soil (Area replacement ratio) 

(Balaam & Booker, 1981); (ii) The plane strain model, in which the columns are 

modelled as stone trenches, which are frequently applied with long period loads, like 



  
 

CHALMERS. Architecture and Civil Engineering. Master’s Thesis ACEX99                28 
 

embankments (Van Impe & De Beer, 1983); (iii) The axial symmetry technique, where 

stone rings are modelled in place of cylindrical columns to simulate its behavior under 

circular loads, like tanks (Elshazly et al., 2008); (iv) The homogenization technique, 

which can be used to model the improved homogeneous soil with stone columns using 

the composite soil parameters (Jellali et al., 2005) and (Abdelkrim & Buhan, 2007); (v) 

FEM model (3D), which counts as a complex simulation for stone column (Weber at 

al., 2008) 

The following is a detailed discussion of some of the applied design methods:  

5.3. Unit cell (UC) method 

The base of the unit cell concept is the idea of a large grid with uniformly spaced 

columns under a constant load. Since all the columns will behave similarly, as a result 

an investigation of only one column and its contributed soil area will be sufficient (Ng 

& Tan, 2014). Because of the symmetry conditions, it is supposed that there are no 

shear stresses around the perimeter of the unit cell. Columns close to the boundary of 

the loaded area boundaries are exempt from the unit cell method, as the applied stress 

will be minimal (i.e., only vertical displacements and water seepage are applied) 

(Sexton et al., 2013; Castro, 2017). However, Barksdale and Bachus (1983) pointed out 

that in the unit cell model, the columns experienced shearing force, particularly at the 

edge of the improved area. See Figure 21. 

 

 

 
                                                                     

  

 
 

Figure 21: Unit cell design method. (adapted from Sondermann et al., 2016) 

The unit cell method is based on the idea of strain compatibility, which states that 

vertical strains in any horizontal plane are equivalent (i.e., the equilibrium method). 

This indicates that the vertical deformation in the soil and column at the top of the cell 

is the same. See Eq. (34). These assumptions make sense for columns with uniform 

loading in a large grid (Sondermann et al., 2016; Sexton et al., 2013). Both the 

settlement of untreated ground and the settlement after ground improvement can be 

calculated as Eq. (32,33). 

                                           𝑃𝑎𝐴 = 𝜎𝑐𝐴𝑐 + 𝜎𝑠(𝐴 − 𝐴𝑐)                                        Eq. (45) 

Where Pa is the applied load, Ac, A are column and effective area respectively, and 

𝜎𝑐, 𝜎𝑠 are the stresses in column and soil respectively. 

Castro (2017) indicated that the ratio of the loaded area and the thickness of the soft 

soil layer B/H should be large enough, so that the oedometer condition is still 

applicable. However, in reality, the applied loads spread according to depth (i.e., in a 
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nearly trapezoidal form), see Figure 22. Because the unit cell model does not consider 

the load distribution with depth, its conclusions are therefore conservative.   

 

 
 

 

 

 

 

 
Figure 22: Soil stress distribution under foundation (a) for end bearing column and (b) for floating one 

(adapted from Castro, 2017) 

5.4. Homogenization method 

Homogenization is a prevalent technique for analysing the enhanced shear strength of 

treated ground. This method assumes uniform shear strength parameters within the 

improved ground. The composite parameters, which represent the equivalent shear 

strength characteristics of the treated ground, are determined through the area 

replacement ratio (ARR) or, more practically, a stress concentration ratio (SCR). See 

Eq. (44). Because this method calculates a weighted average of inputs that excludes the 

influence of column installation (such as densification and column stiffness), it is 

considered conservative (Sondermann et al., 2016; Castro, 2017). 

                                      𝐸𝑚 = 𝐸𝑠(1 − 𝑎𝑟) + 𝐸𝑐𝑎𝑟                                                                     Eq. (46) 

Where m is the equivalent for homogeneous soil, ar is area replacement ratio, and Es, 

Ec is Young’s modulus for soil and column respectively. 

Ng and Tan (2015) proposed a novel simplified design model, based on a semi-

empirical homogenization model, to predict both the settlement and consolidation time 

of stone columns. The Equivalent Column Method (ECM) principle relies on the elastic 

perfectly plastic theory, making it superior to previous methods as it accounts for plastic 

strain resulting from pressure increase. However, this approach overlooks changes in 

permeability and consolidation coefficient during consolidation or loading. 

Guéguin et al. (2015) introduced an integral yield design homogenization method for 

computing the strength characteristics of improved soil. This method offers two key 

advantages: it requires few parameters and maintains the constraints on the upper and 

lower bounds of the obtained domains. The differences between these bounds did not 

exceed 16%, indicating its accuracy as a method. 

5.5. Plane Strain (PS) method 

Various stone-column design methodologies utilize the stress concentration ratio (SCR) 

to calculate equivalent shear strength parameters. The SCR typically rises with soil 

consolidation (Barksdale & Bachus, 1983). Factors such as the length of the columns, 

the angle of shearing, and the ratio of Young’s modulus (Esc/Es), along with the area 



  
 

CHALMERS. Architecture and Civil Engineering. Master’s Thesis ACEX99                30 
 

replacement ratio (ARR), collectively influence the SCR (Sondermann et al., 2016). 

While the unit cell model is employed for individual columns, the plan strain method 

is applied for groups of columns, such as column trenches (Gaber et al., 2018b). 

Van Impe and De Beer (1983) proposed an analytical method that assumed the soil and 

columns have similar drainage properties, while the group of columns is simulated as a 

trench of gravel that has the same ARR. See Figure 23. According to Castro (2017), 

this method is reasonable as it counts both the same properties for soil and column and 

the same ARR. However, it has two drawbacks: the ARR is small, so that the trench 

will be slender, and the confining properties of the stone column are not similar to those 

of trench one. 

 

 

 

 

 

 

Figure 23: Column confining and seepage pattern vs trench confining pattern (adapted from 
Castr,2017) 

Moreover, Tan et al. (2008) proposed two ways to define an equivalent for stone trench 

and soil properties, but they are not practical. The equation used to define the trench 

and soil elastic modulus is only applied to elastic behaviour (Castro, 2017). 

However, Gaber et al. (2018b) observed a slightly higher SCR in unit cell design 

compared to plan strain design. In the unit cell design method, the SCR ranged between 

2.48 and 3.14, whereas in the plan strain method, it ranged between 1.76 and 2.93. 

Moreover, the settlement improvement factor (SIF) was more significant in plan strain 

design than in unit cell design, possibly due to the inclusion of friction and interaction 

between the columns and the soil in the plan strain model (Gaber et al., 2018a). 

Furthermore, regardless of the modelling technique employed, increasing the diameter 

of the columns, decreasing the spacing between them, and boosting the friction angle 

all lead to decreased settlement and enhanced pore pressure dissipation (Gaber et al., 

2018a). 

5.6. Finite Element Method (FEM) 

Research using finite element models is usually more comprehensive, but it also 

requires a good understanding of the modelling techniques. While the application of 

ground improvement techniques, such as stone columns, has increased because of 

worries about the environment and the growing projects constructed on soft soils, the 

analysis of stone column modelling seems like an interesting and useful advancement 

(Castro, 2017). 
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Many simplifications that applied in semi-empirical or analytical methods can be 

overcome using finite element (FE) and finite difference modelling tools. Time effects, 

different load scenarios, differences in soil properties, and variations in geometry across 

the issue space can all be considered with modern FE models (Sondermann et al., 2016). 

Balaam developed a model for an enhanced soft clay that allows measuring the 

influence of the stone columns on deformation. Additionally, Balaam and Booker 

(1981) conducted many studies on the deformation behaviour of columns group that 

support rigid slabs. Mitchell and Huber (1985) compared their model of axisymmetric 

finite-element of group of columns with the field results, while Kirsch and Sondermann 

(2003) produced a 3D model and compared the results with a practical study. Kirsch 

also applied the FE model to examine the installation impact and settlement response 

of the column group (Sondermann et al., 2016). 

Initially, unit cell modelling was employed in FE methods, but Wehr and Herle utilized 

the Plane Strain (PS) model to predict ground deformation. Weber stratified it to define 

equivalents for certain soil parameters, like permeability. Tan introduced two simple 

design methods for modelling granular columns without altering the permeability. 

Recently, numerous stone column models have integrated 3D modelling to study 

arching, stress concentration, and soil-column interaction. Primarily, it is important to 

assess the influence of permeability on soil consolidation in terms of pore pressure and 

deformation changes (Sondermann et al., 2016). 

Despite its efficiency, the FE method involves simplifications that must be accounted 

for during modelling. For instance, accurately predicting installation effects, such as 

densification of silt and sands or initial loss and subsequent gain of shear strength in 

soft clays, poses significant challenges. Another example is the impact of erecting a 

working platform on soft clays, which can shift or disturb the clay and alter the initial 

strength profile of the in-situ ground. Thus, calibrations are essential since 

simplifications are inherent even in the most intricate models (Sondermann et al., 

2016). 
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6. Case Study 

The design of foundations is a major concern in regions with very soft soil conditions. 

This soil type often exhibits low bearing capacity, excessive settlement, and potential 

structural instability (Borges et al., 2009). However, amidst these challenges, stone 

columns offer a promising solution. When used for stability improvement, stone 

columns can effectively reduce and accelerate settlements (Borges et al., 2009), 

demonstrating their potential to address the issues posed by soft soil conditions. 

While stone columns can be effective in improving soft soils, their use in very soft clay 

poses several challenges. The properties of soft soil, such as collapsing boreholes, 

excessive soil displacement, and clogging of column materials, can hinder the 

construction process. Moreover, the tendency of the clay to deform and move over time 

can cause the stone column to bulge, reducing its load-bearing capacity and 

compressibility. Furthermore, the long-term performance of stone columns in soft clay 

is uncertain, which can lead to differential settlement of the foundation despite of the 

applied improvement method. Additionally, the lack of visibility into the installation 

process and gravel behaviour within the soft soil adds to the complexity of the process. 

This project launches a comprehensive study and exploration into the suitability of a 

stone column as a ground improvement method for extremely soft soil (Swedish soil). 

Various constitutive models (Soft Soil (SS), Soft Soil-creep (SSC), and Creep-

SCLAY1S are applied to study the problem using the Unit cell (UC) method in Plaxis 

2D. The aim is to develop Priebe-type diagrams for each soil model. 

6.1. Numerical Model 

By applying the UC model for stone column analysing, the numerical model study will 

be limited to the final settlement and consolidation, without considering the stability. 

Namely, UC model is not suitable for determining the stability of the reinforced ground 

(Castro, 2017). See Table 2. 

Table 2: The suitability of different geometrical models for various types of stone column studies as an 
embankment foundation (adapted from Castro. 2017) 

Geometrical Model  Final Settlement Consolidation Stability 

Unit Cell (UC) *** *** x 

Plane Strain (PS) (gravel trench)  ** ** ** 

Homogenization ** * * 

3D Slice  *** *** *** 

*** very suitable, ** moderate suitable, * slightly suitable, x- not suitable 

The study utilizes the finite element software Plaxis V22 / Ultimate (15 nodded 

triangular, fine mesh, and axisymmetric) to create a numerical model of a standard 
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scenario to obtain the diagrams. The model consisted of a uniform grid of end-bearing 

columns under a fill, with each column and the soil around it represented as a unit cell.  

As all columns react similarly to loading, the same conditions are assumed to be 

applied. Additionally, rigid, frictionless, and shear-free boundaries were used except at 

the top boundary where the embankment is located. 

The model will investigate the impact of replacement ratio A/Ac, and the effective 

friction angle φ´ of the gravel on the improvement factor for the various models. 

6.1.1. Model Parameters  

For Creep-SCLAY1S soil inputs, the parameter of Ønsoy clay of 5.5-11m depth layer 

from Hernvall et al. (n.d.)  paper will be used, while the Soft Soil (SS) and Soft Soil-

creep (SSC) parameters (λ*, κ*, λ*
i, κ*

i) will be obtained by matching the (𝜀, 𝜎𝑦𝑦) 

oedometer test presented the Creep-SCLAY1S with SS, and SSC tests. The values 

adopted are shown in Table3. 

Table 3: Inputs parameters for Creep-SCLAY1S, Soft Soil, and Soft Soil- creep models 

C
re

ep
-S

C
L

A
Y

1
S

 ɣ kN/m3 
Eoed

ref 
kN/m2 

Cref.int 𝝍 κ* 𝒗´ λ*
i Mc Me ω 

16.6 5000 1 0 0.01 0.2 0.062 1.3 1 10 

ωd ξd ξ POP OCR K0 χ0 μi
* τ α0 

0.85 0.35 13 25 1.5 0.58 14 2.6E-03 1 0.5 

kx (m/d) ky (m/d)         

2.7E-03 2.7E-03         

S
S

 

ɣ Cref.int 𝝋´ 𝝍 κ* 𝒗´ λ* OCR K0
NC K0 

16.6 1 32.4o 0 1E-3 0.2 0.021 1.5 0.47 0.58 

kx(m/d) ky(m/d)         

2.7E-03 2.7E-03         

S
S

-c
re

ep
 ɣ Cref.int 𝝋´ 𝝍 κ*

i 𝒗´ λ*
i μi

* OCR K0
NC 

16.6 1 32.4o 0 1E-3 0.2 0.061 2.6E-03 1.5 0.47 

kx (m/d) ky (m/d) K0        

2.7E-03 2.7E-03 0.58        

Similarly, the used inputs parameters for the layers representing the embankment and 

the dry crust layer were extracted from the same study, see table 4.  

Table 4: Inputs parameters for dry crust and embankments layers (adapted from Hernvall et al. n.d) 

The input parameters for the working platform and gravel are illustrated in Table 5. 

Dry Crust Layer 

ɣ  
kN/m3 

Eoed
ref  

kN/m2 
𝒗´ Cref.int 𝝋´ 𝝍 kx (m/day) ky (m/day) 

18 5000 0.25 11 5o 0 0.0008 0.0008 

Embankments 

Layer 

ɣ  
kN/m3 

Eoed
ref  

kN/m2 
𝒗´ Cref.int 𝝋´ 𝝍 kx (m/day) ky (m/day) 

19.5 4E+04 0.35 2 45o 0 0 0 
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Table 5: Inputs parameters for stone column and platform 

The soft clay layer is assumed to extend to a depth of 25 metres, with 1 meter thick dry 

crust layer. The groundwater level is assumed to sit 1.2 metres below the ground 

surface. The working platform has a thickness of 0.5 meters, and the total height of the 

embankment is 2 meters, consisting of four layers, each 0.5 metres thick. For each layer, 

one day for consolidation was defined to simulate the time-dependent construction 

process. The stone columns, measuring 25 metres in length, penetrate through all soil 

layers to reach bedrock, rendering them a non-floating type. See Figure 24. 

For analysis, the dry crust, embankment, and platform layers will be simulated using 

the Mohr-Coulomb model, while the stone columns will be modelled using the 

Hardening Soil model. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: Axisymmetric unit cell Plaxis model, boundary conditions, ground water level, and soil layers 
thickness. 

Stone 

column     

ɣ E50
ref Eoed

ref Eur
ref 𝒗´ C 𝛗´ 𝝍 kx=ky (m/day) 

20 5.5E+04 4.9E+04 1.65E+05 0.3 1 45o-37,5o φ´-30 86 

Platform 

Layer 

ɣ  Eoed
ref 𝒗´ Cref.int 𝛗´ 𝝍 kx (m/day) ky (m/day) 

19 2E+04 0.33 1 35o 0 0 0 
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The diameter of the stone column is assumed as 0.8m, and the chosen column 

arrangement is a triangular grid pattern. As a result, the diameter of the effective circle 

(De) is calculated to be 1.05 times the spacing between columns (S).  

Typically, the distance between columns (S) is 2 to 3 times the diameter. Therefore, the 

spacing between columns will be between 1.6 to 2.4 metres, and the effective diameter 

will be between 1.7 to 2.5 metres. This corresponds to an A/Ac ratio ranging from 4.5 

to 9. However, for the purposes of this study a narrower range of effective diameters 

(1.5 to 2.2 metres) and A/Ac ratios (3.1 to 7.6) was applied. See the following Table 6. 

Table 6:  Stone column spacing, the related effective diameter and area replacement ratio  

Spacing (S) 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 

Effective diameter (De) 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 

Area Replacement ratio (A/Ac) 3.1 3.5 4 4.5 5 5.6 6.2 6.9 7.6 

6.1.2. Model Verification  

To verify the Creep-SCLAY1S model, the unit cell simulation is compared to the 

measurements of Berre (2014) considering unreinforced ground, using the same 

embankment construction schedule, see Table 7. The results show minor discrepancies 

between the two models. As shown in Figure 25, the small differences can be attributed 

to the fact that the paper model only considers the parameters of a single clay layer 

between 5.5 and 11m in depth. In contrast, Berre's model includes four clay layers.  

   Table 7: Construction stages for verification model (adapted from Berre.2014) 

 

 

 

 

 

 

 

In parallel, the model was with Soft Soil-creep, and its results were compared with 

those obtained from the Sexton and McCabe (2014) model. The difference between the 

two models of the compression index parameter was set to 0.0288 in the paper model, 

similar to the value used in the Sexton and McCabe (2014) model. Figure 26 compares 

the results obtained from both models in terms of the settlement improvement factor, 

 

Consolidation Phase 

Phase description Duration days Accumulation days 

Start 0 20 

Fill 0.5 1 21 

Wait 1 22 

Fill 0.5 1 23 

Wait 3 26 

Fill 0.5 1 27 

Wait 3 30 

Fill 0.5 1 31 

Wait 2 33 

Fill 0.5 1 34 

Consolidation 1084 1118 
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Figure 25:  Settlements comparison between the Berre (2014) model and the paper model. 

   
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 26: Results comparison of the Sexton and McCabe (2014) model and the paper model 
considering the creep effect. 

The slight difference in the improvement factor (approximately 2%) can be attributed 

to the differences in the stone column diameter and the Ec/Es ratio in the two models, 

in addition to the differences in other soil parameters also contribute to these 

differences. 

6.2. Results and discussion  

The numerical model was run with three different constitutive models (Creep-

SCLAY1S, Soft Soil, and Soft Soil-creep) to investigate the impact of 

various A/Ac ratios on the behaviour of the stone column. For each A/Ac value, the 

settlement improvement factor (n) was calculated by dividing the settlement under 

untreated conditions by the settlement under treated conditions.  
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Moreover, the resulting diagrams show the relationship between the effective friction 

angle of the stone column (𝜑´) and the settlement improvement factor (n) for different 

periods. 

6.2.1. Results of Creep-SCLAY1S model 

Diagrams (Figure 27, 28, and 29) illustrate the improvement factor changing with A/Ac 

ratio changing for 1, 2, and 50 years.  

 
Figure 27:The correlation between the settlement improvement factor (n) and the A/Ac ratio over a 

one-year time frame with vary effective friction angles of the stone column. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 28: The correlation between the settlement improvement factor (n) and the A/Ac ratio over a 
two-year time frame with varying effective friction angles of the stone column. 
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Figure 29: The correlation between the settlement improvement factor (n) and the A/Ac ratio over a 

fifty-year time frame with varying effective friction angles of the stone column. 

Using stone columns in soil improvement is significantly effective, with an 85% 

reduction in soil settlement when the replacement ratio is 3.1 and the effective friction 

angle is 45°, compared to Pietraszewska (2011), where the reduction factor of 

settlement was 81.8%. The difference in the stone column diameter can explain this 

variation between the two studies.  

However, it is essential to note that when the effective friction angle is reduced to 37.5°, 

the effectiveness of the stone columns decreases to 72%. Similarly, at a replacement 

ratio of 3.5, the improvement in soil settlement is about 82% for an effective friction 

angle of 45° but only 67% for an effective friction angle of 37.5°. This highlights the 

crucial role of the effective friction angle of the stones in the effectiveness of stone 

columns. 

Further increases in the replacement ratio to 5 and 7.6 lead to decreased effectiveness, 

with improvements in soil settlement dropping to 69% and 54% for an effective friction 

angle of 45° and to 50% and 34% for an effective friction angle of 37.5°, respectively. 

Figure 30 compares the results of the reduction settlement factor obtained by McCabe 

(2014) using the Creep-SCLAY1S (ANIS & destructuration model) and the paper 

model, with a 50-year time frame and a stone column effective friction angle of 45o. 

The comparison shows that the two methods produce varying results, with a 14% to 

18% difference when the stone column length (of the paper mode) is 25m and an 5% 

to 9% difference when the stone column length is 5m equal to the column length in 

McCabe model. The disparity is attributed to differences in stone column dimensions, 

such as diameter, ratio of Ec/Es, and other soil parameters like creep, destructuration, 

and bonding coefficients. Interestingly, increasing the stone column length from 5m to 

25m increases the improvement factor value by about 10% on average, with a value of 
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6.6, and 2.9 for Lc=25m compared to 4.7, and 2.2 for Lc=5m at a replacement ratio of 

A/Ac=3.1 and 5.6 respectively.  

 

 

 

 

 

 

 

 

 

 

 

Figure 30: Comparison of settlement improvement factor of McCabe (2014) model and paper model 
(Creep-SCLAY1S, 50 years, 45o) 

Figures 31 and 32 depict the evolution of the improvement factor over time, concerning 

the A/Ac ratio, for stone columns with effective friction angles of 37.5° and 45°. The 

results show that the main settlement improvement occurs over approximately twenty 

years for both effective friction angles, indicating the long-term effectiveness of stone 

columns.  

Interestingly, the settlement reduction in soil treated with stone columns featuring a 45° 

effective friction angle was more pronounced, indicating a longer-term benefit to using 

stone columns with higher effective friction angles. This suggests that the use of stone 

columns can lead to significant and lasting improvements in soil stability. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 31: The correlation between the settlement improvement factor (n) and the A/Ac ratio analysed 
for different time frames at an effective friction angle of 45o. 
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Figure 32: The correlation between the settlement improvement factor (n) and the A/Ac ratio analysed 
for different time frames at an effective friction angle of 37.5o. 

Figure 33 shows the impact of stone column application on the time for settlement. The 

study reveals that using stone columns can significantly accelerate the consolidation 

process and reduce the required time for settlement. Specifically, the results indicate 

that by day 1000, the treated soil with a replacement ratio of 3.5 and 7.6 had settled to 

approximately 66% and 64% of their total settlements, respectively, while the untreated 

soil had reached only 58%.  

Additionally, the treated soil with replacement ratios of 3.5 and 7.6 achieved half of its 

total settlement, about 76% and 71% faster than untreated soil. 

 

 

 

 

 

 

 
 
 
 

 

 

 

Figure 33: Comparison of settlement period for untreated and treated extremely soft clay. 
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Figure 34 shows the influence of lateral earth pressure K0 value on the reinforcement 

soil settlements. As the input values of the model for 𝐾0
𝑁𝐶 and K0 were obtained from 

the following equations (36, 37). 

                                                       𝐾0
𝑁𝐶 = 1 − 𝑠𝑖𝑛 𝜑´                                                        Eq. (47) 

                                                      𝐾0 =  𝐾0
𝑁𝐶√𝑂𝐶𝑅                                                       Eq. (48) 

The diagram illustrates the effect of varying K0 values on the results, with specific 

examples at K0 values of 1 and 0.58. As K0 increases, the improvement factor also 

increases. For instance, when K0 increases from 0.58 to 1, soil settlement improves by 

approximately 7% when the replacement ratio is 3.1, but only by about 4% when the 

replacement ratio is 7.6. This suggests that the benefits of settlement improvement due 

to lateral earth pressure decrease as the area ratio increases, which is consistent with 

previous studies that have found that the increase in lateral earth pressure caused by 

stone column construction diminishes beyond around 4 to 8 times the radius. 

Increasing K0 positively affects soil stability, enabling it to withstand stresses more 

effectively during both the construction and loading phases of stone column 

installation. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

  
  

 

Figure 34: The variation in the improvement factor because of the K0 value adjustment over different 
time intervals with an effective friction angle of 45o. 

Figure 35 highlights the refinement of the mesh at the stone column boundaries, which 

reveals a region of stress concentration. Since the stone column has a higher capacity 

than the surrounding soil, this disparity increases stress in the stone column compared 

to the soil. As a result, stress concentration occurs within the stone column. The stress 

ratio in the soil surrounding the stone column to the stress in the stone column itself is 

referred to as the stress concentration factor, denoted as ns. 
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Figure 35: Mesh refinement where the stress is concentrated. 

The following figure 36 shows the plastic points in the stone column and the active area 

of the soil surrounding the stone columns. It indicates that when the replacement ratio 

decreases and the effective friction angle increases, the stresses in the stone column 

increase, which increases the yielding points in stone column.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 36: The plastic points in stone columns are illustrated as the following (a) and (b) show the 
results for a replacement ratio of 7.6, with effective friction angles of 37.5° and 45°, respectively; (c) 

and (d) display the results for a replacement ratio of 3.5, with the same arrangement of effective 
friction angles (37.5° and 45°). 
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6.2.2. Results of Soft Soil (SS) model 

Like Creep-SCLAY1S, the following diagrams illustrate the changing of settlement 

improvement factor (n) with the change of the A/Ac ratio. See Figure 37. 

The improvement factor in the Soft Soil constitutive model displays a similar trend to 

the Creep-SCLAY1S model. As the A/Ac ratio increases, the improvement factor 

decreases. Specifically, the improvement factor decreases by approximately 25% and 

35% when the replacement ratio increases from 3.1 to 5 and 7.6, respectively, assuming 

a gravel effective friction angle is 45o. Similarly, the settlement improvement factor is 

reduced by about 20%, 14%, and 15% for replacement ratios of 3.1, 5, and 7.6, 

respectively, when the effective friction angle of the stone column material decreases 

to 37.5o. 

However, the results obtained from the SS model show a significantly lower 

improvement factor, approximately one-third of that obtained from the Creep-

SCLAY1S model. 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 37: The correlation between the settlement improvement factor (n) and the A/Ac ratio with 
varying effective friction angles of the stone column. 

The diagram in Figure 38 compares the results of this paper and those obtained from 

the study by Borges et al. (2009). The difference between both models is approximately 

5%. This discrepancy may be attributed to differences in the length and diameter (5.5 

and 1m) of the stone column in Borges et al. (2009) compared to the paper´s inputs, 

and variations in the soil parameters employed. 
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Figure 38: Comparison of the improvement factor results between the research paper and Borges et 
al., (2009). 

6.2.3. Results of Soft Soil-creep (SSC) model 

Similar to the prior models, Figures 39 and 40 depict the variation in settlement 

improvement factor (n) as the A/Ac ratio changes.  

 
Figure 39: The correlation between the settlement improvement factor (n) and the A/Ac ratio for one-

year time frame for two effective friction angles of the stone column. 
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Figure 40:The correlation between the settlement improvement factor (n) and the A/Ac ratio of fifty-
year time frame for two effective friction angles of the stone column. 

The behaviour of soft soil under creep modelling is consistent with the previous soil 

models. When the effective friction angle of the column material decreases from 45° to 

40°, the improvement factor drops by 18% and 20% at replacement ratios 3.1 at one 

year and 50 years, respectively. Additionally, the value of improvement factor value 

decreases by half when the replacement ratio increases from 3.1 to 7.6, regardless of 

the effective friction angle.  

The comparison between the Soft Soil-creep (SSC) model and the Soft Soil (SS) model 

shows that the SSC model gives higher values for settlement improvement factor. This 

advantage is notable for both friction angles, with the SSC model exhibiting a 40-50% 

increase in improvement factor over the SS model for replacement ratios ranging from 

3.1 to 5.6. However, this advantage diminishes to around 30% for replacement ratios 

above 6. See Figure 41. This highlights the significant contribution of creep to 

improving soil settlements when stone columns are employed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.50

2.00

2.50

3.00

3.50

4.00

4.50

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8

(n
) 

S
et

tl
em

en
t 

im
p

ro
v
em

en
t 

fa
ct

o
r

Area replacement ratio (A/Ac)

(n) Vs. (A/Ac)  for 50 years / Soft Soil-creep 

φ´=45° φ´=40°



  
 

CHALMERS. Architecture and Civil Engineering. Master’s Thesis ACEX99                46 
 

1.1

1.6

2.1

2.6

3.1

3.6

4.1

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8

(n
) 

S
et

tl
em

en
t 

im
p

ro
v
em

en
t 

fa
ct

o
r

Area replacement ratio (A/Ac)

(n) factor for SS model Vs. SSC model (50 yeras), φ´= 40o,45o

φ´=45° (SSC) φ´=45°(SS) φ´=40° (SSC) φ´=40° (SS)

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

Figure 41: Settlement improvement factor comparison between SS model and SSC model (50 years and 
φ´=40o,45o) 

6.2.4. Comparison of Priebe´s model and Models of paper  

Figure 42 illustrates the difference between the Priebe´s stone column design diagrams 

and the models used in the thesis for 20 years time frame (i.e., when most of the 

improvement factors values become constant) and effective friction angle 45o. 

 
Figure 42: Result comparison between Priebe´s diagrams and paper´s models diagram for twenty-

years time frame and effective friction angle (φ´=45o) 
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model yields an improvement factor that is 41% higher than Priebe’s, while this 

difference decreases to 25% and 20% for replacement ratios of 4.5 and 5.6, 

respectively. At a replacement ratio of A/Ac=7.6, the difference is only 11%. Similarly, 

the Soft Soil model shows improvement factors that are 48% and 40% less than those 

of Priebe’s at replacement ratios of 3.1 and 5.6, respectively, with this difference 

decreasing to 33% at A/Ac=7.6. In contrast, the Soft Soil-Creep model shows settlement 

improvement factors that are only 4% less than those of Priebe’s for all replacement 

ratios. 

Figure 43 compares the results of Priebe´s model and paper´s models at effective 

friction angle of 40o. 

 

Figure 43: Result comparison between Priebe´s diagrams and paper´s models diagram for twenty-
years time frame and effective friction angle (φ´=40o). 

Like the previous diagram, the Soft Soil-creep model shows almost the same results as 

Priebe´s, with about 5% only. In comparison, the variations between the results of the 

Creep-SCLAY1S model and Priebe´s model decreased to about 27%, 23%, and 14% 

for replacement ratios 3.1, 3.5, and 4, respectively. At the same time, these variations 

were only about 4% for the rest of the replacement ratios. However, the variations 

between the Soft Soil model results and Priebe´s ones are still significant by about 47% 

and 44% for area replacement ratios of 3.1 and 3.5, respectively; this difference 

decreases to about 37% and 30% for 6.2 and 7.6 replacement ratios, respectively.   
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7. Conclusions and recommendations 

Changing the constitutive model in numerical simulations can lead to significantly 

different settlement improvement factors, emphasizing the importance of selecting the 

most suitable model for the clay considered. Furthermore, incorporating creep increases 

the predicted improvement factor (n), highlighting the need to consider this factor in 

stone column design. 

In addition, both the replacement ratio (A/Ac) and the effective friction angle of the 

stone column material have a significant impact on the improvement factor value. The 

(n) value decreases as the replacement ratio increases, and it becomes almost less than 

2.0 for all models when it exceeds 7.6. Conversely, using stone column material with 

an effective friction angle of 45° or more can enhance the value of (n), while using 

gravel with an effective friction angle less than 45° can noticeably reduce the 

improvement factor. 

Furthermore, lateral earth pressure plays a crucial role in soil stability and capacity, as 

an increase in K0 reduces deformation of the loaded stone column. 

On the other hand, for the Creep-SCLAY1S model, the length of the stone column has 

a significant impact on the settlement reduction factor. Increasing the length of the stone 

column increases the value of the settlement improvement factor; this improvement 

increases as the replacement ratio increases.  

Interestingly, a notable disparity emerges when comparing Priebe’s diagrams with the 

various models used, except for the Soft Soil-creep model. The Soft Soil-creep model 

gives almost the same results as Priebe for both effective friction angles (45o and 40o) 

considered. The results of the Soft Soil model predict significantly lower improvement 

factors than Priebe. This variation is between 47% and 30% for both friction angle 

values and all area replacement ratios. Creep-SCLAY1S gives higher improvement 

factor values than Priebe for an effective friction angle of 45°, while this variation 

decreases to almost vanish at a replacement ratio of 5 when the effective friction angle 

is 40o. However, these discrepancies may be attributed to variations in input parameters. 

Finally, applying stone columns in extremely soft soil should consider the issues that 

may arise during installation, in addition to choosing the suitable model and parameters. 

All these factors can significantly influence the predicted settlement improvement 

factors. 

Recommendation: 

▪ As the stone column construction increases the lateral earth pressure of the 

surrounding soil, it is crucial to consider its effect on the settlement 

improvement factor. 

▪ Practical tests are required to check the potential of applying Pribes’ diagram 

for various soil types. 

▪ The complexity of stone column in very soft soils is underscored by the 

significant impact of various input parameters on the reduction settlement 

factor, necessitating the exploration of these impacts through more models. 
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