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In this paper, time:dependent clogging is studied considering a unit cell consisting of a single 

stone column interacting with the surrounding soft clay in this paper. Clogging is assessed 

quantitatively and the corresponding void space of the column is determined using computed:

tomography (CT). It is observed that the extent of clogging is substantial in the upper part of the 

column, but diminishes rapidly with depth. The soil properties in the clogged zone are 

determined indirectly through additional tests of clay:aggregates mixtures with various clay 

fractions. An equal strain consolidation model based on the principle of unit cell analysis is 

developed to capture both the initial and time:dependent clogging. The model accounts for a 

reduction in permeability and an increase in compressibility of the column. This current model, 

as expected, offers identical results to some previous studies if clogging is ignored, while the 

comparison with other selected models demonstrates the influence that clogging of stone column 

can have on the consolidation of the surrounding soil. Furthermore, load:settlement predictions 

from the proposed ‘equal strain’ model are also compared to the consolidation response of a 

previously developed ‘free strain’ model.  

+�,-���*��Clogging, stone column, consolidation model, model test, computed:tomography. 
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Use of stone columns is a popular soft ground improvement technique that can readily shorten 

the drainage path and consolidation time, as well as increasing the stiffness and shear strength of 

the overall foundation. The short term stability of stone column has been studied in the field by 

Hughes et al. (1975) to validate their theory for estimating the ultimate load of isolated stone 

column. The long:term consolidation process of stone columns supported embankments has also 

been monitored to study the effectiveness of this method (Cooper and Rose 1999; Oh et al. 2007; 

Castro and Sagaseta 2009a).  It has been stated that design of ground improved by stone columns 

requires to make sure there is “adequate bearing capacity” and “acceptable settlement 

performance” (Bouassida and Carter 2014). For the latter one, predicting the settlement of soft 

ground improved with stone column is generally inherited from the traditional radial 

consolidation theory as also applied to vertical drains. Balaam and Booker (1981) estimated the 

rate of settlement under granular piles by solving three dimensional consolidation equations 

(Biot 1941) numerically. Han and Ye (2001, 2002) computed the rate of consolidation of 

foundations reinforced with stone column with and without considering the effect of well 

resistance and soil disturbance(smear). Castro and Sagaseta (2009b) determined the extent of 

radial consolidation by including both the vertical and radial deformations of the stone column. 

Wang (2009) proposed a solution for soil consolidation effected by stone column under time:

dependent loading. Xie et al. (2009) and Lu et al. (2010) proposed solutions which incorporated 

a coupled flow:deformation analysis, and these efforts revealed how the consolidation rate in 

some past studies (Han and Ye 2002; Zhang et al. 2006) were overestimated. Castro and 

Sagaseta (2011) compared various analytical solutions in tandem with the finite element analysis, 

and they implied that it was still reasonable to assume elastic soil behaviour for the surrounding 
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clay adjoining the stone column for certain cases, where the applied load would only lead to 

relatively small deformations. 

Clogging of stone columns is derived from a mixture of column material and peripheral clay; it is 

a physical process rather than a biological or chemical cause. Physical clogging is a process 

whereby fine particles accumulate in the pore space of porous media by infiltration (Yong et al. 

2013). Clogging related issues can generally be divided into two categories: the stability or 

erosion of base soil structures which provides fine base particles (Indraratna and Vafai 1997), 

and the serviceability of the drainage layer such as filters or pavements which are in contact with 

the base soil (Siriwardene et al. 2007). Clogging of stone columns should fall into the second 

category. Clogging induced by the installation of stone columns has also been confirmed by 

centrifuge tests (Weber et al. 2010). Indraratna et al. (2013) stated that the consolidation of the 

surrounding soil would be reduced by initial clogging of column based on a numerical simulation, 

and subsequently, Basack et al. (2015) extended this model to capture time:dependent clogging. 

Deb and Shiyamalaa (2015) also proposed to include time:dependent clogging by considering 

reduced permeability with time.  

Even though past research studies highlighted the importance of incorporating clogging in the 

analysis of consolidation, to the best of the authors’ knowledge, studies which quantified 

clogging accurately have rarely been reported. One of the key objectives of this paper is to 

provide a detailed model test where clogging of stone column is assessed quantitatively. To 

deliver it, a single model column and its surrounding clay was compressed one dimensionally 

(unit cell analysis), and after consolidation a core sample was extracted and scanned using the 

computed:tomography (CT) technique. Subsequently the extent of the clogging zone was 

evaluated and the porosity of the granular mass could be calculated. The load:settlement 
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response of this model test together with a past study (Basack et al. 2015) was then used to verify 

the newly proposed consolidation model. This consolidation model was solved numerically, and 

comparisons were then made with those solutions found in literature.  

��
�����*�
��	����������	��

The mechanisms of clogging in stone columns are different at various stages. Compaction or 

vibration is the main reason why clogging initiates during installation as the force applied to 

densify stone columns pushes the column material into the surrounding clay and thereby 

squeezes the fine soil grains into the gravel voids. This means clogging already exists in the 

column to start with before consolidation begins. However, clogging can also develop during soil 

consolidation where the clay particles are forced to move laterally, and then become trapped at 

pore constrictions and continue to accumulate with time. Although the pores in stone column are 

larger than the clay particles, clogging can still occur due to bridges formed at the pore 

constrictions (Valdes and Santamarina 2006) or initiating self:filtration (Reddi et al. 2000).  

During installation, some initial clogging is inevitable, as the clay and granular material mix over 

a short period, compared to the time needed for soil consolidation. The properties of a clogged 

column depend on the amount of clay that intrudes into the column skeleton. Permeability will 

decrease in this area of the column if the clay particles reduce the void ratio and obstruct the 

moisture movement. However, the compressibility of the clogged zone will increase if the 

retained clay is sufficient to reduce the inter:particle contact (friction). Previous studies state that 

time:dependent clogging is influenced by the diameter ratio of large particles to fine particles, 

the porosity of coarse material, the flow rate, fluid viscosity, suspended particle concentration etc. 

(Huston and Fox 2015; Reddi et al. 2000; Valdes and Santamarina 2006). A reduction in 
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permeability due to clogging is generally understood based on the Kozeny:Carman theory which 

is widely used to predict the hydro:mechanical behaviour of a porous medium (Carrier III 2003). 

Albeit variations of this original mathematical formulations, the intrinsic relationship that makes 

permeability to diminish as the porosity of the medium decreases is always valid (DeLeo 1995). 

While the amount of retained base soil particles increases over time, the accumulated mass of 

trapped soil tends to decrease with distance from the inflow boundary (Alem et al. 2015). For the 

case of clogging in stone column, these findings mean that the extent of clogging would develop 

over time while the maximum reduction in permeability of the column is expected at the close 

proximity to the soil/column boundary. 

��������*
��	��������	�����	
�����
��	�

The material for the model column was prepared from crushed basalt taken from a quarry near 

Wollongong (NSW, Australia). Commercial kaolin clay was selected as base soil for the model 

test. The properties of these materials are summarised in Table 1, and the gradations of column 

material and kaolin clay are given in Figure 1(a). The kaolin clay was prepared as a slurry with 

67% water content (1.2 times liquid limit), and then placed into a 760mm long cylindrical 

sample (300mm in diameter) wrapped in a rubber membrane inside a 1:D loading rig (Figure 

1(b) ). A top load of 65kPa was gradually applied to induce pre:compression, after which the 

clay would achieve an undrained shear strength of about 15kPa, and the initially prepared clay 

specimen would then be around 600mm high (i.e. height/diameter ratio of 2). Subsequently, a 

stone column consisting of crushed basalt was installed using a procedure simulating the 

‘replacement method’ in the field.  This cylindrical column had a 50:55 mm radius at the top 

surface and weighed 7.75 kg, and had an average void ratio of the granular assembly to be about 

0.96. The specimen was then placed under a vertical stress which was gradually increased from 
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65kPa to 210kPa. This top load was applied through a rigid and permeable steel piston to 

simulate the condition of “equal strain” (Barron 1948). During consolidation, only top drainage 

of the column was permitted, and the loading force and surface settlement were recorded 

continuously; this will be discussed later and compared to the theoretical predictions.  

After consolidation, a small test specimen (250mm in diameter and 450mm high) as shown in 

Figure 1, was cored and retrieved using a sharpened PVC tube and then digitally imaged on a CT 

(Computed Tomography) scanner (Toshiba Asteion S4), which can be classified as of a high 

resolution type with a precision of 0.2mm. CT scanning technique is a high voltage non:

destructive method, whereby when X:rays penetrate the target, the amount of attenuated X:rays 

shows its density difference. A longitudinal section was obtained to show the deformation of the 

entire column, and then 82 cross sectional scans at different depths were obtained to examine the 

transition area at the boundary of the column and surrounding clay. A typical cross:sectional CT 

image is shown in Figure 2(a). The central circular part which represents the clean column was 

cropped and binarized after adopting a grayscale threshold (Otsu 1975), as shown in Figure 2(b) 

and (c) respectively. Here the black pixels correspond to the pores and the white pixels the solid 

gravel particles. After binarization, the ratio of black pixels to all the pixels represents the 

porosity of the column. The mean value of porosity for all the images was slightly less than 0.5, 

which generally agreed with the void ratio of 0.96 that was determined earlier.  

For a given volume of granular mass of this stone column, if the entire void space between 

coarse particles is fully occupied by infiltrated clay, then the clay fraction in the clogged medium 

can be determined in the range of 0.32:0.34, which is defined as the volume of fines in a unit 

volume of solids containing both fines and coarse grains (Simpson and Evans 2016). It is also 

stated by Simpson and Evans (2016) that when the clay fraction approaches a threshold of 0.2, it 
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“demarcates a transition from a state where all coarse particles are touching each other”, i.e., clay 

would begin displacing the coarse particles of the granular medium and break their contact 

beyond this threshold. The clay fraction in the current model test is certainly beyond this 

threshold. 

The boundary of the clogged zone along the depth was determined as shown in Figure 3(a), and 

it quantitatively shows that clogging decreases in severity with depth. In terms of radius, the 

clogged zone occupies up to 20% of the outer ring of the entire column at the top 50mm, while it 

then decreases to around 10% at a depth of 50:100mm, and is even less than 5% for the 

remainder. A possible explanation is as follows. Drainage is provided only at the top of the 

specimen, and the applied stress reaches a maximum at the top, and diminishes with depth. This 

makes the top of the soil specimen become more affected by the hydraulic gradients generated in 

the shallow section of the soil compared to the deeper zone. As a result, a greater degree of soil 

is expected to be eroded into the column near the surface.  

Moreover, the model column retains its cylindrical shape well after consolidation without any 

notable bulging. Photo images of the top surface of column before and after the test are also 

shown in Figure 3(b) and (c) respectively. These images confirm that clogging is severe at the 

top column section while the internal part of the column remains relatively unaffected. 

Specimens were also extracted from the surrounding clay after testing to detect any soil 

disturbance. The void ratios at different radii and depths were between 0.96 and 1.14, and the 

corresponding horizontal permeability of the surrounding clay varied in the range of 1.4:1.9×10
:9 

m/s based on the empirical approach proposed by Al:Tabbaa and Wood (1987). It seems likely 

that no significant disturbance to the surrounding clay has occurred during column installation. 
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To capture the effect of clogging of column on the soil consolidation, a mathematical description 

was deemed necessary. Besides the dependence on time, the property of a clogged column also 

alters with the radius and depth, so for simplicity, the average properties of different zones of the 

column are used. As shown in Figure 4(a), this schematic illustration of the model column 

consists of a clean section and a clogged zone, and the clay area is divided into disturbed and 

undisturbed zones. The clogged zone is subdivided into two portions which correspond to initial 

clogging during installation and time:dependent clogging during consolidation, respectively. The 

average soil properties are assigned to each zone, and the extent of clogging is then simulated by 

moving the boundary between the clean section of the column and the clogged zone, as shown in 

Figure 4(b).  

The principle exploited to obtain the mean permeability of the whole column is such that the 

water flow out of the column at a given time is assumed to remain constant at any depth. The 

mean compressibility is then determined by assuming that the vertical strain is the same for the 

clogged zone and the clean column (i.e. equal strain). The average permeability and 

compressibility can then be computed as: 

 ���(�) = ����	
 (�) + ��	(��
 − ��	
 (�))
��
  

(1a) 

 ���(�) = ��

���� (�)
��� + �������� (�)

����
 

(1b) 

where k��(t) and m� ��(t) are functions of time which are used to define column permeability and 

compressibility respectively, kc and kcl are the permeability of soil in the clean column and in the 

clogged zone respectively, mvc and mvcl are the coefficients of volume compressibility of soil in 
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the clean column and clogged zone respectively, rcl(t) is a mathematical function to define the 

time:dependent boundary between the clean column and clogged zone, , and rc is the radius of 

the column. 

Two modes of clogging are hypothesized here; the first mode, as noted by “I” in Figure 5, shows 

that the clogging area extends linearly with time until a critical time, whereas in type “II” the 

radius of the clean column decreases exponentially until it is stable. The progress of clogging can 

then be described mathematically as follows: 

 
I:   ��	(�) = ���� − � �������

�� 												(0 ≤ � < ��)
��																									(� ≥ ��)  

(2a) 

 II:       ��	(�) = ��	 + (��� − ��	)%�&.(�/�� (2b) 

where rci represents the boundary of the clean column and the clogged zone after initial clogging, 

and rcl is the final radius of the clean section of the column; tc is the time when clogging is 

complete for pattern I, and when the time:dependent clogging area expands to 99% of its final 

value for pattern II. For pattern II, due to the exponential function used, 100% can only be 

reached when time approaches infinity, so the constant, :4.6, in Eqn. (2b) corresponds to 99% 

when the time reaches a critical value, tc. 

 �.��	�	���/��
��	*�

Several basic assumptions are declared herein: 

i.� Due to the adoption of equal strain hypothesis for this unit cell, only the vertical strain is 

considered and it is assumed to be uniform regardless of the radius at any depth; 

ii.� Traditional linear Darcy’s law is assumed to be valid; 
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iii.� Only vertical flow is considered in column, while only radial flow is considered in the 

surrounding clay. Pore pressure in the clay varies with the radius and depth; 

iv.� The load on top of the unit cell is applied instantaneously and then held constant.  

Considering the unit cell (Fig. 4), the stress distributions can then be determined through the 

effective stress principle as, 

 *(�+
 − ��
),�+ + *��
,�� = *�+
, (3) 

 ��+(,�+ − -�+) = ���(�)(,�� − -�) = .� 
(4) 

 ��+ = �+
 − ��

/ 
0�

��1(�) 2��1��
 (5) 

where σ�4 and σ�� are the average total vertical stresses on the surrounding soil and the column at 

any depth respectively; u�4is the average excess pore pressure in the surrounding soil at any depth; 

uc is the excess pore pressure in the column at any depth; ��+ is the average coefficient of 

volume compressibility of the surrounding soil; mvs(r) is a function of the radius for defining the 

variation of coefficient of volume compressibility in the surrounding soil; r4is the radius of the 

influence zone, and ε� is the vertical strain of both the column and the surrounding soil. 

The compressibility of column varies with time due to clogging; not only it would affect the 

vertical strain directly according to Eqn. (4), but also the changing stiffness ratio of column to 

clay would influence the build:up of excess pore water pressure. In this way, the ‘equal strain’ 

analysis is expected to give different pore pressure and consolidation results compared to the 

previous ‘free strain’ analysis of a unit cell (e.g. Indraratna et al. 2013; Basack et al. 2015). 

For equal strain condition, the average excess pore water pressure at a given depth of the unit cell 

-� and the corresponding rate of vertical strain at the same depth can be expressed by: 
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 -� = 1
*�+
 (-�+ 9 2*�2� +�1

��
-� 9 2*�2�)��

;
 (6a) 

 <.�<� = <[��(�) ∙ (, − -�)]
<�  (6b) 

 ��(�) = �+

���

�� ��(�) + �1�����
�� �1

 (6c) 

where ��(�) is the coefficient of volume compressibility of the unit cell. 

If the column compressibility is made equal to that of the surrounding clay, then the current 

problem will become the same as radial consolidation of a vertical drain system. On the contrary, 

if the compressibility ratio of column to clay is made to decrease to a sufficient low value, then 

the vertical strain of the unit cell will diminish considerably to an extent that the soil 

consolidation will become negligible; thereby approaching a single pile foundation system. 

If the volume change of the surrounding soil equals the change in flow volume, the following 

equation can describe the consolidation of surrounding clay: 

 1
@A�

<
<� B�+ ∙ C(�) ∙ � ∙ <-+<� D = − <.�<�  

(7) 

where ks is the permeability of undisturbed clay, f(r) is a function used to describe the varying 

permeability of surrounding clay with radius, γF is the unit weight of water, and us is the excess 

pore pressure at a certain point in the surrounding clay. 

The governing equation for the column can then be derived by assuming the column deformation 

to be equal to the net water flow, thus, 

 2�+@A��
<-+<� G

�H��
+ ���(�)

@A
<
-�<I
 = − <.�<�  

(8) 
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Based on the unit cell hypothesis and strain compatibility requirement, the following boundary 

conditions are applied:  

i.� No water flow at the cylindrical surface and the bottom of unit cell;  

ii.� The pore pressure is continuous at the column:clay interface;  

iii.� Zero excess pore water pressure at the top surface (free:draining);  

iv.� The initial pore water pressure is assumed to be the same as the initial loading intensity.  

Given the unit cell height as “h”, these boundary conditions can be expressed mathematically as:  

 <-+<� G�H�1
= 0 

(9a) 

 <-�+(ℎ, �)
<I = <-�(ℎ, �)

<I = 0 
(9b) 

 -+ = -�(� = ��) (9c) 

 -�+(0, �) = -�(0, �) = 0	 (9d) 

 -�+(I, 0) = -�(I, 0) = ,		(I > 0) (9e) 

To combine the consolidation of column and surrounding clay, several mathematical 

manipulations are made to obtain a unified governing equation (see Appendix for derivation). 

 ��(�) <M-�
<I
<� + [��N(�) + O] <
-�

<I
 + P ��(�)
���(�)

<-�
<� + P ��N(�)

���(�) -� = P, ��N(�)
���(�)  

(10a) 

 Q = 9 � 9 �+
 − �

C(�)� 2��

��
2��1

��
 

(10b) 

 O = �+�+
Q@A  
(10c) 

 P = − �+�+&Q��
  
(10d) 
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A collation of the mathematical consolidation models for soil improved by stone columns is 

enumerated in Table 2, in comparison with the current model.  

��
����
�����*���
��	�����0	��������	�1��	��0������	�1�

Eqn. (10) is a high:order non:homogeneous linear partial differential equation, so no existing 

method can be used directly to solve it. However, as suggested by various studies (Lei et al. 2015; 

Leo 2004; Lu et al. 2010; Tang and Onitsuka 1998), the mean excess pore water pressure at a 

given depth of unit cell can be expressed using a Fourier series expansion, such as 

 -� = R ST(�) ∙ UVW(XTI)
Y

THZ
 

(11a) 

 XT = 2W − 1
2ℎ * 

(11b) 

The item on the right:hand side of Eqn. (10a) can also be expanded to a sinusoidal series, hence, 

 P, ��N(�)
���(�) = 2P,

XTℎ
��N(�)
���(�) R UVW(XTI)

Y

THZ
 

(12) 

Substituting Eqns. (11a) and (12) into Eqn. (10a), the following non:homogeneous ordinary 

differential equation is obtained,  

 ST′(�)��(�) \ P
���(�) − XT
] + ST(�)[P ��N(�)

���(�) − XT
(��N(�) + O)] = 2P,
XTℎ

��N(�)
���(�)  

(13) 

The solution to Eqn. (13) cannot be derived by explicit integrals, but the function Tn(t) could be 

solved numerically using the Runge:Kutta method. The average degree of consolidation in terms 

of excess pore water pressure for the unit cell �̂, which changes with dimensionless time factor T, 

is then given by the following: 
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 �̂ = 1 − / -�2I_
;,ℎ = 1 − R ST(S)

,ℎXT

Y

THZ
 

(14a) 

 S = �U
4aU@b�U2

� (14b) 

���������	��
����	���

In the absence of clogging, Eqn. (10a) simplifies to the form below, 

 �� B P
�� − XT
D ST′(�)−OXT
ST(�) = 0 

(15a) 

 �� = �+

���

��� + �1�����
�� �1

 
(15b) 

An analytical solution for the average pore water pressure and the corresponding degree of 

consolidation can now be readily obtained for the case of no clogging, thus: 

 -� = R 2,
XTℎ ∙ % cdef� g�h

i����(ef� g�cj) ∙ UVW(XTI)
Y

THZ
 

(16a) 

 �̂ = 1 − R 2
XT
ℎ


Y

THZ
% cdef� g�h

i����(ef� g�cj) 
(16b) 

The case of ‘no clogging’ is now considered with parameters obtained from Indraratna et al. 

(2013), although the permeability of column is chosen according to Han and Ye (2002). The 

parameters for this case of ‘no clogging’ are listed in Table 3. 

The consolidation curves of different models are computed and plotted in Figure 6. The 

estimation of the average degree of consolidation given by the current model is almost identical 

to the previous solutions of ‘equal strain’ models (Han and Ye 2002; Lu et al. 2010). The 

Page 15 of 39

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



D
raft

16 

 

prediction by model of Indraratna et al. (2013) underestimates consolidation, possibly because of 

its ‘free strain’ hypothesis. 

��������
����	��

The effect of clogging has also been studied using the same case above but with additional 

clogging related parameters incorporated in the analysis. Indraratna et al. (2013) introduced two 

parameters to describe and support the concept of initial clogging: (i) the ratio of clogged radius 

to the size of column, α; (ii) the ratio of clogged permeability to clean column permeability, αk. 

In contrast, time:dependent clogging has been described based on release coefficient α0 and 

capture coefficient β (Deb and Shiyamalaa 2015). The clogged zone was evaluated to be as much 

as 20% in the current study, while the “penetration zone” was reported elsewhere to be about 30% 

(Weber et al. 2010). Based on these findings, a more conservative condition is assumed where a 

clogging zone over time is assumed to occupy the outer 30% of the column radius, and any 

initial clogging is ignored. The clogging related parameters are also given in Table 3.  

The current model prediction in comparison with above mentioned two models (i.e. initial 

clogging and time:dependent clogging) is plotted in Figure 7. The results show that the model 

proposed by Deb and Shiyamalaa (2015) predicts a faster consolidation rate, while the model by 

Indraratna et al. (2013) gives a lower degree of consolidation ( �̂) for the same time factor (T). 

The effect of omitting the change of column compressibility by Deb and Shiyamalaa (2015) 

could be the reason of a faster consolidation prediction. Moreover, in the model proposed by 

Indraratna et al. (2013), the ‘worst:case scenario’ was considered where maximum clogging 

would occur at the initial stage, therefore, the subsequent consolidation rate is significantly 

impeded as expected. 
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Using the current model, different scenarios of clogging could be considered and simulated: (i) 

no time:dependent clogging (rci = rcl), i.e. clogging is assumed to have finished initially before 

any consolidation; and (ii) linear and exponential patterns of clogging over time in lieu of initial 

clogging (rci =rc). Through comparison of these scenarios, it is also observed (Fig. 7) that the 

assumption of maximum clogging at the initial stage can delay the consolidation process further 

compared to the time:dependent clogging models, and that there will be further delay in 

consolidation if the clogging process follows pattern II (exponential) instead of pattern I (linear). 

������
�����������2�����
��	��,���,*������������	��

In this final section of the paper, the proposed consolidation model formulated and described 

earlier will be validated using two laboratory physical model tests. One of them was elaborated 

given earlier in the ‘Model Test’ section. The other one was reported by Basack et al. (2015). 

The soil properties in the clogged zone are difficult to measure directly due to its small 

dimension. Therefore attempt was made to reproduce the soil mixture and examine how the 

properties of the mixture change with varying clay fractions. In this regard, different clay 

fractions were used to make several cylindrical samples and pre:loaded before conducting falling 

head permeability tests and compression tests to determine the relevant permeability and 

compressibility properties. These properties were then compared to previous data (Simpson and 

Evans 2016; Watabe et al. 2011) as shown in Figure 8. The current test results agree well with 

previous data.  Due to different size of coarse particles and loading paths used in various tests, 

two normalized parameters are defined to compare the results, hence,  

 ∆� = �� − ���l − ��  
(17a) 
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 ∆� = lg	(��) − lg	(��)
lg	(��) − lg	(�l)  (17b) 

where Qk and Qmv are the normalized permeability and compressibility variation respectively; kc 

and mvc are the permeability and compressibility of coarse aggregates respectively; kf and mvf are 

the permeability and compressibility of the fines respectively; km and mvm are the permeability 

and compressibility of the mixture, respectively. 

The parameters used to predict model tests are listed in Table 4. The properties of the clean 

column and surrounding clay were obtained in the laboratory as discussed earlier. Because of the 

smaller particle size, the stiffness of model column was lower than the value of 48:120 MPa as 

mentioned in previous studies (Ambily and Gandhi 2007; Arulrajah et al. 2009; Fatahi et al. 

2012). There was no disturbance to pure clay outside the column as indicated by the 

measurement of void ratio of the surrounding clay after testing. The soil properties in the clogged 

zone were selected based on best:fit regression for a determined clay fraction of 0.32 (Fig. 8).  

A comparison between the current model test and corresponding theoretical predictions using 

Eqn. 6(b) is shown in Figure 9. If clogging is neglected, the settlement prediction is accurate 

only at the beginning, i.e. after the first stage of loading there is notable discrepancy, and the 

overall settlement is underestimated by about 15%. If clogging occurs initially, the calculated 

settlement is higher than the observed data during the first stage of loading, but then converges to 

the actual settlement curve. The calculations corresponding to the cases of ‘no clogging’ and 

‘initial clogging’ provide upper and lower limits, respectively. Time:dependent clogging is more 

apparent according to the examination of photo images of the column surface before and after 

testing. Unfortunately clogging process (rate and extent) could not be quantified to define a 

critical time tc accurately at which the soil consolidation is significantly influenced by the 
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clogging of the column. Both the reduction in permeability and the increase in compressibility 

were assumed to follow an exponential pattern (pattern II).  It is observed that the calculated 

settlements agree with the laboratory measurements, if time:dependent clogging is considered 

with the appropriate choice of a value of tc. 

Figure 10 shows the comparisons using the current model based on time dependent clogging 

with the model proposed by Basack et al. (2015) together with the measured data. It is noted that 

the initial part of the load:settlement response of the test was not suitable for the application of 

current consolidation model due to the effect of unloading and recompression. Therefore, only 

the data after recompression was selected to verify the proposed model. The radius ratio of clean 

column to the whole column was reported to be 0.92 which is slightly lower than the current 

model test, but the relevant soil properties are not found, so they were chosen as the same value 

as the current model test. The results demonstrate that improved predictions can be made using 

the current unit cell model where clogging of the column can increase the overall compressibility 

of the unit cell under equal strain condition.  

It is interesting to see that the corresponding settlement prediction with time:dependent clogging 

becomes higher than the case of ‘no clogging’.  The reasons for this can be explained as follows: 

clay intrusion in to the granular assembly can increase the column compressibility (i.e. reduction 

of inter:particle friction) hence the settlement at a given applied load in relation to the equal 

strain condition. Moreover, the stress distribution on top of the unit cell also varies (less load 

taken by the column) which could then lead to a greater stress transfer to the surrounding soil, 

hence an increased consolidation settlement of the clay. If the applied load is independent of time, 

the settlement would depend on both the degree of soil consolidation and the compressibility of 

the unit cell. The extent of clogging can actually increase the compressibility of the whole unit 
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cell thus the associated settlement. Slight clogging of stone column barely retards the rate of 

surrounding soil consolidation, while substantially increased clogging can impede drainage 

through the granular pile, requiring a greater time to attain the ultimate settlement. In this respect, 

it is perceived that a critical situation may exist below which the settlement can be adversely 

affected due to clogging. However, such an analysis that requires coupling of clay infiltration to 

the column with the soil consolidation theory is beyond the scope of this paper, and will be 

discussed in the future. 

��	���*��	�

A detailed physical model test of a unit cell (i.e. single stone column) was conducted to study 

clogging, together with loading and settlement data. After consolidation, a core part of the model 

test sample was exhumed and an image analysis using computed tomography (CT scan) was 

employed to quantify the extent of clogging. It could be seen that the clogged zone progressed 

with consolidation and occupied almost 20% of the outer ring of the model column towards the 

top; the extent of clogging decreased rapidly with depth until it eventually vanished. The 

porosity of the column was also obtained through weight:volume calculations and from image 

analysis; the results from both methods showed a good agreement. These clogging parameters 

were then used to predict the consolidation behaviour, and compare with the laboratory 

measurements.  

A consolidation model capturing both initial clogging and time:dependent clogging in a stone 

column unit cell was proposed, where the changes of properties of the stone column due to 

clogging were considered by different clogging patterns. The proposed model predictions were 

also compared with those of previous studies (with and without clogging); it is found that notable 
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discrepancies exist between models which involve clogging. The results under ‘no clogging’ and 

‘initial clogging’ situations represented the upper and lower boundaries of the predictions. In 

particular, the current model with equal strain condition indicated that the clogging of column 

can lead to increased compression, because the intrusion of fines to the granular assembly at the 

column top can increase its compressibility, and thereby the overall settlement of the unit cell 

under the equal strain condition. This observation may be in conflict with the ‘free strain’ 

condition, where the clogging of the column and the corresponding reduction in excess pore 

pressure dissipation can lead to a decreased rate of soil consolidation. 
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Table 1. Properties of materials in model test 

Properties of soil used in model test 

����������	�
������������������

Specific Gravity 
a
2.7 

Liquid limit 
a
55 

Plastic limit 
a
27 

Compression Index 
a
0.42 

Swelling Index 
a
0.06 

Void ratio 
b
1.3/1.2 

Vertical Permeability(×10
,9

m/s) 
c
1.3/1.1 

Compression modulus (MPa) 
c
1/1.3 

���������
���������������

LA abrasion value�
d
15% 

Point load index (MPa)�
d
5.39 

Specific Gravity 2.65 

Void ratio 0.65,1.08 

Permeability (×10
,5

m/s) 1.9,4 

Drained friction angle (Degrees) 47,52 

Compression modulus (MPa) 
e
30,50 

a.� Obtained from Ni (2012)  

b.� Measured after 1D consolidation with 65kPa/110kPa vertical stress 

c.� Measured after anisotropic consolidation, σ1ʹ=65kPa/110kPa, σ3ʹ=50kPa 

d.� Value of Latite basalt from Indraratna et al. (1998)  

e.� Measured after isotropic consolidation, σ3ʹ=50kPa   
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Table 2. Comparison of consolidation models for stone column improved soil 

Models 

Clogging 

Column 

deformation 

Well 

resistance 

Basic 

hypothesis Initial 

Time 

dependent 

Han & Ye (2001, 2002) N/A N/A N/A Yes Equal strain 

Wang (2009) N/A N/A N/A Yes Equal strain 

Xie et al. (2009) N/A N/A Yes Yes Equal strain 

Lu et al. (2010) N/A N/A Yes Yes Equal strain 

Indraratna et al. (2013) Yes No N/A N/A Free strain 

Basack et al. (2015) No Yes N/A N/A Free strain 

Deb & Shiyamalaa (2015) No Yes N/A N/A Equal strain 

Current model Yes Yes Yes Yes Equal strain 
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Table 3. Parameters for comparison of different consolidation models 

���������	��
����	���(Indraratna et al. 2013)�

kc(m/s) ks(m/s) kd(m/s) rc(m) rs/rc 

�
1.6×10

,6
 1.6×10

,9
 1.6×10

,10
 0.5 3 

rd/rc mvs/mvc mvs(MPa
,1

) h(m) 

1.15 7 0.5 16 

��������
����	��

Indraratna et al. (2013) α = 0.5 αk = 0.5 

Deb & Shiyamalaa (2015) α0 = 4×10
,5

s
,1

 β = 10
,12

s
,1

 

Current model 

mvcl/mvc kcl/kc rcl/rc Tc (when rci = rc) 

�
2 

�
0.1 

�
0.7 

�
1 

��� obtained from Han & Ye (2002) 

��� assumed for the present analysis 
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Table 4. Parameters for predicting model tests 

Current model test Model test by Basack et al. (2015) 

kc(m/s) 
�
3×10

,5
 

−
 

ks(m/s) 
�
1.3×10

,9
 10

,9
 

kcl/kc 
�
10

,3
 

−
 

rc(m) 
�
0.055 0.05 

rs(m) 
�
0.15 0.15 

rcl/rc 0.9 0.92 

h(m) 
�
0.6 0.6 

mvs(MPa
,1

) 
�
1 2 

mvs/mvc 
�
30 

−
 

mvs/mvcl 
�
3.9 

−
 

��� chosen based on material tests 

��� determined through fit line in Fig 8 

��� measured directly 
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