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1. Introduction

Lands composed of soft, saturated sediment layers are problematic

due to their low shear strength and high compressibility. The 

increasing population and lack of suitable ground have inevitably 

led to the usage of such weak deposits for constructions. 

Consequently, the application of various soil improvement 

methods is essential when faced with soft or very soft soils 

(Mitchell and Huber, 1985; Alfaro et al., 1994).

Among various methods available to improve soft soils (e.g., 

vertical drains, sand wicks, chemical additives, reinforcement, 

surcharge and vacuum preloading, etc.) ground improvement 

with an emphasis on the granular column technology overcomes 

construction problems by reducing the settlement under loading 

and speeding up the consolidation process (Hosseinpour et al., 

2010; Han, 2015b; Al-Bared and Marto, 2017; Mohapatra and 

Rajagopal, 2017; Almeida et al., 2018; Mahawish et al., 2018; 

Kadhim et al., 2018; Al-Bared et al., 2019; Lima et al., 2019; Xue et 

al., 2019). The existence of the granular columns creates a 

composite material stiffer than the virgin weak soil, which attains 

its load capacity from the confinement provided by the surrounding 

soil (Greenwood, 1970; Poorooshasb and Meyerhof, 1997; Han, 

2015a; Almeida et al., 2019; Samanta and Bhowmik, 2019). In 

addition, owing to the high drainage capability of the aggregates, 

the use of granular columns has attracted considerable attention. 

Therefore, it can be also utilized to reduce liquefaction potential 

in loose soils (Cengiz et al., 2019).

In practice, it is common to use a 50 − 100 cm thick compacted 

granular blanket to facilitate the implementation of stone columns 

on very soft grounds. While this firm layer provides surface 

drainage, it is also effective in redistributing and transferring 

embankment stress to the stone columns under the arching 

phenomenon. This dense layer can be further reinforced with a 

geosynthetic layer on top (often geogrid) which subsequently 

results in a significant increase of the bearing capacity due to its 

high tensile stiffness as well as considerable interlocking with 
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granular materials. Furthermore, the membrane effect of the 

geosynthetic layer reduces the stress transferred to soft soil, 

thereby reducing its total deformations (Márcio de Souza and 

Marques, 2013; Han, 2015b; Hosseinpour et al., 2019).

Numerous researchers have investigated the behavior of stone 

columns used to strengthen soft clay using laboratory experiments, 

numerical tools, and analytical methods. Results demonstrated 

that the use of stone column significantly reduces the total stress 

imposed on the soft clay bed as well as the consolidation 

settlement (Najjar et al., 2010; Indraratna et al., 2013; Basack et 

al., 2016; Debnath and Dey, 2017; Golait and Padade, 2017; 

Hosseinpour et al., 2017a; Mehrannia et al., 2018; Sharma, 

2019).

Abusharar and Han (2011) studied the safety factor of an 

embankment on soft soil using the two-dimensional finite element 

method. The results revealed that increasing the distance between 

stone columns and the thickness of the soft clay decreased the 

safety factor. Moreover, it was observed that increasing the 

diameter of the columns and the cohesion of the soft clay 

improved embankment stability.

Indraratna et al. (2015) studied the deformation of stone 

columns under static loading on soft soil using finite difference 

method (FDM). The results showed that increasing the diameter 

of column reduced its lateral deformation which, in turn, 

increased the failure stress of the composite soil-stone column 

foundation. 

Zhao et al. (2019) evaluated numerically the effect of different 

parameters on stress concentration on stone columns. Their 

investigations showed that increasing the distance between the 

stone columns increased the concentration of stress in the columns 

as well as the tensile force in the basal geogrid. In addition, they 

found that using basal geogrid and increasing the modulus of 

elasticity of both the stone column and the surrounding soft soil 

increased the bearing capacity.

As reported, the majority of the previous numerical analyses 

studied the behavior of a single stone column in the axial 

symmetry configuration (i.e., unit cell approach). Although the 

use of a unit cell model yields acceptable results when estimating 

the settlement and distribution of stress under the embankment, 

the horizontal deformation at the embankment toe or at any 

distance from the toe cannot be calculated. This is due to the 

application of horizontal constraints along the side borders which 

prevents the occurrence of horizontal deformations in the unit 

cell model. Moreover, the horizontal fixities embedded in the 

side borders of the unit cell prevent the basal geosynthetic to 

deform horizontally thus leading to a negligible value of the 

geosynthetic tensile force compared to the reality.

To overcome these limitations, the axisymmetric to plane 

strain conversion methodology proposed by Tan et al. (2008) is 

employed allowing to analyze full embankment over a group of 

stone columns. In this contribution, the stone column is replaced 

by an extended wall with a reduced thickness, while the center-

to-center distance of columns remains constant. Initially, the 

verification of the proposed model is examined using the above 

method. Then, the behavior of embankment and soft clay foundation 

is studied by changing the properties of the stone column, and 

the soft clay layer. 

2. Plane Strain Configuration

Tan et al. (2008) proposed two methods to convert the geometry 

of a single-stone column from a three-dimensional into a two-

dimensional plane strain. In both methods, the spacing between 

stone columns is maintained and each stone column is replaced 

by an extended shear wall. In the first method, the thickness of 

the wall is equal to the diameter of the stone column, and the soil 

permeability changes according to correlation equations. However, 

in the second method, the permeability of soil materials remains 

constant while the thickness of the wall is accordingly reduced. 

Both methods are validated relative to the field data; subsequently,

only the second method yielded valid satisfactory results. 

Therefore, in this study, the second methodology proposed by 

Tan et al. (2008) is employed here in order to model the group of 

stone columns. Fig. 1 demonstrates a single-stone column 

conversion into an equivalent shear wall where the thickness of 

the shear wall is calculated as follows:

, (1)

where R is the influence radius of the stone column at the 

symmetrical condition, and B is the influence radius in the plane-

strain condition. The value of R depends on the arrangement of 

stone columns (i.e., square or triangular), as well as the center-to-

center distance of stone columns. For the columns installed into a 

square grid, the value of R is 1.13S where S is the center-to-

center spacing between stone columns. 

3. Model Validation

The results of instrumentation for a real highway embankment in 

Malaysia in 2003 (reported in Tan and Oo, 2005) were used to 

validate the numerical model. Fig. 2 represents the cross-

sectional view of the embankment and the subsoil profile. As can 
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Fig. 1. Geometry Conversion of Stone Column from Axial Symmetry 
to Plane Strain (Tan et al., 2008): (a) Axisymmetric, (b) Plane 
Strain, Method 2
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be seen, the embankment is 40 m wide at the base and its height 

is 1.8 m with a side slope of 1V-2H. The 80 cm diameter stone 

columns were installed in a square grid with center-to-center 

spacing of 2.4 m covering to a depth of 6 m below the ground 

surface. Moreover, a 1 m thick dense granular soil layer was 

placed on top of the soft clay to improve drainage conditions and 

construction operations on soft soil. To understand the behavior 

of the embankment and the soil beneath, a set of instruments was 

used to monitor the variations of settlements right at the center of 

the embankment and the pore water pressure in the middle of the 

clay layer.

Plaxis 2D, V.8.5 finite element code (Brinkgreve and Vermeer, 

2012) was employed for the numerical analysis of embankment 

due to its capability of conducting coupled consolidation analyses, 

as it has been extensively used by several researchers (Elsawy, 

2013; Hosseinpour et al., 2017b; Muzammil et al., 2018; Vinoth 

et al., 2019).

Figure 3(a) shows the numerical model adopted to perform 

the validation analysis. Due to the axial symmetry at the center, 

only half of the embankment is simulated. The dimensions of 

embankment and clay bed as well as the stone columns are 

identical to those of the actual fieldwork reported by Tan et al. 

(2008). Given the plane strain conditions, stone columns are 

modeled using continuous walls, with the thickness calculated 

via Eq. (1). According to the center-to-center distance between 

stone columns of 2.4 m and their diameter of 0.8 m, the 

equivalent thickness of walls in the plane strain model is 

obtained as 21 cm. Subsequently, the boundary conditions are 

applied in a manner that the side borders of the model would 

only have vertical movement, while the model is entirely fixed 

at the base.

To achieve accurate results, the model was meshed using 15-

nodes triangular elements. Consequently, the model is divided 

into 960 elements along with 7,853 and 11,520 nodes to calculate 

either strains or changes in stresses at any different locations. 

Since the finite element results are sensitive to the mesh 

coarseness, a series of sensitivity analyses was performed to 

obtain the most accurate results. According to the results, a fine 

mesh coarseness was found to provide the most accurate 

prediction of the measured data and thus assigned to generate the 

model into triangular elements. Fig. 3(b) shows the applied 

boundaries as well as a mesh generated model. 

Fig. 2. Cross Sectional View of Embankment Used for Model Validation 
(Tan et al., 2008)

Fig. 3. Two-Dimensional Plane Strain Model of Embankment: (a) Numerical Model Used for Analysis, (b) Mesh Generation
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The reinforcement was modeled as an isotropic geogrid 

element, available simply in Plaxis 2D, composing of six nodal 

triangular elements with three translational degrees of freedom 

per node. By assigning 15-node elements to soil materials, the 

geogrid is automatically simulated by a 5-node linear element. 

The geogrid element only has tensile stiffness and thus it can 

sustain tensile force along the length. A perfect bounding was 

assigned along with the interface between the geogrid element 

and the surrounding soil (Hatami and Bathurst, 2005; Tandel et 

al., 2012). The use of an elastic element inherently leads that the 

tensile rupture of the geosynthetic will not occur in the 

parametric study. Since the geogrid is only capable of sustaining 

tensile stress, only a tensile stiffness will be required to simulate 

its behavior, the value of which will be varied in parametric 

analyses.

Concerning constitutive models, the behavior of all types of 

soil materials is simulated using the elastic-plastic Mohr-

Coulomb model, the parameters of which are presented in 

Table 1. 

The embankment construction was performed in three stages, 

at each 60 cm thick fill was placed in three days. Consequently, 

the embankment was completed over a period of 9 days and 

reached a height of 1.8 m. Following the completion of loading, 

i.e., complete construction of embankment, a consolidation 

analysis is carried out and calculations are continued until 

complete dissipation of the excess pore water pressure.

Figure 4(a) compares variations of the measured and simulated 

settlements over time, for a point located below the embankment 

centerline (see point A in Fig. 3(a)). As can be seen, the numerical 

analysis could predict fairly well the trend and magnitude of the 

measured settlement with about 80 cm consolidation settlement 

occurred over a period of approximately 100 days.

In addition, Fig. 4(b) shows the distribution of pore water 

pressure at the center of the soft clay layer at point B. Based on 

this figure, the pore water pressure increasingly rises during the 

construction of the embankment (i.e., 9 days). Following, the 

pore pressure starts to dissipate gradually while it is disappeared 

over a period of 100 days, denoting the occurrence of a total 

consolidation. As can be observed, there is a good agreement 

between numerical results and field measurements confirming 

the adopted model is perfectly able to predict the embankment 

behavior. Therefore, the model can be employed to conduct 

parametric analyses to gain a better understanding of embankment 

behavior by changing some critical parameters. 

4. Parametric Study

The behavior of the embankment was studied by changing 

parameters including the spacing between stone columns (S), 

basal geogrid stiffness (J), friction angel of soft clay bed (φs), 

stone column friction angle (φc) and stone column length (Lc) 

with their values listed in Table 2. It is noticed that the adopted 

parameters are in the range recommended by manuals and well-

known reference textbooks e.g., Barksdale and Bachus (1983), 

Mitchell and Huber (1985), Almeida et al. (2019), Han (2015a).

It is also noted that, to achieve better performance and reveal 

the geogrid effect on parametric analyses, the height of the 

embankment and its density increase to 6 m and 20 kN/m3, 

Table 1. Properties of Soil Materials (adopted from Tan et al., 2008)

Material γdry (kN/m
3) γsat (kN/m

3) v' (−) E (MPa) kh (m/s) kv (m/s) c' (kPa) φ (deg)

Embankment fill 18 20 0.3 15 1.16* 1.16* 3 33

Crust 17 18 0.3 15 3.47* 1.16* 3 28

Soft clay 15 15 0.3 1.1 3.47* 1.16* 1 20

Stiff clay 18 20 0.3 40 3.47* 1.16* 3 30

Stone column 19 20 0.3 30 1.16* 1.16* 5 40

Fig. 4. Comparison of Numerical Results and Measurements: (a) Settlement 
Variations at Point A, (b) Changes in Excess Pore Water Pressure 
at Point B
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respectively. The embankment is also placed over a period of 24 

days, and consolidation analysis continues until the excess pore 

water pressure is dissipated. Fig. 5 shows the embankment 

geometry to be used in parametric analyses.

5. Results and Discussions

5.1 Influence of Spacing between the Stone Columns (S)
Figure 6(a) shows variations of the settlement profile under the 

unreinforced embankment for different spacing between stone 

columns. It is clearly seen that decreasing the spacing between 

columns significantly reduces the amount of settlement under the 

embankment. For example, by reducing the distance from 2.4 to 

1.8 m, the maximum settlement below the embankment decreases 

by approximately 25%, i.e., from 470 to 350 mm. In addition, it 

is observed that reduction of spacing between the stone columns 

remarkably affects the amount of heave at the embankment toe. 

For instance, reduction of spacing between the columns from 2.4 

to 1.8 m results in a complete removal of 112 mm heave at the 

embankment toes. 

According to Fig. 6(b), when using a basal geogrid with 

stiffness of 4,000 kN/m, reducing the spaces between the stone 

columns from 2.4 to 1.8 m only reduces the maximum settlement 

from 470 to 420 mm, i.e., 10%. This behavior reflects the slight 

effect of changing the spacing between the stone columns when 

a very high-stiffness geogrid is placed under the embankment. 

Alternatively, the geogrid has a significant effect on the reduced 

heave at the embankment toe. As shown, given a constant 

spacing value of 2.4 m between stone columns, the magnitude of 

Table 2. Variable Considered for Parametric Analysis

Parameter Value Unit

Spacing between the stone columns (S) 1.8, 2.0, 2.2, 2.4 (m)

Basal geogrid stiffness (J) 0, 4000 (kN/m)

Friction angle of the soft clay (φs) 20, 23, 26, 29 (degree)

Friction angle of the stone columns (φc) 38, 40, 42, 44 (degree)

Length of the stone columns (Lc) 0.25 Hs, 0.5 Hs, 0.75 Hs s, Hs* ---

*Hs is the thickness of soft clay layer.

Fig. 5. Numerical Model Adopted for Parametric Study

Fig. 6. Settlement Profile under the Embankment: (a) Unreinforced 
Embankment, (b) Reinforced Embankment with Basal Geogrid 
(J = 4,000 kN/m)
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heave lowered from 112 mm to zero when a basal geogrid with 

stiffness of 4,000 kN/m is used.

Figure 7 shows the horizontal deformation profile of the 

foundation soil at the embankment toe for different spacing 

between the stone columns. According to Fig. 7(a), when the 

distance between the stone columns reduces, the maximum value 

of horizontal deformation of the foundation soil considerably 

decreases. For example, when the distance between the stone 

columns for unreinforced embankment decreases from 2.4 to 1.8 m,

the maximum horizontal displacement reduces by approximately 

73%, i.e. from 500 to 135 mm. 

The significant rate of change in horizontal deformation when 

the column spacing is 2.4 m is due to the largest distance of the 

outer stone columns from the embankment toes, where the 

horizontal deformation is calculated. Since 2.4 m spaced stone 

columns offer negligible passive support to the soft soil 

underneath the embankment toe, the soil lateral deformation will 

be considerably higher in that case, compared to others.

As illustrated in Fig. 7(b), when a basal geogrid with stiffness 

of 4,000 kN/m is used, the effect of spacing between the stone 

columns on the maximum horizontal deformation of the subsoil 

is not as such as remarkable for the unreinforced embankment. 

For example, for the reinforced embankment when the column 

spacing reduces from 2.4 to 1.8 m, the maximum horizontal 

displacement decreases by approximately 32%, i.e., from 160 to 

110 mm.

Therefore, as pointed out in Johnson (2012), it can be 

concluded that the use of basal geogrid will have a significant 

influence on controlling the horizontal deformations of the 

subsoil, regardless of the spacing between the stone columns.

Figure 8 demonstrates variations of the excess pore water 

pressure versus time in the middle of the clay layer for different 

spacing between the stone columns. Based on this figure, 

spacing between the stone columns has a significant effect on 

maximal excess pore water pressure. It is seen that reducing the 

column spacing from 2.4 to 1.8 m decreases the maximum amount 

of excess pore pressure from 51 to 27 kPa. Moreover, given the 

following figure, the close-spaced stone columns considerably 

accelerate consolidation. This behavior can be interpreted by two 

reasons: first, a closer installed stone columns reduces the 

amount of the embankment total stress transferred to the soft soil 

thus the maximal excess pore pressure decreases (Almeida et al., 

2018). Secondly, reducing the spacing between the stone columns 

shortens the radial flow path thus time to pore pressure dissipation 

significantly decreases.

5.2  Influence of the Friction Angle of Soft Clay Layer (φs)
Figure 9 shows the effect of the soft clay friction angle on the 

settlement profile under both reinforced and unreinforced 

embankments. In these analyses, the center-to-center distance 

between the stone columns was fixed at 2.4 m, while the soft 

clay friction angle was changed between the values listed in 

Table 2. According to Fig. 9(a) with respect to the unreinforced 

embankment, when the friction angle of the soft clay increases 

from 20o to 29o, both the maximum settlement and the heave at 

embankment toe decrease. As expressed by the change in the 

friction angle, the maximum settlement under embankment 

reduces by approximately 12%, i.e., from 475 to 420 mm, and 

the heave value diminishes from 110 mm to zero.

According to Fig. 9(b), for the embankment reinforced by a 

geogrid layer with stiffness of 4,000 kN/m, increasing the soft 

Fig. 7. Profile of the Soil Horizontal Deformation under the Embankment 
Toe: (a) Unreinforced Embankment, (b) Reinforced Embankment 
(J = 4,000 kN/m)

Fig. 8. Changes in Excess Pore Water Pressure in the Middle of the 
Clay Layer
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clay friction angle does not significantly affect neither the 

settlement under the embankment nor the heave at the embankment 

toes. Accordingly, it can be concluded that the effect of 

increasing the clay friction angle on embankment settlement and 

toe heave highly depends on the stiffness of the basal geogrid 

placed under the embankment.

The horizontal deformation profile of the foundation soil at 

the embankment toe for different friction angles of the soft clay 

layer is plotted in Fig. 10. Based on Fig. 10(a), when the clay 

friction angle increases, the maximum value of the horizontal 

deformation of subsoil considerably decreases. For example, 

when the friction angle of the soft clay underneath unreinforced 

embankment increases from 20o to 29o, the maximum horizontal 

displacement reduces by approximately 72%, i.e., from 504 to 

137 mm.

According to Fig. 10(b), if a geogrid with a stiffness of 4,000 

kN/m is used, the effect of increasing the clay friction angle on 

the maximum horizontal deformation of subsoil will not be 

significant. For instance, for the embankment reinforced by 

geogrid with a stiffness of 4,000 kN/m, increasing the clay 

friction angle from 20o to 29o, results the maximum horizontal 

displacement to reduce by almost 25%, i.e., from 157 to 118 mm. 

As a result, the effect of increased soft clay friction angle on the 

reduction of total deformations of unreinforced embankment is 

far more significant than embankment reinforced with high-

stiffness geogrid.

Additionally, the significant effect of geogrid on reducing the 

maximum soil horizontal displacement can be understood in the 

following two figures. For example, for a given clay bed friction 

angle of 20o, the maximum soil horizontal displacement reduces 

by approximately 69%, i.e., from 504 to 157 mm, when a geogrid 

with stiffness of 4,000 kN/m is placed at the base of the 

embankment. Therefore, it could be concluded that the use of 

basal geogrid below the embankment has a significant effect on 

controlling the horizontal deformations of soft foundation.

Figure 11(a) shows variations of excess pore pressure in the 

middle of the soft clay layer for different values of the clay 

friction angle under unreinforced embankment. As can be seen, 

any change in the clay friction angle has no effect on the maximum

excess pore pressure nor the time required for reaching complete 

consolidation. Variations of the total vertical stresses on the stone 

column and the soft clay layer could be useful to interpret this 

behavior.

Figure 11(b) demonstrates variations of the total stress transferred 

to the top of the central stone column and the surrounding clay, 

Fig. 9. Influence of the Friction Angle of the Clay Layer on Settlement 
Profile: (a) Unreinforced Embankment, (b) Reinforced Embankment 
with Basal Geogrid (J = 4,000 kN/m)

Fig. 10. Profile of the Soil Horizontal Deformation under the Embankment 
Toe: (a) Unreinforced Embankment, (b) Reinforced Embankment 
(J = 4,000 kN/m)
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during and after the construction of the embankment. Unsurprisingly,

increasing the height of embankment (i.e., construction stages) 

leads to an increase in total stresses on both the stone column and 

the surrounding soft soil. As a result of the arching effect, a stress 

concentration of 3.6 is observed which slowly decreases during 

the post-construction phase. This can be due to the gain in 

strength of soft clay during consolidation, which causes the 

portion of the load transferred to the soft soil to gradually increases

thus decreasing the stress concentration ratio. Furthermore, 

variations of the total vertical stress transferred to the soft clay 

show that changing the clay friction angle does not alter the 

stress transferred to the soft clay layer. Subsequently, the excess 

pore pressure in the middle of the clay layer will remain almost 

unaffected as observed in Fig. 11(a). 

5.3 Influence of the Friction Angle of Stone Column 
Material (φ

c
)

Figure 12(a) shows variations of the settlement profile under the 

unreinforced embankment for different values of the stone 

column material friction angles. Clearly, increasing the friction 

angle of aggregates considerably reduces settlement under the 

unreinforced embankment. For instance, increasing the friction 

angle from 38o to 44o reduces the maximum settlement by about 

33%, i.e., from 625 to 420 mm. Moreover, such an increase has a 

significant effect on the extent of heave at the embankment toe, 

in addition to its effects on settlement. Accordingly, increasing 

the column friction angle from 38o to 44o reduces the heave value 

from 255 to 85 mm, i.e., 67%.

In contrast, given Fig. 12(b), when the basal geogrid with 

stiffness of 4000 kN/m is used, the effect of increasing the stone 

column material friction angle is not significant, as it only 

reduces the maximum settlement by 8%, i.e., from 38o to 44o. 

Consequently, the effect of increased stone column material friction 

angle on reducing the settlement in the unreinforced embankment is 

far more significant than the reinforced embankment.

The horizontal deformation profile of the foundation soil at 

the embankment toe for different friction angles of the stone 

column materials is shown in Fig. 13. According to Fig. 13(a), 

increasing the friction angle of aggregates remarkably reduces 

the maximum soil horizontal deformation. For example, when 

the column friction angle for unreinforced embankment increases 

from 38o to 44o, the maximum horizontal displacement reduces 

from 950 to 380 mm, i.e., 60%. 

Based on Fig. 13(b), if a high stiffness geogrid is used, the 

effect of increasing the stone column friction angle on the maximum 

Fig. 11. Effect of Clay Bed Friction Angle on: (a) Excess Pore Water 
Pressure in the Middle of the Clay Layer, (b) Total Vertical 
Stresses on Soft Clay and Stone Column

Fig. 12. Effect of Friction Angle of Stone Column Materials on Settlement
Profile: (a) Unreinforced Embankment, (b) Reinforced 
Embankment with Basal Geogrid (J = 4,000 kN/m)
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soil horizontal displacement will be significantly reduced and 

becomes roughly negligible. For example, given an embankment 

reinforced by a geogrid with stiffness of 4,000 kN/m and an 

increased column friction angle from 38o to 44o, the maximum soil 

horizontal displacement reduces from 165 to 145 mm.

The remarkable rate of changes in either vertical or horizontal 

deformations, when φc varies from 38
o to 44o compared to the 

slight rate of changes when φc increases from 38
o to 40o could be 

attributed to the significant role of the relative density of stone 

column material. In the other words, higher density of the column 

material results a greater portion of the embankment total load to 

be supported by the column, thus the total stresses transferred to 

the soft soil and the subsequent deformations decrease. 

Unlikely, when embankment is reinforced by a basal geogrid 

with J = 4,000 kN/m, as shown in Figs. 12(b) and 13(b), any 

changes in friction angle of the column material, does not cause a 

significant reduction in settlement nor horizontal deformation. 

This behavior could be interpreted by the outstanding role of the 

membrane effect of the basal geogrid which basically leads to a 

larger part of the embankment load to be reflected onto the 

tensile force mobilized along the geogrid, which in turn causes 

the embankment load transferred to the stone column to reduce. 

Thus, in the case of a reinforced embankment, any changes in the 

column friction angle do not affect significantly the settlement 

nor the horizontal deformation of the subsoil. 

5.4 Influence of the Stone Columns Length (Lc)
In these analyses, the stone column spacing and diameter are 

maintained as 2.4 m and 0.8 m, respectively; while their length 

varies proportionally to the soft clay thickness (Hs) as represented in 

Table 2. A reinforced embankment is only analyzed here in order 

to prevent embankment failure owing to given the short length of 

stone columns. 

Figure 14 shows the effect of the stone column length on the 

settlement profile below the embankment. It is observed that 

changing the stone column length has a significant effect on the 

settlement under embankment as well as the heave at the 

embankment toe. For example, if the column length is changed 

from 0.25Hs to 0.75Hs, the maximum settlement decreases from 

850 to 435 mm. In addition to its effect on the magnitude of 

settlement, it is observed that such an increase in the stone 

column length has a considerable effect on the extent of heave at 

the toe. Accordingly, increasing the column length from 0.25Hs

to 0.75Hs reduces the foundation heave at the embankment toe 

from 375 to 20 mm, which is nearly 95%. 

Figure 15 shows the profile of the soil horizontal deformation 

beneath the embankment toe for different stone column lengths as 

well as the geogrid stiffness. According to Fig. 15(a), when the stone 

column length decreases, the maximum value of subsoil horizontal 

deformation significantly increases. For example, an increased 

column length from 0.25Hs to 0.75Hs reduces the maximum soil 

horizontal deformation from 2235 to 560 mm, i.e., 75%.

In addition, a direct comparison between the following 

figures indicates to the significant contribution of the basal 

geogrid on the maximum soil horizontal deformation. For instance,

with a column length of 0.25Hs and an increased stiffness of 

geogrid from 2,000 to 4,000 kN/m, the maximum soil horizontal 

displacement reduces from 2,235 to 1,085 mm.

Fig. 13. Profile of Soil Horizontal Deformation under the Embankment 
Toe: (a) Unreinforced Embankment, (b) Reinforced Embankment 
(J = 4,000 kN/m)

Fig. 14. Settlement Profile under the Reinforced Embankment with a 
Basal Geogrid (J = 4,000 kN/m)
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Figure 16 illustrates the variations of the excess pore water 

pressure in the middle of the soft clay layer for different stone 

column lengths. Considering this figure, changing the stone 

column length has a significant effect on the maximum amount 

and dissipation of pore pressure. In this regard, changing the 

column length from 0.25Hs to 0.75Hs reduces the maximum 

pore pressure from 130 to 57 kPa, i.e., nearly 55%.

Moreover, the figure shows that the longer stone columns 

hasten the consolidation subsequently reduces the time required 

for the final settlement. For example, increasing the column 

length from 0.25Hs to 0.75Hs reduces the dissipation time from 

1,200 to 150 days as a result of the reduction in vertical stresses 

on the soft clay as well as the increased radial drainage capability, 

given the increased stone column length.

5.5 Stability Analysis of Embankment
In order to verify the stable performance of the embankment, a c-phi 

reduction stability analysis was performed to calculate the factor of 

safety during two consecutive stages: just after load application, and 

before the next loading stage. Meanwhile, the stability analysis was 

conducted for unreinforced and embankment reinforced with 

geogrid with a stiffness of J = 4,000 kN/m. In addition, the influence 

of the soft clay friction angle on the safety factor of the embankment 

was studied with the values mentioned in Table 2.

The results of the stability analysis are summarized in Fig. 17

in plots of the factor of safety against the embankment height. 

Comparing two plots shown in Fig. 17 indicates that the use of the 

basal geogrid significantly improves the stability of the embankment 

during both construction and consolidation stages. For example, 

when using the basal geogrid with stiffness of 4,000 kN/m, the 

embankment stability improves approximately over 50%, at any 

stage of load application either consolidation interval.

Regardless of the fact whether or not the basal geogrid is used, 

the upward trend of the safety factor denotes an increase in the factor 

of safety during the consolidation interval when the excess pore 

pressure in the clay layer tends to gradually dissipate, as shown in 

Fig. 18(b). Afterwards, the value of safety factor critically falls due 

to rapid load application in saturated clay leading the excess pore 

pressure to become maximal as illustrated in Fig. 18(a). 

The influence of the friction angle of the soft clay under 

embankment on safety factor is shown in Fig. 19 in which the 

Fig. 15. Profile of the Soil Horizontal Deformation at the Embankment 
Toe: (a) Reinforced Embankment (J = 2,000 kN/m), (b) Reinforced
Embankment (J = 4,000 kN/m)

Fig. 16. Changes in Excess Pore Water Pressure in the Center of the 
Clay Layer (J = 4,000 kN/m)

Fig. 17. Influence of Basal Geogrid on Safety Factor of Embankment 
during Construction and Consolidation Stages
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variation of the safety factor is plotted against embankment 

height for different values of the clay friction angle. According to 

Fig. 19(a), an increase in the friction angle of the soft clay layer 

leads to an improved factor of safety during both rapid constructions 

as well as post-construction period. For example, increasing the 

soft clay friction angle from 20o to 29o causes the ultimate safety 

factor to improve from 1.2 to 1.5.

Based on Fig. 19(b), for the embankment reinforced by a geogrid 

with stiffness of 4,000 kN/m, increasing the soft clay friction angle 

does not significantly affect the stability of the embankment and thus 

the values of safety factor remain almost unchanged. Consequently, 

by comparing the following two figures, it can be deduced that the 

influence of soft clay friction angle on the stability of the 

embankment depends considerably on whether or not a high 

stiffness geogrid is placed under the embankment. 

6. Conclusions

Plane strain numerical analysis was employed to calculate the 

behavior of unreinforced and reinforced embankment on soft 

clay reinforced by stone columns. Following model validation, 

the effects of parameters such as spacing between stone columns, 

Fig. 18. Distribution of Excess Pore Water Pressure: (a) Immediate after Loading Stage 1, (b) 50 Days after Loading Stage 1

Fig. 19. Influence of Clay Friction Angle on Safety Factor: (a) Unreinforced Embankment, (b) Reinforced Embankment (J= 4,000 kN/m)
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basal geogrid stiffness, soft clay friction angle, stone column 

friction angle, and stone column length were examined. The 

most significant results are as follows:

1. Results showed that for a constant spacing between the 

stone columns, using a high stiffness geogrid (i.e., J = 4,000 

kN/m) caused to the complete removal of the toe heave and 

over two times reduction in horizontal soil deformation. 

That is clear evidence of the great contribution of a high 

stiffness geogrid in a remarkable reduction of horizontal 

deformation beneath the embankment. 

2. The larger spaced stone columns have shown to increase 

the settlement under the embankment and the maximum 

pore pressure in soft clay. However, when the spacing 

between stone columns reduces from 1.8 m to 2.4 m, the 

maximum settlement under the embankment reduces about 

40% for the unreinforced embankment. 

3. An increase in friction angle of the soft clay layer resulted 

in a significant decrease in embankment settlement and the 

toe heave, along with a horizontal displacement of the 

subsoil. This behavior; however, is associated with the 

stiffness of the basal geogrid. In other words, the contribution 

of the soft clay properties in embankment behavior is 

associated with the stiffness of the geogrid layer under the 

embankment. 

4. Increasing friction angle of the aggregates materials caused 

a significant reduction in the total deformations of the 

subsoil. Nevertheless, the contribution of the stone column 

in carrying embankment load reduced as a high stiffness 

geogrid is placed under the embankment. 

5. Change in stone column length has shown to have the 

highest impact on total deformations and excess pore pressure, 

among others. It was found that increasing column length 

from 0.25Hs to 0.75Hs yields both the vertical and horizontal 

deformations of soft soil to reduce by about two and five 

times, respectively. Therefore, embankment stability 

significantly improves when the stone column length 

increase from 0. 25Hs to 0. 75Hs. 

6. Stability analysis showed that using a high stiffness basal 

geogrid causes the embankment short term stability to 

considerably improve during all stages of construction. As 

observed, using a geogrid with a stiffness value of 4,000 kN/

m, improved the factor of safety from 1.25 to about 1.9 at 

the end of construction. 
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Nomenclature

2bc= Thickness of equivalent shear wall (m)

2B= Influence thickness of equivalent shear wall (m)

c'= Cohesion (kPa)

Es= Elastic modulus of soft soil (kN/m2)

Ec= Elastic modulus of stone column material (kN/m2)

e= Void ratio (dimensionless)

He= Height of embankment (m)

Hs= Thickness of soft soil (m)

kh= Horizontal soil permeability (m/s)

kv= Vertical soil permeability (m/s)

R= Influence radius of one stone column (m)

rc= Stone column radius (m)

S= Center to center spacing beyween stone columns 

(m)

J= Stiffness of geogrid (kN/m)

φs= Angle of shearing resistance of soft soil (degree)

φc= Angle of shearing resistance of stone column (degree)

γ= Unit weight of soil (kN/m3)

υ= Poisson’s ratio (dimensionless)

L= Length (m)

ψ= Dilation angle (degree)
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