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ABSTRACT 

A simplified 2D plane strain finite element analysis was applied to predict the field response of a test embankment on 
geotextile-encased granular columns. Numerical simulation was carried out by transforming the granular columns into the 
equivalent walls with the angle of friction increased accordingly to account for the coating influence of the geotextile. The 
purpose of increasing the friction angle of the granular columns was to indirectly consider the influence of the geotextile 
encasement originally proposed by Raithel and Henne (2000). Unlike the axisymmetric unit cell model, the geotextile hoop 
tensile strains cannot be calculated when using a 2D plane strain model. However, use of the typical axisymmetric unit cell model 
is questionable since the lateral spreading of backfill and its supporting foundation cannot be simulated. Comparison with field 
measurements showed that using the equivalent friction angle for the granular columns in the plane strain model, allowed the 
contribution of the geotextile encasement to be simulated reasonably well. 
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1.  INTRODUCTION 

Granular columns are commonly used to reduce the settle-
ment, increase the load-bearing capacity, and accelerate the con-
struction of embankments on soft clay (Mitchell and Huber 1985). 
In very soft clay (undrained shear strength, Su < 15 kPa), encas-
ing the granular column with geosynthetics material significantly 
reduces column bulging, decreases the overall deformations of 
the soft soil and improves the stability of the embankment (Gniel 
and Bouazza 2010; Almeida and Marques 2013). Meanwhile, 
geosynthetic encasement prevents intermixing of the soft clay 
particles into the granular aggregates, and subsequently the 
drainage capacity of the granular material remains intact (Raithel 
et al. 2005; Murugesan and Rajagopal 2010).  

For the geosynthetic encased-granular column a 2D ax-
isymmetric model, consisting of a single encased column and its 
surrounding soft soil, can be simply used to perform the numeri-
cal analysis (Murugesan and Rajagopal 2006; Malarvizhi and 
Ilamparuthi 2007; Khabbazian et al. 2010; Dash and Bora 2013; 
Almeida et al. 2013; Hosseinpour et al. 2014; Hasan and Samad-
hiya 2016; Geng et al. 2017; Rajesh 2017). The typical axisym-
metric unit cell model with horizontally fixed side boundary con-
ditions underestimates the horizontal deformation of foundation 
soil and geotextile encasement and thus both the soil and geotex-
tile strains. Although a 3D analysis is more appropriate for this 
type of geosynthetic application, a 2D plane strain model might 
also be used to predict the horizontal deformation of the founda-

tion soil underneath the embankment. A simplified methodology 
for a 2D plane strain analysis of granular columns without en-
casement was proposed by Tan et al. (2008) in which a unit cell 
was converted into a wall in order to obtain the equivalent plan 
strain column width. Selection of the geotextile stiffness based on 
a 2D plane strain model is inherently impossible; thus its confin-
ing support is ignored and consequently the computed total de-
formations are higher than the actual values. 

This paper presents a plane strain analysis of geotextile-  
encased granular columns whose the geotextile encasement sup-
port was indirectly taken into account. The plane strain transfor-
mation was conducted by converting the granular columns into 
the equivalent walls. The confining stress of the encasement was 
then simulated by replacing the original friction angle of the 
column fill material by an increased equivalent friction angle. 
The numerical results were compared with measurements availa-
ble from a full-scale load test in order to verify whether the com-
bined conversion procedure could suitably predict the actual be-
havior of the reinforced soft ground. 

2. CASE CONSIDERED FOR NUMERICAL 
ANALYSIS 

Data provided by a stage constructed test embankment on 
very soft clay were used to perform the plane strain analysis 
(Almeida et al. 2015). As illustrated in Fig. 1, the supporting 
clayey foundation comprises a soft clay layer with an overall 
thickness of around 8.0 m overlying stiff clay. The upper crust 
layer consists of a working platform, about 1.60 m-thick, pro-
vided to improve the ground surface for stable construction activ-
ities as well as drainage of water during consolidation. Based on 
Fig. 1(a), the submerged unit weight () varies between 3.5 and 
4.0 kN/m3 for soft clay I, representing typical values of very soft 
clay in the west of Rio de Janeiro state (Baroni and Almeida 
2012). The compressibility ratio, defined as CR  Cc / (1 e0), 
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where Cc is the compressibility index and e0 is the initial void 
ratio, obtained from the oedometer tests is also presented in Fig. 
1(b), and the average CR value is equal to 0.27 in soft clay I, 
indicating the high compressibility of this layer. The natural wa-
ter level is located 1.2 m below the ground surface.  

The soft clay foundation was stabilized by 36 geotextile- 
encased granular columns installed with 2.0 m center-to-center 
spacing in a square array. The diameter and length of the granular 
columns were 80 cm and 11 m, respectively. The construction of 
columns was performed in 2008, while the site investigation, 
instrumentation and monitoring were carried out in 2012. This 
four year period was more than enough to dissipate the effect of 
column installation on the embankment settlement, and thus that 
is not considered in the current study. The granular columns were 
encased by woven geotextile with a tensile stiffness (J) and 
maximum allowable ring tensile force equal to 1,750 kN/m and 
95 kN/m, respectively. Also a basal geogrid (J  2,200 kN/m) was 

placed at the embankment base to control the overall defor-
mations of the soft clay foundation.  

Ground instrumentation was carried out to measure the set-
tlement, total vertical stresses below the embankment, excess 
pore pressures in soft soil, horizontal deformation beneath the 
embankment, and hoop strains in the geotextile encasement; 
however the latter are not discussed in this study as they are out 
of the scope of the plane strain analysis. The embankment side 
view with the ground reinforced by geotextile-encased granular 
columns is shown in Fig. 2 along with the instrumentation em-
ployed to verify the numerical results. The test embankment was 
constructed in four load increments, over 65 days, with consoli-
dation intervals between the loading stages. The final height of 
the embankment was 5.3 m, which is equivalent a total vertical 
stress of 150 kPa. Details of the loading stages and consolidation 
intervals are given in Table 1.  

 
 

            
(a) Submerged unit weight              (b) Compressibility ratio obtained  

by oedometer tests 

Fig. 1  Soft clay properties 
 
 

 

Fig. 2  Embankment side view and position of instruments 
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Table 1  Details of the embankment stage construction 

Loading stage 
Loading duration 

(days) 

Consolidation period 

(days) 

In-situ density of fill material, 

n (kN/m3) 

1 3 10 27.7 

2 2 32 28.3 

3 2 14 27.9 

4 2 180 27.1 

Table 2  Material parameters used in finite element analysis of the test embankment 

Material properties and 
constitutive models sat (kN/m3) kh (m/d) kv (m/d)  (o) sub (

o) c (kPa) E  (MPa) Cc (-) Cs (-) 

Embankment (MC) 28 1.0 1.0 45  0 53   

Granular column (MC) 20 10 10 40 66 0 80   

Soft clay I (SS) 14.4 1.6  105 5.2  106 26  4  0.98 0.084 

Soft clay II (SS) 16.8 9.7  106 4.8  106 28  6  0.13 0.025 

Stiff silty clay (SS) 17.8 3.3  102 1.6  102 30  12 5.5 0.09 0.0081 

Working platform (MC) 19.7 0.6 0.6 33  3 12   

Medium sand (MC) 18.5 0.5 0.5 30  0 22   

Dense sand (MC) 20 1.0 1.0 38  0 30   

(MC  Mohr-Coulomb model; SS  Soft Soil model)  
 
 
3.  NUMERICAL SIMULATION 

The 2D plane strain numerical analysis was performed using 
PLAXIS finite element code (Brinkgreve and Vermeer 2012) in 
which 15-node triangular elements were selected to simulate the 
soil clusters. The pre-defined geogrid element, available in 
PLAXIS, was used to model both the basal geogrid and the geo-
textile encasement which is a slender structure with an axial 
stiffness and can only sustain tensile force as axial strain occurs. 
The geotextile encasement was modeled as linear-elastic material 
by perfectly bonding to the adjacent soil. Several studies showed 
that the assumption of a perfect interface adherence in working 
stress conditions results in a reasonable agreement between cal-
culated values and measured data (Hatami and Bathurst 2005; 
Mirmoradi and Ehrlich 2015). Fine mesh generation was adopted 
for the whole of the model to provide an accurate calculation of 
the deformations and stresses. Considering the boundary fixities, 
the model was restricted to deform horizontally on the vertical 
sides (i.e., roller boundaries) while being fully fixed along the 
base. Although the present test embankment is inherently a 3D 
problem, the plane strain idealization can be applied to the profile 
passing through the centerline of the embankment where the in-
struments are actually concentrated.  

The behaviour of the soft clay layers was simulated using 
the modified Cam-Clay model, introduced as a Soft Soil (SS) 
model in PLAXIS which adequately takes into account the com-
pressibility parameters and initial volumetric state of the soft soil 
layers in the calculation. The SS model properties were deter-
mined from a careful site investigation performed prior to the 
embankment construction including Standard Penetration Test 

(SPT), Cone Penetration Test (CPTu), and Vane Shear Test 
(VST) as well as complementary laboratory testing as reported in 
Hosseinpour et al. (2017). The embankment filling material, sand 
layers and granular column were modeled using a linear elastic- 
perfectly plastic model with the Mohr-Coulomb (MC) failure 
criterion. The material properties used in the numerical analysis 
are presented in Table 2 and are similar to the typical values 
recommended by well-established works in the literatures (e.g., 
Briaud 2013; Robertson 2006). 

4.  ENCASED COLUMN CONVERSION 

As shown in Fig. 3, the axisymmetric to plane strain conver-
sion was performed according to the methodology proposed by 
Tan et al. (2008), which was also successfully used by Almeida 
et al. (2014). In this method, the granular columns are simulated 
by an equivalent plane strain wall in which half of the column 
width is determined by: 

2

2
c

c
r

b B
R

   (1) 

where 

 rc = radius of the column 

 B = half of the plane strain influence area 

 R = radius of the unit cell 

The relationship between R and B is given by the equation 
based on the equivalent total area and columns pattern as follows 
(Barron 1948): 
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(a) Layout of granular columns                   (b) Axi-symmetric unit cell     (c) Converted plane strain model 

 
(d) Numerical model adopted for finite element analysis 

Fig. 3  Plane strain configuration of the test embankment 

1.13R B   (2) 

For the given diameter and arrangement of columns, the 
equivalent plane strain width (i.e., 2bc) is calculated as 0.25 m. 
This approach, however, is not calibrated for the influence of the 
confining support provided by the geosynthetic encasement, and 
thus the increase of column strength and subsequent settlement 
reduction are not taken into account. 

The theoretical method proposed by Raithel and Henne 
(2000) is used to account for the contribution of the geosynthetic 
encasement in which the friction angle of the granular columns 
() is replaced by an increased friction angle (sub). This formu-
lation is derived from Mohr’s circle of stresses assuming the 
equilibrium of the horizontal stresses: 

3, 3, 3,s geo c      (3) 

where 3,s and 3,c are respectively the inner horizontal stresses in 
the soil and granular column, and 3,geo corresponds to the con-
fining stress offered by the geosynthetic encasement. The rela-
tionship between the major and minor principle stresses (1,c and 
3,c) in the inner part of the column considering zero cohesion is: 

1, 3,
1 sin

1 sin
c c

 
   

 
  (4) 

According to Eq. (3), when using the geosynthetic encase-
ment, the horizontal stress in the granular column 3,c is equal to 
the summation of the geosynthetic confining stress 3,geo and 

the soil horizontal stress 3,s. Accordingly, Eq. (4) can be written 
as a function of an equivalent (or substitute) friction angle: 
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By developing Eqs. (4) and (5), the equivalent friction angle 
is calculated considering the effect of the confinement provided 
by the geosynthetic encasement: 

3,

3,

3,

3,

1 sin
1

1 sin
sin

1 sin
1

1 sin

geo

c
sub

geo

c

 
 
  

 
 

 
  

 (6) 

It is noted that the values of the horizontal stresses are 
simply determined by a preliminary axisymmetric analysis (Hos-
seinpour et al. 2015) for which a single encased granular column 
and its area of influence is analyzed. These horizontal stresses 
basically vary along the depth therefore their average values are 
used for calculation of the substitute friction angle. The use of Eq. 
(6) and replacement of the values of the horizontal stresses ob-
tained from the axisymmetric analysis yields an equivalent fric-
tion angle (sub) equal to 66 for the granular column in the plane 
strain analysis.  
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5. NUMERICAL RESULTS AND FIELD 
OBSERVATIONS 

The results obtained from the plane strain analysis were 
compared with data provided by the field monitoring. The in-
struments were placed at the embankment centerline, thus allow-
ing a comparison with the plane strain model passing along the 
center of the test embankment. The main aspects compared were 
the settlement, total vertical stresses, horizontal deformation be-
neath the embankment toes, and excess pore pressures as dis-
cussed below. 

5.1  Measured and Predicted Settlements 

Figure 4 shows variations of the settlement on the top of the 
surrounding soft soil (measured by S1) and on the top of the en-
cased column (measured by S2) both at the embankment base. It 
is observed that the settlements on top of both the encased col-
umn and the surrounding soil increased remarkably in the loading 
stage following a continuous increase during the consolidation 
period. It can be seen that the settlements computed using the 
equivalent friction angle (i.e., with encasement effect) predicted 
the measured values fairly well, particularly the one measured on 
the top of the surrounding soil. However, the settlement comput-
ed using the original column friction angle (i.e., without the en-
casement effect) was somewhat higher than the measured one. In 
fact, the equivalent friction angle increases the stiffness of the 
granular column resulting in smaller column radial deformation; 
subsequently the settlement is lower under the equal applied load. 
As observed, use of the geosynthetic-equivalent friction angle 
appears to be a suitable method for estimation of the settlement 
of the embankment over geotextile-encased granular columns in 
the section crossing the embankment centerline. 

5.2  Measured and Predicted Total Vertical Stresses 

In Fig. 5, the total vertical stresses on the top of the encased 
column (measured by CP2) and surrounding soil (measured by 
CP1) are compared with the results of plane strain analysis, and 
good agreement between the measured and computed values is 
reached. The greater total vertical stress supported by the encased 
column is due to the soil arching, which causes the embankment 
applied load to be transferred more directly to the top of the en-
cased granular column. 

As can be seen, the total vertical stresses increased when the 
embankment height increased, but this trend is much more pro-
nounced for the encased column. Unlike the construction stages, 
the total vertical stress on the surrounding soil reveals a different 
behavior during the consolidation period. The increase in post- 
construction soil arching is attributed to the reduction of the soft 
soil stiffness from undrained to drained conditions, reducing the 
total vertical stress sustained by soft soil, and thus the soil arch-
ing progressed during post-construction. It is also observed that, 
in general, the use of the geosynthetic-equivalent friction angle 
(i.e., with the encasement effect) predicted the development of 
the total vertical stresses on both the encased column and the 
surrounding soil reasonably well. 

5.3  Soil Horizontal Deformation 
The horizontal deformations of the foundation soil at the 

embankment toes measured by inclinometer IN were compared 
to the simulated results. Figure 6 shows the profile of the hori-
zontal deformations at the end of construction (i.e., on the 65th 
day) and at the end of the monitoring time (i.e., on the 240th 

 

Fig. 4 Measured and predicted (FEA) settlements vs. time with 
and without encasement effect 

 
Fig. 5 Measured and predicted (FEA) total vertical stresses 

considering encasement effect (using equivalent friction 
angle) 

day). It is observed that the horizontal deformations increased 
during the post-construction phase as the excess pore pressure 
dissipated. The maximum horizontal deformation of 100 mm 
measured after embankment construction increased up to     
150 mm at the end of the monitoring period. 

Horizontal deformations predicted by the equivalent friction 
angle showed a reasonable agreement with measurements be-
neath a depth of 3.0 m, particularly with regard to the magnitude 
of the maximum values. However, the maximum soil horizontal 
deformation computed using the original friction angle (i.e., 
without the encasement effect) was as much as about three to five 
times greater than the values measured at the end of construction 
and end of the monitoring time, respectively. Figure 7 demon-
strates the distribution of the soil horizontal deformation with and 
without the encasement effect. A larger column radial defor-
mation is observed when the geotextile confining support is ig-
nored, resulting in a higher soil horizontal deformation. Concen-
tration of the horizontal strains beneath the embankment toes, as 
shown in Fig. 7(b), is clear evidence of the embankment lateral 
spreading that takes place when the geotextile encasement is not 
taken into account. 
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(a) At the end of construction (i.e. 65 days)       (b) At the end of the monitoring period (i.e. 240 days) 

Fig. 6  Measured and predicted (FEA) soil horizontal deformation 

   
(a) Using equivalent friction angle                                   (b) Using original friction angle 

Fig. 7  Distribution of the incremental horizontal deformation at the end of the monitoring time 

Generally, the use of the geosynthetic-equivalent friction 
angle resulted in very good computation of the soil horizontal 
deformation occurring beneath the embankment toes. However, 
the computed values were over-predicted in the upper 3.0 m. The 
soil anisotropy might be the reason underlying the difference 
between the measured and predicted horizontal deformations in 
this zone. In any case, it is relatively common to obtain overall 
good agreement between observations and numerical predictions 
in terms of vertical deformation and pore pressure, but not hori-
zontal displacement (Almeida et al. 1986). 

5.4  Measured and Predicted Excess Pore Pressures  

Variations of the excess pore pressures measured by piezom-
eters PZ1 and PZ2, both installed below the embankment center-
line but at different depths, are compared to the simulated values in 
Fig. 8. As shown the excess pore pressure increased sharply during 
load application followed by partial dissipation until the next load 

application. It can be seen that the geosynthetic-equivalent friction 
angle approach estimated the pore pressure build up reasonably 
well and predicted its dissipation to some extent. Using the original 
friction angle of the column (i.e., without the encasement effect), 
however, resulted in a greater maximum excess pore pressure and 
a longer dissipation time compared to the measurement. The faster 
dissipation of the excess pore pressure is an indirect influence of 
using of the equivalent friction angle on the total stress distribution 
below the embankment base. In fact, the increased angle of friction 
increases the shear strength of the granular column causing a high-
er portion of the embankment total load to be carried by the granu-
lar columns; consequently the total vertical load transferred to the 
soil decreases. The lower total vertical load acting on soil causes 
the maximum excess pore pressure and time required for settle-
ment stabilization to decreases.  

For further clarification, the distribution of the total vertical 
stress underneath the embankment at the end of the monitoring 
time is demonstrated in Fig. 9. It is seen that the use of the geo-
synthetic-equivalent friction angle caused the total vertical stress  
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(a) Measured by PZ1                                           (b) Measured by PZ2 

Fig. 8  Variations of the measured and predicted (FEA) excess pore pressures with and without encasement 

        
(a) Using column original friction angle                            (b) Using geosynthetic-equivalent friction angle 

Fig. 9  Distribution of the total vertical stresses in the encased column (v,c) and soft soil (v,s) at the end of monitoring period 

in the soft clay to decrease and inversely the total vertical load 
supported by the encased columns increased. In other words, 
the contribution of the geotextile encasement enhanced the load 
transfer mechanism through the soil arching over the granular 
columns. This confirms that the simulation of the encasement 
effect using the equivalent friction angle approach predicted the 
variations of the excess pore pressures well at the same depth 
where the piezometers were installed. 

5.5  Stability Analysis of Embankment 

Stage construction is a common method employed for the 
embankment construction when the soft foundation does not pro-
vide enough shear strength to prevent failure. The consolidation 
of the foundation following each stage of construction progres-
sively increases the shear strength of the foundation (Almeida  
et al. 1985). In order to verify the stable performance of the test 
embankment, a c-phi reduction stability analysis was performed 

to evaluate the factor of safety of the test embankment during 
two consecutive stages: Just after load application, and just be-
fore the next load application. Meanwhile, the stability analysis 
was conducted using the original column friction angle to assess 
the influence of the encasement on the factor of safety of the test 
embankment.  

The results of the stability analysis of the test embankment 
are summarized in Fig. 10 in plots of the factor of safety (FS) 
against the height of embankment. Regardless of the geotextile 
influence, it is seen that the minimum factor of safety is reached 
just after the load application when the excess pore pressure in 
the clayey foundation is maximal (see Fig. 11(a)). Upward trends 
for the constant height of the embankment denote an increase in 
the factor of safety during the consolidation interval following 
the loading stage. This increase is due to the increase in shear 
strength of the soft clay due to dissipation of excess pore pressure, 
as illustrated in Fig. 11(b). As expected, the largest improvement 
is seen for loading stage 4, which had a consolidation period of 
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about six months, followed by loading stage 2, which had a 
longer consolidation interval (i.e., 35 days) than the loading 
stages 1 and 3. With regard to the influence of the geotextile en-
casement, a significant improvement in the factor of safety was 
reached when the geosynthetic-equivalent friction angle was used. 
It can also be seen that when the geotextile effect was ignored, 
the test embankment failed in loading stage 3 due to the insuffi-
cient shear strength of the soft foundation. 

 

 
Fig. 10 Predicted factor of safety of the test embankment 

during construction and consolidation stages 

 
(a) End of construction 

 
(b) End of monitoring period 

Fig. 11  Distribution of excess pore pressure 

6.  CONCLUSIONS 

Two-dimensional plane strain analysis was used to simulate 
the behavior of the geotextile-encased columns supporting the 
embankment and the results were compared with field measure-
ments. The main results are as follows: 

 Unlike axisymmetric analysis, the plane strain model can be 
used to predict the soil horizontal deformation beneath the 
embankment. The numerical results showed that the use of the 
geosynthetic-equivalent friction angle simulated the maximum 
values of the horizontal deformation fairly well during both 
construction and consolidation periods. 

 The use of the geosynthetic-equivalent friction angle caused 
the columns to support a greater total applied stress and thus 
the total vertical stress in soft clay decreased; subsequently the 
maximum excess pore pressure upon load application and the 
time taken for settlement stabilization decreased significantly. 

 The results of the stability analysis showed that the safety 
factor was a minimal just after loading was performed when 
the excess pore pressure was a maximal. The safety factor 
then increased during the consolidation stages, when the un-
drained strength of the foundation soil increased. Considera-
tion of the encasement effect improved the factor of safety 
remarkably, while the embankment failed in loading stage 3 
when the influence of the encasement was ignored. 

 Although plane strain analysis is a suitable tool to determine 
the soil horizontal deformation and to perform safety analysis, 
it can compute neither the radial strain in granular columns 
nor the geosynthetic hoop stress, for which axisymmetric unit 
cell analysis has to be performed.  

 The present plane strain idealization can only be applied to a 
profile that passes through the central area of the embankment, 
which has an equal number of the columns either side of the 
centerline. Indeed, the results of analyses such as those per-
formed by the authors are limited to the response along such a 
centerline.  
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NOTATIONS 

 B Half of equivalent plane strain influence area (m) 

 bc Half of plane strain column width (m) 

 c Effective cohesion (kPa)  

 Cc Compressibility index (-) 

 Cs Swelling index (-) 

 dc Column diameter (m)  

 E Drained elastic modulus (kPa) 

 e0 Initial void ratio (-) 

 J Geosynthetic tensile stiffness (kN/m) 

 kh Coefficient of horizontal permeability (m/d) 

 kv Coefficient of vertical permeability (m/d)  
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 R Diameter of the unit cell (m) 

 rc Column radius (m) 

 S Columns center-to-center spacing (m) 

 Su Undrained shear strength (kPa) 

 z Depth (m) 
 u Excess pore water pressure (kPa) 

3,geo Geosynthetic confining stress (kPa) 

  Effective friction angle ()

 sub Equivalent friction angle ()  

 n In-situ unit weight (kN/m3) 

 sat Saturated unit weight (kN/m3) 

 3,c Horizontal stress from column (kPa) 

 3,s Horizontal stress from surrounding soil (kPa) 

 v,c Total vertical stress on column (kPa) 

 v,s Total vertical stress on surrounding soil (kPa) 
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