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Abstract
Geosynthetic encapsulation of granular columns has proven to be an effective 
ground improvement solution. The behavior of this innovative eco-composite under 
vertical loading is well documented in the literature. Granular columns, however, 
also endure significant lateral shear stress, particularly when located at the toes of 
embankments or retaining walls and due to stresses brought on by earthquakes. This 
study experimentally investigated lateral shear loading on ordinary and granular col-
umns encapsulated by geosynthetic material. The experimental tests were performed 
using the large-scale direct shear testing machine. Based on the findings of this 
experimental investigation, extra confining forces provided to columns by geosyn-
thetic encapsulation led to the development of apparent cohesion within the column, 
increasing the lateral shear resistance of the composite. The effect of critical fac-
tors like the morphology of column infill material and column configurations on the 
shear strength parameters of soil-column composites has been highlighted. Also, it 
was observed that ordinary granular columns undergo complete shear failure along 
the shear plane; however, for the geosynthetic-encased columns, the failure mecha-
nism was bending rather than complete shear failure, preventing catastrophic failure.
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OGC	� Ordinary granular column
EGC	� Encased granular column
γmax	� Maximum dry unit weight
γmin	� Minimum dry unit weight
γ80	� Dry unit weight at 80% relative density
τ	� Maximum shear stress
σ	� Normal stress
ϕ	� Angle of internal friction
c	� Cohesion intercept/apparent cohesion

1  Introduction

For geotechnical engineers, coping with soft soils is a severe difficulty. Economic 
feasibility and environmental concerns limit the foundation options in construc-
tion over soft soil. Recent advancements in the field of ground improvement by 
inclusions include prefabricated vertical drains (Chu et al. 2006; Sakleshpur et al. 
2018), deep soil mixing columns or grids (Bruce and Geosystems 2000; Rahmani 
et al. 2022), controlled modulus columns, and encased columns. These techniques 
play many critical roles in construction projects on soft soils or liquefiable grounds. 
Ground improvement by encased granular columns (EGC) has been widely adopted 
to ameliorate weak soils because of its multitude of applications. Insufficient lateral 
reaction from the surrounding soft soil and clogging of voids within the column can 
lead to the insignificant contribution of ordinary granular columns (OGC) (Hughes 
and Withers 1974; Raithel et  al. 2002; Almeida et  al. 2015; Deb and Shiyamalaa 
2016; Pal and Deb 2020). This drawback of a granular column can be overcome by 
encasing the granular column within the geosynthetic sleeve, thus providing extra 
lateral support to the column (Raithel and Kempfert 2000; Kempfert 2003; Raithel 
and Kirchner 2008; Almeida et al. 2013; Jayarajan and Karpurapu 2020). Although 
this technique is successfully used in several applications like providing vertical 
support to the embankment, accelerating the consolidation, and mitigating the liq-
uefaction hazards (Alexiew and Raithel 2015; Pal and Deb 2021), the general under-
standing of the modes of failure of the columnar technique rarely extends beyond 
the ones caused by vertical loading. The column installed in soft soil is subjected to 
combined action loads. A great deal of previous research in this area was done with 
a primary focus on bulging and punching failure (Ambily and Gandhi 2004; Murug-
esan and Rajagopal 2006, 2007, 2010; Malarvizhi and Ilamparuthi 2007; Gniel and 
Bouazza 2009; Gneil and Bouazza 2010; Najjar et al. 2010; Frikha et al. 2015; Fat-
tah et al. 2011, 2017; Castro and Sagaseta 2011; Miranda and Costa 2016). Shear 
failures initiated by soft soil lateral flow, earthquake-induced lateral forces, or col-
umn position near the toe of the embankment (shown in Fig. 1) are equally essential 
to be addressed (Cengiz and Guler 2018).

The available literature provides a concise discussion on the performance of 
EGCs under lateral shear loading. Murugesan and Rajagopal (2009) carried out a 
plate-strain laboratory experiment to comprehend the behavior of OGC and ECG 
under shear loading. This study manifests that encapsulation of the column resulted 
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in improved shear strength. In 2016, Mohapatra et al. (2016) investigated the per-
formance of granular columns with geosynthetic encapsulation under a large-scale 
direct shear test. In his research, sandy soil was used instead of the surrounding soft 
soil. As per this work, encapsulation enhances the resistance of columns to lateral 
loads, but the resistance declines after encasement ruptures. Aslani et  al. (2019) 
conducted direct shear tests on soft soil treated with stone columns. The load-dis-
placement response of the composite showed higher stiffness than soft clay. Cengiz 
et al. (2019) studied the behavior of granular columns under static and cyclic load-
ing using a unit cell shear device. It was seen that the geosynthetic encasement of 
the columns led to a marked increase in the shear resistance of the unit cell under 
both loading conditions. Rezaei-Hosseinabadi et al. (2022) studied the response of 
sand treated with granular columns using direct shear tests. As per this study, appar-
ent cohesion developed in the columns by geosynthetic encapsulation. Mohammad 
and Mir (2022) conducted shear testing on soil reinforced by OGCs. As per the 
study, the inclusion of granular columns increases the shear resistance of the com-
posite. The positive contribution of the group action of columns was evident in this 
experimental program. Hosseinpour et al. (2022) conducted direct shear experimen-
tal testing to study the effect of the undrained shear strength of soil, the diameter of 
granular columns, and aggregate density on the stone column’s behavior. Installing 
granular columns has increased shear resistance substantially at the lower undrained 
shear strength of the surrounding soil. As per the study conducted by Zaini et  al. 
(2023), the granular bottom ash column bound by the geotextile functions as a semi-
rigid pile, increasing the cutting strength of the granular column composite. The 
tensile forces in the geotextile were highlighted as the reason for the rise in the criti-
cal shear strength. Jasim and Tonaroglu (2023) conducted slope stability analysis to 
study the response of embankments over the geogrid-EGC-reinforced ground. By 

Fig. 1   Granular column supported embankment
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this analysis, it was concluded that the failure mechanism of the embankment, which 
was deep-seated slope failure prior to reinforcement, was shifted to shallow slope 
failures with higher safety factors after reinforcing the foundation of the embank-
ment with EGCs. Some of the recent numerical studies (Zhang et al. 2022; Ji et al. 
2023) highlighted factors like vertical stress, replacement ratio, column diameters, 
spacing of columns, and the stiffness of the encasing material that affect the lateral 
shear-resisting capacity of EGCs.

Most of the previous studies reported are on the lateral load response of column-
sand composites. Limited, extensive laboratory research is available on the lateral 
shear behavior of soft soils/wet clays treated with granular columns, mainly with 
lower values of area replacement ratio (Ar). The impact of critical factors like col-
umn infill characteristics/morphology and column configuration/group action on lat-
eral shear response has not received adequate attention. It is imperative to quantify 
these effects to attain comprehension of the behavior of OGCs and EGCs. Therefore, 
this experimental study was undertaken with the following objectives:

1.	 To investigate the lateral shear response of soft soil bed reinforced with granular 
columns with and without geosynthetic encasement.

2.	 To study the effect of column infill morphology on the shear response of soil-
column composites.

3.	 To investigate the group action of the columns under lateral shear loading.

The present study uses the data obtained from large-scale direct shear tests to 
accomplish the objectives mentioned above. The study also provides insight into the 
types of failures seen in OGC and EGC.

2 � Testing Methodology

2.1 � Test Setup‑Large‑Scale Direct Shear Test

The equipment used in this study was a large-scale direct shear test apparatus with 
plan dimensions of 30  cm × 30  cm × 22  cm. The whole shear assembly, shown in 
Fig. 2, moves horizontally on smooth rollers. The shear box was made in two halves. 
The sample’s thickness was kept constant at 150 mm throughout all experiments. 
While the shear box’s top half was immobile, the lower half glided horizontally with 
the rest of the assembly.

2.2 � Material Properties

2.2.1 � Soil and Column Material

The soil used in the experimental tests was sourced from Srinagar, J&K, India 
(N 34° 05′ 24″, E 74° 45′ 44″). The physical properties of the soil determined 
from the tests performed in the laboratory are displayed in Table 1. Since this 
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research focused on determining the lateral shear response of soft soils rein-
forced with columns, the bed material was chosen to be a cohesive soil with an 
undrained cohesion value of less than 12 kPa. Direct shear tests were conducted 
on samples at various water contents and unit weights based on the IS-light com-
paction curve to obtain the requisite cohesion. The required condition of shear 
strength requirements for the surrounding soil was achieved at a moisture con-
tent equal to 35% by the dry weight of soil and a wet unit weight of 18.09 ± 0.3 
kN/m3. This experimental work considered the variability of the granular col-
umn fill material based on shape and angularity. Two fill materials are angu-
lar-crushed aggregate (CA) from the stone crusher plant and sub-round–smooth 
aggregates (RA) from the river. The properties of granular material are given in 
Table 1. The diameters of the granular columns used in the model were smaller 
than those in the field. So, it was necessary to lower the particle size by an ade-
quate scale factor to approximate the actual behavior of granular columns. As 
recommended by Aslani et  al. (2019), Nayak (1983), and Fattah et  al. (2013), 
the ratio of column diameter to the maximum size of column infill material was 
chosen to be around 6, which scaled down the particle size by the proper fac-
tor. The chosen granular material’s particle distribution also complies with the 
standards of ASTM, which require that the largest particle size be smaller than 
1/10 of the specimen’s width or 1/6 of its thickness (ASTM, D. 2011) when 
tested using a direct shear instrument. The particle distribution curves for granu-
lar materials and clay are shown in Fig. 3a.

Fig. 2   Schematic of the shear test set-up
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Table 1   Properties of materials

CA crushed aggregates, RA river aggregates, γmax, max. dry unit 
weight, γmin, min. dry unit weight, γ80, dry unit weight at 80% rela-
tive density
* Determined at 80% relative density

Properties Values

Soil sample
  % finer than 75 µ 99
  Silt [%] 74
  Clay [%] 25
  IS classification MH
  Optimum moisture content [%] 24
  Maximum dry unit weight [kN/m3] 14.6
Granular infill materials
  Type CA RA
  γmax [kN/m3] 16.8 18.2
  γmin [kN/m3] 14 16.1
  γ80 [kN/m3] 16.2 17.8
  Angle of internal friction* [°] 46 41
  Apparent cohesion* [kPa] 17 15
Geosynthetic encasement
  Ultimate tensile strength (kN/m)  ≥ 9
  Strain at ultimate strength (%) 56
  Thickness (mm) 0.9
  Initial modulus of material (kN/m) 55
  Initial modulus of seam (kN/m) 23

Fig. 3   (a) Particle distribution curves of soil and granular materials. (b) Geosynthetic encasement
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2.2.2 � Encasement

The nonwoven geotextile supplied by HUESKER Synthetic GmbH, shown in 
Fig. 3b, was used to encapsulate the columns.

The tensile strength of the geotextile, given in Table 1 (provided by the manu-
facturer) was determined using the wide-width tensile test following DIN EN ISO 
10319 (2015).

2.3 � Sample Preparation and Methodology

2.3.1 � Soft Soil Bed Preparation

After collecting soil from the site, the sample was air-dried. Air-dried soil was 
sieved through a 2-mm sieve and appropriately mixed with the specific water con-
tent. After proper mixing, the wet soil sample was placed in sealed plastic bags 
for 24 hrs to achieve moisture equilibrium. The shear box was graduated along the 
height for sample preparation. All the tests were conducted in undrained conditions. 
In addition to using plain gripper plates at the top and bottom of the specimen, sili-
con grease was applied to seal the shear box gaps from water loss. The pre-weighed 
quantity of wet soil sample was placed in three layers. Each layer was kneaded by 
hand and then compacted with a hammer (2 kg) to the required density. Hallow steel 
tubes of 2-mm wall thickness were then pushed into the soil sample prepared. The 
customized plates with collar attachments ensure the vertical alignment of the steel 
tubes. A small-scale hand auger was used to remove soil inside the tubes. The tubes 
were pulled out in steps, followed by column construction. The column infill mate-
rial required to construct each portion with an 80% relative density was weighed and 
poured into the space created by the tube. A chain of trials with different heights of 
pulviation and compaction efforts was conducted. It was found that granular mate-
rial, when allowed to fall from 250-mm height followed by uniform compaction 
using a steel tamping rod of 1-kg weight, results in the desired density without lat-
eral column material spread. The compactive effort of 74.7 kJ/m3 was used in all 
the tests for all configurations. Figure 4a shows the complete, stepwise construction 
of the model. In the case of encased granular columns (EGC), geosynthetic encase-
ments were pushed into the cavity after the soil was discharged from the steel tubes. 
Then the column infill material was poured and compacted similarly as in the case 
of an ordinary column construction. The final plan view of the OGC and EGC rein-
forced soft soil for testing is shown in Fig. 4b respectively.

2.3.2 � Testing Program

Experiments were performed on ordinary and encased columns to quantify the 
effect of the encapsulation. Three different types of column configurations were 
used to evaluate the impact of the installation pattern or group action of columns 
at a constant area replacement ratio (Ar). For Mohr failure envelope construction, 
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the tests were done on three different normal stresses of 25  kPa, 50  kPa, and 
75 kPa. According to the earlier study, to avoid discrepancies between prototype 
behavior and model response, the normal stress applied during such testing in 

Fig. 4   a Schematic diagram of specimen preparation steps. b Plan view of the prepared samples with 
OGC and EGC in different configurations
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the laboratory should be in the same range as on the prototype granular column 
(Mohapatra et  al. 2016; Aslani et  al. 2019). All experiments were stopped at a 
horizontal relative displacement of 60 mm. In each test, there was enough clear-
ance of more than 60 mm to avoid the boundary effect. A detailed summary of the 
testing program is given in Table 2.

3 � Test results and Discussions

The behavior of soil-column composites is examined in terms of increased shear 
strength with respect to that of unreinforced soil. The test results in this section are 
analyzed to understand the impact of pertinent factors like the encapsulation of col-
umns, normal stress, column granular material characteristics, and group action of 
the columns on the improvement in shear strength and the shear strength parameters 
of the soil-column composite.

3.1 � Effect of Geosynthetic Encapsulation

Figures 5 and 6 display the results of direct shear tests conducted at different lev-
els of normal stress in the form of stress-displacement curves. On observing the 
curves, the partial replacement of soft soil with granular columns resulted in an 
enhanced stress-displacement response. Compared to the untreated soil sample, 
the maximum shear stress of the sample containing encased granular columns 
of crushed aggregate increased by 179%. Soil samples reinforced with encased 

Table 2   Details of the testing program

Test No. of 
columns

Column material Column diam-
eter (mm)

Column type

Soil 0 – – –
O-1C 1 CA: crushed aggregates 100 O—ordinary granular column
O-3C 3 57.7
O-4C 4 50
E-1C 1 100 E—encased granular column
E-3C 3 57.7
E-4C 4 50
O-1C 1 RA: river aggregates 100 O—ordinary granular column
O-3C 3 57.7
O-4C 4 50
E-1C 1 100 E—encased granular column
E-3C 3 57.7
E-4C 4 50
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granular columns (EGC) exhibit higher shear resistance than those reinforced 
with ordinary granular columns (OGC). The mobilization of higher shear stresses 
in the case of EGC could be due to the development of extra-resisting forces 
within the granular columns due to geosynthetic straining during shear. Also, 
it was seen that the stress-displacement graph of ordinary columns under the 
normal stress of 75 kPa almost coincides with the stress-displacement graph of 
encased columns under the normal stress of 25 kPa. Therefore, it can be inferred 
from this result that the encased columns show higher shear stress resistance even 
in low-confining surrounding soil conditions. The tensile forces developed in the 

Fig. 5   Stress-displacement 
graphs for samples reinforced 
with CA columns with and 
without encasement
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geosynthetic encasement add extra confinement to the column, thus reducing the 
dependability of the granular column’s performance on the surrounding soil sup-
port. Therefore, encasing the granular columns can widen the application of this 
technique to soft soil/very soft soil.

On comparing the stress-displacement curves of samples with and without 
geosynthetic encasement, the soil-column composite with EGC experienced sig-
nificant shear strain hardening at higher shear displacement levels, which are in 
good agreement with results reported in the literature Mohapatra et al. (2016) and 
Rezaei-Hosseinabadi et al. (2022). The column initially deriving its support from 
surrounding soil will behave as a semi-rigid pile now, thus leading to increased 
shear strength (Rezaei-Hosseinabadi et al. 2022).

Fig. 6   Stress-displacement 
graphs for samples reinforced 
with RA columns with and 
without encasement
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From the results, the shear strength was found to be directly proportional to the 
normal stress applied, but the contribution of geotextile confinement was found 
to be inversely proportional to applied normal pressures. The contribution of the 
encasement in terms of percentage increase in the shear strength (Δτ) was calcu-
lated using Eq. 1.

where τEGC is the maximum shear stress of a specimen with EGC, τOGC is the maxi-
mum shear stress of a specimen with OGC

For example, for the specimens with four CA columns in a square configu-
ration, the values of Δτ are 81%, 58%, and 53% at normal pressures of 25 kPa, 
50 kPa, and 75 kPa, respectively. Therefore, the contribution of geotextile encap-
sulation was seen maximum at a lower normal stress of 25 kPa. A similar trend of 
results was reported by Mohapatra et al. (2016) in his study.

3.2 � Effect of Granular Column Infill Characteristics

Tests were conducted on soft soil reinforced with granular columns of two dif-
ferent infills (CA-crushed aggregate and RA-river aggregate) with different mor-
phology and friction angles to assess the impact of column infill characteristics 
on the shear behavior of treated soil. Comparing the plots from Figs.  5 and 6, 
in all cases, soft soil treated with OGCs and EGCs of crushed aggregate reflects 
greater shear strength than river aggregate columns. The reason for this response 
could be the angularity and roughness of the material, which cause more aggre-
gate-to-aggregate friction. The experimental results are in good agreement with 
the observations of Siahaan et al. (2018). Siahaan et al. (2018) postulated that the 
particle angularity of the column particles appears to influence the mechanical 
behavior much more than the particle gradation. After the tests were completed, 
the surrounding soil was removed carefully to observe the mode of failure in the 
encased granular columns. The picture of the column post-shear test is shown in 
Fig. 7a. The post-shear visuals showed predominantly bending. The encasement 
deforms due to the lateral stress, thus interlocking the granular particles. As the 
morphology of the particles is different, the particle-geotextile interaction would 
be different. For EGC with crushed aggregate infill, there is efficient interaction 
in the form of friction and interlocking between geosynthetic sleeves and granular 
infill compared to river aggregate infill, where frictional resistance comes due 
to the rolling/sliding of aggregates. The pictorial representation of granular fill 
material and geotextile interaction is shown in Fig.  7b. There was a maximum 
of almost a threefold increase in the shear resistance of the composite with CA 
columns, while in the case of RA columns, a maximum of a twofold increase was 
observed. Therefore, it is evident that the mechanical behavior of granular col-
umns, whether encased or non-encased, becomes highly dependent on the charac-
teristics of the fill material.

(1)Δ� =
(�

EGC
− �

OGC
)
/

�
OGC

× 100
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3.3 � Effect of Column Configuration

It can be inferred from stress-displacement curves that the four columns in a 
square configuration showed an enhanced shear response compared to a sin-
gle column and three columns in a triangular configuration with the same area 
replacement ratio (Ar). This is because of the group action of granular columns. 
Granular columns and the intervening soft soil between columns work as a com-
posite when OGCs or EGCs are used in a group. In the case of EGCs, the per-
centage increase in shear strength with an increase in the number of columns is 
more significant than that of OGCs, irrespective of the same Ar. The normalized 
strength ratio ( �

c
∕�

s
 ) versus the number of columns relation is shown in Figs. 8 

and 9. Where τc is the maximum shear stress of the soil-column composite and 
τs is the maximum shear stress of the soil. From Figs.  8 and 9, the beneficial 
impact of increasing the number of granular columns on shear strength is evi-
dent ((�

c
∕�

s
) > 1 and goes on increasing as the number of columns increases) in 

all curves. A similar trend in results was reported by Aslani et al. (2019) in his 
study. This behavior can be attributed to the higher confining pressure on the soil 
between columns in square and triangular layouts. As a result, the soil between 
stone columns mobilizes more shear strength than the soil around a single col-
umn. Another cause Aslani et al. (2019) highlighted was the increase in column 
lateral surface area brought about by changing from single-column arrangements 
to square and triangular layouts. The increase in lateral contact surface area of 
columns increases the contribution of columns towards lateral force resistance.

Fig. 7   (a) Picture of the deformed column after the test was performed. (b) Pictorial representation of 
encasement-aggregate interaction
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3.4 � Improvement in the Shear Strength Parameters

The shear strength envelopes of the samples reinforced with OGC and EGC are 
shown in Figs. 10 and 11. The results are shown in the form of linear Mohr-Cou-
lomb failure envelopes corresponding to maximum shear stress (τ) and applied 

Fig. 8   Normalized shear strength ratio for composite with CA columns

Fig. 9   Normalized shear strength ratio for composite with RA columns
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normal stress (σ). The slope of the envelope is referred to as the coefficient of inter-
nal friction of the soil-column composite (tanϕ), and the vertical intercept of the 
linear envelope is referred to as the apparent cohesion of the soil-column compos-
ite/cohesion intercept (c). Figures illustrate that adding granular columns (OGC or 
EGC) to soft soil significantly increased the angle of internal friction of the com-
posite (ϕ). This is because the higher stiffness of the granular column compared to 

Fig. 10   Mohr-Columb failure envelope of CA column-reinforced soil

Fig. 11   Mohr-Columb failure envelope of RA column-reinforced soil
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the surrounding soil attracts a major portion of the applied normal stress. A sub-
stantial portion of the shear strength of the soil-column composite will be offered 
by granular columns, thus significantly contributing to the improvement in fric-
tional resistance. Also, during soil-column composite testing, the granular column’s 
ability to drain radially creates semi-drained conditions, increasing the equivalent 
friction angle of the composite soil (Mohapatra et al. 2016). For OGC, the values 
of apparent cohesion are more or less the same as that of the cohesion intercept in 
the case of unreinforced soft soil (i.e., around 10–11 kPa). However, the encapsu-
lation of the granular column by the geosynthetic sleeves increases the apparent 
cohesion of the composite. The values of the apparent cohesion increase from 11 to 
22.4 kPa when EGCs are used to reinforce the soft soil. A similar trend of results 
was postulated by Mohapatra et al. (2016) and Rezaei-Hosseinabadi et al. (2022). 
Comparing the friction angles of OGC and EGC, the values are almost the same 
but greatly enhanced compared to unreinforced soft soil. The particle morphol-
ogy influences the shear strength parameters of the soil-column composite. Higher 
shear strength parameters are seen for columns with angular particles as infill. The 
composite with CA columns has a maximum apparent cohesion of 22.4 kPa and a 
friction angle of 11°, whereas the composite with RA columns reflects lesser shear 
strength parameters. The angle of shearing resistance of the granular infill, which is 
influenced by particle morphology, impacts the performance of reinforced soft soil 
(Siahaan et al. 2018).

The effect of the number of columns (group action) is displayed in Fig. 12. Fig-
ure 12 illustrates the variation of Δϕ (Eq. 2) and Δ c (Eq. 3) for different soil-column 
composites were as follows:

For the present study, a constant Ar value of 8.77% was provided in three differ-
ent forms: a single column, a group of three columns, and a group of four columns 
with a diameter of 100 mm, 57.7 mm, and 50 mm, respectively. From Fig. 12, it is 
evident that, with an increase in column number, the angle of internal friction of 
soil reinforced with OGC increases with an insignificant improvement in the value 
of apparent cohesion. However, in the case of the EGC, as the number of columns 
increased from 1 to 4 under a fixed Ar, the angle of internal friction and the apparent 
cohesion of the composite increased. With an increase in the number of columns, 
the lateral surface area of the column also increases. This causes higher shear stress 
mobilization of granular column materials, thus leading to improved shear strength 
parameters (Aslani et al. 2019).

3.5 � Comparison of Results of the Present Study with Previous Studies

A comparison of the change in shear strength parameters of different soil-column 
composites tested in our research with the previous key findings (Mohapatra et al. 
2016; Rezaei-Hosseinabadi et  al. 2022) available in the literature was made to 

(2)Δ� = �(soil−column composite) − �(soil)

(3)Δc = c(soil−column composite) − c(soil)
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validate the experimental findings of this study. As can be seen from Fig.  12, 
the trend of the results of this study is in good agreement with the trend reported 
by other researchers previously. For OGC, the values of apparent cohesion are 
the same as those of the cohesion intercept in the case of unreinforced soft soil. 
However, as shown in Fig. 12, the encapsulation of the granular column by the 
geosynthetic sleeves increased the apparent cohesion of the composite, which is 
well supported by prior studies. The quantitative variation in the comparison is 
due to the different material properties used in the above studies. However, from 

Fig. 12   Comparison of the present experimental results with existing literature
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the quantitative comparison, it can be inferred that the increase in the apparent 
cohesion of the composite is directly proportional to the strength characteristics 
of the geosynthetic encasement. It is clear from the comparison that encasement 
with a higher strength modulus, as used in the study of Rezaei-Hosseinabadi 
et  al.  (2022), imparts maximum apparent cohesion to the composite. The 
variation of OGC and EGC’s friction angles is in close agreement with the 
previous studies. One of the critical conclusions of the present study was that, 
with constant Ar, both the shear parameters friction angle and cohesion intercept 
increased with an increase in the number of columns. The same trend of results 
was postulated in the previous studies. This overall increase in apparent cohesion 
and angle of internal friction with an increase in column number in the case of 
EGCs can be attributed to the increased geosynthetic shearing surface and the 
increase in the interlocking of the granular material with the geosynthetic surface 
(Rezaei-Hosseinabadi et al. 2022).

3.6 � Modes of Failure of Granular Columns

The soil around the columns was carefully removed after the shear test was com-
pleted to observe the failure modes of the granular columns. On removing the soil, 
it was observed that the mode of failure of this reinforcement technique entirely 
changed due to the encasement of the column. The pictorial representation of the 
modes of failure is shown in Fig.  13. In the case of OGCs, complete horizon-
tal shear along the shear plane was observed. However, in the case of the EGCs, 
the columns showed predominant bending without complete shear along the pre-
defined shear plane. The geosynthetic encasing restricts the free movement of 
column aggregates at the shear surface. Therefore, the capacity of EGC to avoid 
complete shear failure of granular columns is crucial, thus averting total struc-
tural collapse. Recently, several researchers have become interested in using geo-
synthetic-encased granular columns to prevent the course of the slip surface and 
reduce the probability of failures like deep-seated failures in the case of embank-
ments due to this intact behavior of EGC even at higher shear deformations (Jasim 
and Tonaroglu 2023; Dar and Shah 2021).

The ability of geosynthetic encasement to prevent the shear failure of granu-
lar columns can be important in the event of liquefaction, which may cause the 

Fig. 13   Failure modes of OGC and geotextile-EGC
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foundation soil to endure substantial deformation. EGCs will continue to drain the 
extra pore pressure in these circumstances, allowing foundation soil to restore effec-
tive stresses swiftly (Mohapatra et al. 2016).

4 � Conclusions

This experimental work aims to advance comprehension of the behavior of granular 
columns under lateral shear loading. The results of direct shear tests were analyzed 
to highlight the enhancement in lateral shear resistance of the soil-column com-
posite by encapsulating the column with geotextile. The following conclusions are 
drawn from the observed results:

1.	 The inclusion of granular columns with and without encasement resulted in higher 
shear-resisting capacity. Due to encasement, the normalized stress ratio increases 
from 1.8 to 2.8 for CA columns and from 1.68 to 2.3 for RA columns. Moreover, 
the contribution of geotextile encapsulation was significant at a lower normal 
stress of 25 kPa.

2.	 For soil reinforced with ordinary granular columns, the friction angle 
increased from 2˚ to 11° while the apparent cohesion values remained almost 
unaffected. However, the geosynthetic encasement of the granular columns 
imparted an additional apparent cohesion to the composite. The apparent 
cohesion of the soil-column composite increased twofold due to geosynthetic 
encasement, while the friction angle remained the same as that of ordinary 
granular columns.

3.	 For OGC and EGC, a group arrangement mobilizes higher shear resistance than a 
single column of the same area replacement ratio (Ar = 8.77% in this study). The 
friction angle and apparent cohesion of the sample with a group of four EGCs 
were calculated as 11° and 22.4 kPa, respectively, compared to 8° and 18.6 kPa 
for a sample with a single EGC of crushed aggregate (CA) infill. Therefore, with 
constant Ar, a group of smaller-diameter columns yields better results than a 
single column of a larger diameter.

4.	 It was evident from the results that the morphological features of column infill 
have a considerable impact on the mechanical response of granular columns, 
whether the columns are encased or not. In encased columns, the shear strength 
of soil with crushed aggregate columns was almost 3-times that of unreinforced 
soil, while it was 2-times for soil with river aggregate columns. This may be 
attributed to the effective interaction between the crushed aggregate infill and the 
geosynthetic sleeve in the form of friction and interlocking.

5.	 Ordinary granular columns exhibited a distinct horizontal shear failure along 
the predefined shear plane, while the encased granular columns demonstrated a 
bending-type deformation without an apparent shear failure plane. In this way, the 
integrity of the column remains intact to a great extent, even at large deformations 
for encased columns.
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6.	 The experimental results of the current study, when compared with the previ-
ous studies, showed good agreement regarding the effect of ordinary or encased 
columns on the shear strength properties of soft soil.

The scope of the present research is limited to the laboratory response of 
soil-column composites under static lateral shear loading. For researchers in the 
future, it is recommended to work on large-scale field testing for specific field 
applications like slope stability of embankments. The cyclic/dynamic response of 
the OGC and EGC reinforced soil with a focus on the mitigation of liquefaction is 
also recommended as a research gap for the future. Moreover, there is a dire need 
to use numerical and analytical approaches for better understanding and applica-
tion of this ground improvement in complex geotechnical problems.
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