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Abstract

Geosynthetic-reinforced stone columns can significantly improve weak foundations. While previous studies have focused on the indi-
vidual effects of vertical or horizontal reinforcement, the combined influence of both on stone column foundation performance remains
poorly understood. Through physical model tests, this study investigated the effects of various reinforcement methods on the bearing
capacity and deformation characteristics of stone column foundations, with a particular focus on the combined reinforcement in enhanc-
ing their performance, addressing this research gap. This study encompasses different enhancement lengths, horizontal reinforcement
spacings, and combinations of reinforcement methods. Experimental results demonstrate that geosynthetics significantly limit radial
deformation and improve the bearing capacity of stone column foundations. Notably, the bearing capacity increases with reduced rein-
forcement spacing and extended enhancement length. Among all the reinforcement types tested in this study, the full-length (L) vertical
reinforcement demonstrated the most significant impact. Additionally, the study examines stress transfer and lateral stress distribution
within the stone columns, revealing that as the load increases, the stress ratio at the stone column base and lateral stress rises, with lateral
stress peaking at a depth of 2.5D from the surface. This behaviour aligns with the deformation patterns observed in the model tests.
© 2025 Japanese Geotechnical Society. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction soils. However, in many cases, the enhancement by stone

columns is limited due to low lateral confining pressure

Stone columns can improve the performance of weak
foundations by enhancing the bearing capacity
(Schweiger and Pande, 1986; Lajevardi et al., 2018;
Benmebarek et al., 2018; Hataf et al., 2020; Deshpande
et al., 2021), and their effectiveness primarily depends on
the lateral confining pressure exerted by the surrounding
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(Sharma et al., 2004). The deformation of stone columns
under external loading can also reduce their capacity
enhancement (Indraratna et al., 2015). For instance,
embankments constructed on stone column foundations
can experience sliding failure due to the lateral movement
of stone columns and soil under wide flexible loading
(Sharma et al., 2004; Orekanti and Dommaraju, 2019).
To address these limitations, geosynthetics have been used
to reinforce stone columns, overcoming the loss of capacity
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enhancement and reducing settlement (Elsawy, 2013; Wu
and Hong, 2014; Bazzazian Bonab et al., 2020).

Van Impe (1989) first introduced the method of encasing
stone columns with geosynthetic materials to enhance lat-
eral confinement. Subsequently, many studies have investi-
gated geosynthetic-reinforced stone columns, proposing
three reinforcement methods. The first method involves
vertical reinforcement by wrapping the stone column with
geosynthetics (Verma et al., 2018; Rathod et al., 2021).
The second method employs horizontal reinforcement by
incorporating geogrids in layers between the stone column
fill (Sharma et al., 2004; Hasan and Samadhiya, 2018). The
third method involves adding a specific thickness of sandy
soil layer on top of the stone column foundation after the
installation of stone columns in the weak soil layer, fol-
lowed by reinforcement within the upper sandy soil layer
(Deb et al., 2011; Dash and Bora, 2013). Among these,
the first two methods (vertical and horizontal reinforce-
ments) are the most widely used.

Vertical reinforcement effectively prevents cracking and
collapse (bulging deformation) of stone column founda-
tions under high vertical loads. Additionally, it helps main-
tain superior drainage performance by preventing the loss
of aggregates (Yoo and Lee, 2012; Thakur et al., 2021).
Studies indicate that both encasement length and geotextile
stiffness significantly influence pile performance. Optimal
encasement lengths of 2 to 3 times the pile diameter mini-
mize settlement and maximize stiffness (Yoo and Lee,
2012; Tandel et al., 2014; Hataf et al., 2020).

The higher stiffness of the geotextile reduces lateral
stress transfer to the surrounding soil, making the pile per-
formance less dependent on the surrounding ground condi-
tion (Murugesan and Rajagopal, 2006; Gniel and Bouazza,
2010; Tandel et al., 2014). However, (Malarvizhi, 2007)
found that when stiffness exceeds 2000 kN/m, its improve-
ment effect diminishes. Additionally, pile diameter affects
the effectiveness of wrapping materials: larger diameters
increase bearing capacity, while smaller diameters enhance
constraint effects (Murugesan and Rajagopal, 2010;
Ghazavi and Afshar, 2013; Nazari Afshar and Ghazavi,
2014). Zhang and Zhao (2015) emphasized that geotextile
stiffness selection should consider column diameter and
spacing due to their impact on deformation behavior.

Horizontal reinforcement enhances the horizontal bear-
ing capacity and integrity of stone column foundations by
increasing the peak shear strength at geosynthetic-
aggregate interfaces, controlling radial deformation, and
improving resistance to seismic and wind loads (Ali et al.,
2012; Dinarvand and Ardakani, 2018; Pereiro-Barcel6
et al., 2022). The performance of stone column foundations
can be significantly improved by horizontally laying geo-
grids at fixed intervals within the gravel pile fill (Zhang
and Zhao, 2015; Naeini and Gholampoor, 2019). Optimal
reinforcement performance is achieved when the spacing of
the geosynthetic layers equals half of the pile diameter (Ali
et al., 2012).
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The key literatures are summarized in Table 1. In sum-
mary, previous studies have investigated the individual
effects of horizontal and vertical reinforcements, and each
has its unique advantages. Practically, combined reinforce-
ment integrates the benefits of both horizontal and vertical
methods, enhancing the integrity and bearing capacity of
stone columns through a spatial structural approach. How-
ever, to the best of the authors’ knowledge, studies on the
effects of combined vertical and horizontal reinforcement
on the performance of stone column foundations remain
limited. To address this research gap, this study conducted
static load model tests on stone column foundations, inves-
tigating various reinforcement methods. Special attention
was given to how combined reinforcement influences the
performance of stone column foundations. This study ana-
lyzed the effects of different reinforcement combinations,
encasement lengths, and reinforcement spacings on bearing
capacity, stress concentration ratio, and deformation of the
stone columns. The findings of this research provide a basis
for the widespread application of reinforced stone columns
in engineering practice.

2. Test materials and methods of physical model test
2.1. Test materials

The materials used in the tests primarily consist of sandy
soil, granite gravel, geotextiles, and geogrids. The sandy
soil served as the model foundation fill, with a maximum
particle size of 5 mm. The granite gravel was crushed and
sieved through 2 mm, 5 mm, and 10 mm screens, resulting
in two particle size groups: 2-10 mm and 5-10 mm. The 2-
10 mm range was used as filler for the stone columns, while
the 5-10 mm range was utilized to fill the lower layer of the
model (hard layer).

The parameters of sandy soil and granite gravel are pre-
sented in Table 2. According to GB/T50123-2019, sandy
soil and gravel are classified as GP and SP, respectively.
The particle size distribution is presented in Fig. 1. The
coefficient of uniformity (Cu) and coefficient of curvature
(Cc) for sandy soil and gravel fill can be calculated by
Eqgs. (1) and (2):

deo

Co=—> 1
o (1)

(2)

where dg is the constrained particle size, at which 60 % of
the soil mass is finer on the particle size distribution curve;
d3 is the particle size at which 30 % of the soil mass is finer
on the particle size distribution curve; and d is the effec-
tive particle size, at which 10 % of the soil mass is finer
on the particle size distribution curve. All of these param-
eters can be obtained from Fig. 1.

The maximum dry density and optimum moisture con-
tent of the materials was determined through a standard
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Table 1
Key studies on geosynthetic-reinforced stone column foundations.

Reinforcement Type  Study Key Findings

Vertical Van Impe. (1989) Introduced geosynthetic encasement for lateral confinement.
Murugesan et al. (2006) Higher geotextile stiffness improves pile performance.
Yoo and Lee. (2012) Vertical encasement prevents aggregate loss and enhances drainage.
Tandel et al. (2014) Geotextile stiffness reduces lateral stress transfer.
Verma et al. (2018) Wrapping prevents cracking and collapse under high loads.
Hataf et al. (2020) Enhanced bearing capacity with optimal encasement length (2-3 times pile diameter).
Horizontal Sharma et al. (2004) Geogrids increase shear strength and control radial deformation.
Deb et al. (2011) Sandy layer reinforcement reduces settlement.
Ali et al. (2012) Optimal geogrid spacing enhances shear strength and horizontal bearing capacity.
Vertical/Horizontal Elsawy et al. (2013) Geosynthetics reduce settlement and enhance capacity for both vertical and horizontal
reinforcement.
Zhang and Zhao. (2015) Geotextile stiffness selection should consider column diameter and spacing for optimal
performance.
Dinarvand and Ardakani. Improved resistance to seismic and wind loads.
(2018)
Bazzazian et al. (2020) Geosynthetic reinforcement overcomes capacity loss.
Table 2

Characteristics and properties of sandy soil and granite gravel.

Sandy soil Granite gravel (2-10 mm)(Column fill) Granite gravel (5-10 mm)(Hard layer)
Category SP GP GP
Coefficient of uniformity, C, 4.62 0.83 0.88
Coefficient of curvature, C. 0.81 2.01 2.15
Elastic modulus, £ (MPa) 17 38 41
Poisson’s ratio, v 0.25 0.2 0.35
Cohesion, ¢ (kPa) 2 8 8
Friction angle, ¢ (°) 35 42 40
Optimal water content (%) 12.4 5.0 5.6
Maximum dry density (g/cm®) 1.88 1.76 1.79
100 —- ture content. After estimating the optimum moisture
= Sandy soil - content, five samples were prepared at 2 % moisture con-
A— Cranite gravel 7 tent intervals, mixed uniformly, and sealed for 24 h to
80 a ensure even moisture distribution. A portion of the sample
. A was placed into the compaction cylinder in three layers of
S v equal height, with each layer compacted 94 times. After
g 60 ; compaction, the top was leveled, the total mass was mea-
b7 sured to calculate the wet density, and three representative
& samples were taken to determine the moisture content. The
§ 40 4 test was repeated for the remaining samples.
E The compaction test results for the model test are pre-
sented in Fig. 2. The maximum dry density and optimum
20 moisture content of the material are determined from the
peak point of the curve, where the corresponding abscissa
i by / indicates the optimum moisture content, and the corre-
0.01 0.1 1 10 sponding ordinate represents the maximum dry density.

Cohesion and friction angle were determined through tri-
axial testing as reported by (Lade and Duncan, 1975),
while elastic modulus and Poisson’s ratio was adopted as
a typical value from (Kulhawy and Mayne, 1990).

The stone columns were reinforced vertically with geo-
textile (glass fibre) and horizontally with biaxial geogrids,

Partical parameter (mm)

Fig. 1. Particle size distribution of the test materials.

compaction test, following the GB/T50123-2019 (Cai et al.,

2019). Sandy soil was sampled using the quartering method
(approximately 50 kg), air-dried, passed through a 20 mm
sieve, mixed uniformly, and tested for initial moisture con-
tent. Gravel was sieved and directly tested for initial mois-

with the geotextile mesh size being 2 X 2 mm (Li et al.,
2023). conducted tensile tests on the geosynthetics follow-
ing ISO 13019. The physical properties of the geotextile
and geogrid are detailed in Tables 3 and 4, respectively.
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Fig 2. (continued)
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Table 3

Characteristics and properties of geotextile.

Material Glass fibre

Ultimate tensile strength (kN/m) 23.8

Strain at ultimate tensile strength (%) 25.2

Tensile strength at 2 % elongation (kN/m) 23

Tensile strength at 5 % elongation (kN/m) 6.8

Stiffness (KN/m) 136

Table 4

Characteristics and properties of biaxial geogrid.
Unit weight (g/m?) 400 + 4

Horizontal Tensile strength (kN/m) 30
Ultimate elongation (%) <13
Tensile strength at 2 % elongation (kN/m) > 15
Tensile strength at 5 % elongation (kN/m) > 15

Vertical Tensile strength (kN/m) 30
Ultimate elongation (%) <16
Tensile strength at 2 % elongation (kN/m) > 11
Tensile strength at 5 % elongation (kN/m) > 13

2.2. Experimental setup

The experimental setup comprises a manually loaded
counterforce frame apparatus, consisting of a counterforce
frame, hydraulic jack, and a digital display system
(DH5922D Dynamic Signal Test and Analysis System),
as illustrated in Fig. 3. The device features a maximum
stroke of 200 mm, a thrust capacity of 20 t, and an applied
pressure of 63 MPa. The circular loading plate utilized in
this investigation has a diameter of 200 mm, while the
internal dimensions of the model box are 800 mm
(length) x 800 mm (width) x 900 mm (height). The dimen-
sions of the model box were determined based on the load-
ing plate size, ensuring that the width of the model box is
no less than four times the maximum diameter of the load-
ing plate to satisfy the boundary conditions for static load
testing (Li et al., 2023).

The schematic diagram of the physical model test is
given in Fig. 4. The sensors employed in this study include
a linear displacement meter, earth pressure cells, and pull
wire displacement sensors. The linear displacement meter
has a maximum measurement range of 200 mm, allowing
for real-time monitoring of settlement within the loading
zone. The earth pressure cells measure 28 mm X 10 mm,
with a measurement range of 300 kPa, enabling precise
assessment of soil pressure. The pull wire displacement sen-
sors are employed to quantify the lateral deformation of
the stone column, with one end anchored to the column’s
lateral surface and the other secured to the inner wall of
the model box.

2.3. Test programme
This study investigated three reinforcement methods for

stone columns, as shown in Fig. 5. Vertical reinforcement
(Fig. 5(a)) uses geosynthetic inclusions to enhance lateral
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restraint, reducing settlement and aggregate loss (Yoo
and Lee, 2012; Hataf et al., 2020). Horizontal reinforce-
ment (Fig. 5(b)) employs stratified geogrids (D/3 to D spac-
ing) to improve stress distribution and shear resistance (Ali
et al., 2012; Zhang and Zhao, 2015). Combined reinforce-
ment (Fig. 5(c)) integrates both, boosting bearing capacity
and deformation control through synergistic confinement
and interlocking.

The effects of encasement length, reinforcement spac-
ing, and reinforcement combinations on the bearing
capacity and deformation of stone column foundations
were investigated through physical model testing. The ver-
tical geosynthetic reinforcement of the stone columns was
implemented using glass fiber geotextile, with two config-
urations: full-height encasement (L = 600 mm) and half-
height encasement (L/2 = 300 mm). The half-height
encasement extended from the base up to 300 mm, while
the full-height encasement provided comprehensive radial
confinement from the base to the top of the column. Hor-
izontal reinforcement was achieved by placing biaxial geo-
grids at intervals of D (100 mm), 2D/3 (66.67 mm), and
D/3 (33.33 mm). The composite reinforcement configura-
tion combined 300 mm vertical encasement with horizon-
tal geogrid spacing of either 100 mm (L/2 + D) or
66.67 mm (L/2 + 2D/3) in the upper section, thereby
enhancing load transfer capacity through synergistic
effects. For comparative analysis, a pure sandy soil foun-
dation without stone columns and a stone column founda-
tion with unreinforced stone columns were also tested.
The detailed test programme is presented in Table 5 (Li
et al., 2023).

The diameter of the stone column prototype typically
ranges from 600 to 1000 mm (Debnath and Dey, 2017).
In practical applications, the length-to-diameter ratio (L/
D) of stone columns varies from 5 to 20 (Shahu and
Reddy, 2011; Hasan and Samadhiya, 2017). In this study,
a stone column with a diameter of 100 mm was selected,
maintaining a similarity ratio of 10 (corresponding to
1000 mm in prototype size), with the column length set at
600 mm (L/D = 6).

2.4. Test procedures

The details of the physical model are shown in Fig. 4.
The model construction process is as follows:

(1) The hard layer was constructed by filling granite
crushed stones (particle size 5-10 mm) in two layers
under dry conditions, with each layer controlled to
a thickness of 50 mm. After each fill, the layer was
compacted using a standardized compaction effort
to achieve 95 % of the maximum dry density, ensur-
ing uniform density and stability. The physical and
mechanical parameters of the resulting hard layer,
including dry density, shear strength, and gradation,
were measured and are presented in Table 2 (right-
hand column).
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Fig. 4. Schematic diagram of the physical model test (after Li et al., 2023).
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After completing the hard layer, a 700 mm long,
100 mm diameter thin-walled polyvinyl chloride
(PVC) pipe was centrally fixed on the upper surface
of the hard soil. Lubricating grease was uniformly
applied to both the inner and outer walls of the pipe
to reduce friction between the PVC pipe and the
sandy soil. Additionally, two steel wires were fixed
to the top of the pipe to facilitate the removal of
the PVC pipe after the stone column construction
was completed.

Sandy soil was placed in layers on top of the hard
layer, with each layer approximately 100 mm thick.
The sandy soil in the model ground was subjected
to heavy compaction to achieve a relative density of
75 %, corresponding to approximately 91 % of the
maximum dry density, which is a typical value in
practical engineering applications. This classifies the
soil as dense soil (Choo, 2018; Zhan et al., 2025).
The soil’s water content is 2.8 %, consistent with its
natural moisture content. The moisture content was
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Table 5
Summary of the test programme.
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Fig. 5. Diagrams of (a) Horizontal reinforcement, (b) Vertical reinforcement, and (c) Combined reinforcement.

Group number

Reinforcement type Column length (mm)

Column diameter (mm)

Encasement length ~ Reinforcement spacing (mm)

(el B Y

— e = O
[SSIN (S )

Pure sandy soil

Unreinforced 600

100

Vertical reinforcement 600 100
600 100
Horizontal reinforcement 600 100
600 100
600 100
Combined reinforcement 600 100
600 100
600 100
600 100
600 100
600 100

- 2D/3
- D/3
L/2 D
2D/3
D/3
L D
2D/3
D/3

not adjusted to the optimum value to better simulate
the natural field conditions, ensuring a more realistic
representation of practical engineering scenarios.
Additional details of the parameters are provided in
Table 2 (left-hand column). After filling each layer,
the surface was levelled, and pull wire displacement
sensors were installed. To minimize measurement
errors caused by friction between the pull wire and
the sandy soil layer, the end of the pull wire that con-
tacts the column was wrapped with 2 cm of insulating
tape. The wire is then passed through a PVC pipe
with an inner diameter of 20 mm and a length of
300 mm to ensure it remains taut. This process was
repeated until the design height was achieved.

(4) After installing the pipe and compacting the sur-

rounding soil, the column-filling material was poured
into the PVC pipe in six layers, each 100 mm thick.
During the construction of each layer, a rubber mal-
let was gently used to tap the pipe wall for com-
paction. After every two layers of filling material,
the PVC pipe was withdrawn 50 mm. Once the filling
was complete, the PVC pipe was fully extracted.

The horizontal reinforcement material, specifically the
biaxial geogrid, was cut to dimensions slightly smaller than
the diameter of the stone column. It was laid horizontally
according to the required reinforcement spacing. The verti-
cal reinforcement material, consisting of glass fibre geotex-
tile, was wrapped around the exterior of a PVC pipe and
arranged together with the PVC pipe during the model
preparation. When the PVC pipe was removed, the geotex-
tile remained wrapped around the exterior of the stone
column.

The installation process of horizontal reinforcement in
actual construction includes foundation preparation (clear-
ing debris, stabilizing weak soil), laying geogrids with pre-
cise alignment using GPS positioning or laser-based tools
(typically achieving a planar error < 5 cm), overlapping
connections with 30-50 cm lap joints secured by U-
shaped nails or hot welding, pre-tensioning with hydraulic
jacks, edge fixation, and protective backfilling in layers
(<30 cm). High precision is supported by automated laying
systems (commonly achieving 2-5 cm accuracy) or skilled
manual techniques, supplemented by stress monitoring
using sensors or traditional gauges, depending on project
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scale and budget (Lees and Matthias, 2019). Challenges
include environmental factors (e.g., wind, rain), material
relaxation, and manual operation variability. To address
these, factory-prefabricated geogrid modules, real-time
sensor adjustments, and post-installation checks like radar
scanning and peel tests can be employed, ensuring compli-
ance with technical standards.

The radial effect of the stone column typically extends 2
to 4 times the column radius (Chummar, 1975; Castro,
2014). Considering the radius of the test stone column is
50 mm, a circular loading steel plate with a radius of
100 mm and a thickness of 15 mm was used as the founda-
tion to apply the load.

After constructing the model, a staged loading method
was employed. The next load level was applied once the
foundation’s settlement stabilized under a specific load,
defined as less than 0.1 mm of settlement within one hour.
If the foundation’s settlement did not reach a stable condi-
tion or continued to increase significantly after 2 h of load-
ing, this indicated failure, and loading ceased. At this point,
the corresponding value was defined as the ultimate load.

3. Test results and discussion
3.1. Bearing capacity of foundation

This study selected two encasement lengths, L/2 and L,
to investigate the effect of vertical encasement length on the
bearing capacity of the foundation. The corresponding
load-settlement (P-S) curves are presented in Fig. 6. The
results indicate that the pure sandy soil foundation and
the unreinforced stone column foundation failed at loads
of 178 kPa and 256 kPa, respectively. Compared to the
unreinforced stone column foundation, the bearing capac-
ities of the stone columns reinforced with geotextiles of
lengths L/2 and L increased by 38 % and 51 %, respectively.
This demonstrates that the vertical reinforcement method
significantly enhances the foundation’s bearing capacity.
The bearing capacity increases with the length of the verti-
cal encasement.

Fig. 6 also reveals distinct deformation patterns between
the pure sandy soil foundation and the stone column foun-
dation. In the pure sandy soil foundation, the relationship
between load and settlement is typically linear. However, in
the stone column foundation, the initial slope of the P-S
curve is relatively small, with accelerated settlement occur-
ring only after the load exceeds a certain threshold
(125 kPa for the unreinforced stone column foundation).
This effect is more pronounced in the stone column founda-
tion with vertical reinforcement. Before reaching the
threshold (approximately 160 kPa for both reinforcement
scenarios), the increase in settlement is very gradual. Subse-
quently, the slopes of the P-S curves for all stone column
foundations become approximately the same. Notably, as
the encasement length increases, the foundation can sustain
greater loads at the same settlement, thereby validating the
effectiveness of vertical reinforcement.
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The slope changes in the P-S curve, observed in Fig. 6
around 150-200 kPa for the vertical reinforced cases (L
and L/2), indicates yielding of the stone column founda-
tion. This is characterized by localized plasticization of
the pile-soil composite and the failure of lateral confine-
ment provided by the geotextile, leading to a transition into
a plastic deformation phase while retaining residual bear-
ing capacity. Similar yielding behavior in geosynthetic-
reinforced stone columns has been documented by
Murugesan and Rajagopal (2006). This yielding threshold
can guide the optimization of reinforcement parameters,
such as geotextile stiffness and confinement density, to
enhance stone column foundation performance.

Three reinforcement spacings (D, 2D/3, and D/3) were
selected to evaluate the influence of horizontal reinforce-
ment spacing on bearing capacity. The corresponding
load-settlement curves are presented in Fig. 7. The bearing
capacity of the foundations increased by 13 %, 26 %, and
39 % for horizontal reinforcement spacings of D, 2D/3,
and D/3, respectively, compared to the unreinforced stone
column foundation. This indicates that horizontal rein-
forcement significantly enhances bearing capacity and
reduces settlement, with improvements becoming more
pronounced as reinforcement spacing decreases. This beha-
viour can be attributed to the interlocking effect between
the geogrid and the column filler, which intensifies with
reduced spacing, resulting in increased friction between
the filler and the geogrid. It is also noteworthy that there
is no significant difference in the settlement values of stone
columns reinforced with D and 2/3D spacing geogrids until
the load reaches 150 kPa.

In Figs. 6 and 7, the yield load for both vertical (L, L/2)
and horizontal (D/3, 2D/3, D) geosynthetic reinforcements
appears at around 150-200 kPa, indicating similar confine-
ment effects. Both types of reinforcement improve the lat-
eral restraint of the stone column by using their tensile
strength (Table 4) to resist deformation until the yield
point, where plastic deformation starts. This similarity is
because the tensile strength of the geosynthetics and their
interaction with the soil mainly control the behaviour at
low strain levels. Wu and Hong (2008) also found that
the confinement effect in reinforced stone columns is
mainly determined by the tensile properties of the geosyn-
thetics, rather than their orientation. However, after yield-
ing, the failure mechanisms are different due to the different
ways the load is distributed according to the reinforcement
direction.

To investigate the effect of combined vertical and hori-
zontal reinforcement on bearing capacity and to determine
the optimal combination, the load-settlement characteris-
tics for six different combinations, as listed in Table 5,
are presented in Fig. 8. All geosynthetic-reinforced stone
column foundations exhibited improved bearing capacity
and reduced settlement compared to unreinforced stone
column foundations. When the load was below 100 kPa,
the differences in the load-settlement curves for the various
combinations were relatively minor, and the influence of
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Fig. 7. Load-settlement (P-S) curves under horizontal reinforcement conditions.

different reinforcements was not pronounced. However, as  strated the most effective reinforcement, consistently result-
the load increased, the variations in the curves became ing in lower settlement compared to the other
more evident. The (L/2 + 2D/3) combination demon-  combinations.



L. Lietal

Although the bearing capacity for the (L + D),
(L/2 + D/3), and (L/2 + 2D/3) combinations were similar,
the (L/2 + 2D/3) combination achieved a more significant
reduction in settlement than the other two. Therefore, the
(L/2 + 2D/3) reinforcement combination was the most
optimal in this study. Conversely, the (L + 2D/3) combina-
tion exhibited the poorest performance, with the lowest
bearing capacity (320 kPa) and the highest settlement
(53 mm) among the tested combinations. The bearing
capacity for the (L/2 + D) and (L + D/3) combinations
were similar, showing increases of 38 % and 39 %, respec-
tively, compared to the unreinforced stone column
foundations.

The experimental results shown in Figs. 6-8 indicated
that for vertical reinforcement, the optimal encasement
length was L. For horizontal reinforcement, the spacing
of D/3 proved to be the most effective design. In the case
of combined reinforcement, the configuration of
(L/2 + 2D/3) was identified as optimal. To compare the
impact of different reinforcement methods on the bearing
capacity of stone column foundations, the load-settlement
curves for the three optimal reinforcement strategies are
presented in Fig. 9. The L-length vertical reinforcement
demonstrated superior performance compared to the D/3
horizontal reinforcement and the (L/2 + 2D/3) combined
reinforcement. Notably, the bearing capacity for the com-
bined reinforcement (L/2 + 2D/3) was very close to that
of the vertical reinforcement (L), being approximately
35 % greater than that of the horizontal reinforcement
(D/3).
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This enhancement is attributed to the ability of verti-
cally reinforced stone columns to mobilize circumferential
stress from the glass fiber geotextiles, thereby improving
lateral stress resistance and overall bearing capacity. Con-
sequently, the load applied at the top is more effectively
transferred to the base of the stone column. As the load
increases, the stress in the lower section of the vertically
reinforced stone column correspondingly rises, highlighting
the advantages of full-length encasement.

Although the combined reinforcement (L/2 + 2D/3)
integrates the benefits of both horizontal and vertical rein-
forcement, the relatively short vertical encasement length
(L/2) limits its effectiveness. Reducing the distance between
reinforcing layers enhances frictional and interlocking
interactions between the stone column materials and the
reinforcement (Ghazavi et al., 2018). This configuration
prevents lateral movement of the stone column aggregates.
However, when the reinforcement spacing increases to
2D/3, lateral movement of the stone column material
occurs, diminishing the improvement in bearing capacity
and settlement.

3.2. Stone column deformation

To investigate the deformation of the stone column
along its depth, Fig. 10 depicts the radial deformation rate,
defined as the ratio of the increase in column diameter to its
original diameter. The diameter increase, an experimental
parameter, was measured using pull-wire displacement sen-
sors, as shown in Fig. 4.
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Fig. 8. Load-settlement (P-S) curves under combined reinforcement conditions.
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Fig. 9. Load-settlement (P-S) curves under optimal vertical, horizontal,
and combined reinforcement types.

The deformation observed in Fig. 10 primarily occurred
within 350 mm (3.5D) from the top of the column. The
maximum radial deformation for the column with a verti-
cal encasement length of L/2 was recorded at 3.5D from
the top, while all other configurations exhibited maximum
deformation at 2.5D. Notably, the maximum radial defor-
mation rate of the unreinforced column reached 8.5 %. In
contrast, the maximum deformation rate for the
geosynthetic-reinforced column was only 3.9 % (specifically
for the L/2 + 2D/3 reinforcement), indicating that the
geosynthetics significantly constrained the radial deforma-
tion of the column. Among all reinforcement methods,
the vertical encasement length L exhibited the smallest
maximum radial deformation rate at 2.1 %. The minimum
deformation rate for horizontal reinforcement was 3.1 %,
still exceeding that of the vertical reinforcement at 2.3 %.
This difference arises because the vertical reinforcement
provided by geotextiles offers additional lateral support,
effectively limiting lateral deformation more than horizon-
tal reinforcement.

As shown in Fig. 10, the reinforcing material reduces the
radial deformation rate of the stone column. Its mechanism
involves multi-physical interactions: Geosynthetic materi-
als establish lateral constraints via the “hoop effect,” reduc-
ing radial strain by approximately 50 % through passive
resistance to particle displacement. The interfacial friction
between the reinforcing material and the aggregate, along
with mechanical interlocking, forms a composite system
that redirects particle motion into an ordered mode. Addi-
tionally, the redistribution of tensile stress converts local
shear stress into circumferential tension, decreasing core
shear stress by 30-40 % through stress bridging, while the
inherent stiffness of the reinforcing materials generates a
counterforce, resisting deformation via stored strain
energy. These coupled mechanisms enhance load transfer
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efficiency and deformation resistance through synergistic
constraint-friction-stiffness interactions (Wu and Hong,
2008).

Furthermore, the deformation rate of the unreinforced
stone column showed considerable variation along its
length. As illustrated in Fig. 10, the radial deformation rate
of the unreinforced stone column was predominantly con-
centrated in the upper half. In contrast, the geosynthetic-
reinforced stone column with vertical encasement length
L exhibited a more uniform deformation rate along its
length. For the vertical encasement length L/2, deforma-
tion was primarily localized in the unreinforced section.

3.3. Stress concentration ratio

The stress distribution between the stone column and
the soil layer can be quantitatively described by the stress
concentration ratio (SCR) (Li et al., 2023):

Oc

SCR = —

Os

(3)

where o, represents the vertical stress borne by the stone
column, and g, denotes the vertical stress borne by the sur-
rounding soil. In this study, ¢, and g, are experimentally
determined values, measured using earth pressure cells
embedded at the top of the stone column and in the adja-
cent surrounding soil (Fig. 4). Fig. 11 illustrates the varia-
tion curve of the SCR with the settlement ratio (S/D) under
different reinforcement conditions, in which the settlement
(S) was recorded by pull wire displacement sensors (Fig. 4).
The SCR exhibited fluctuations with increasing foundation
settlement across all reinforcement scenarios. Specifically,
the SCR values for vertical reinforcement and horizontal
reinforcement ranged from 3.27 to 6.14 and 2.63 to 4.34,
respectively. The maximum SCR for the combined rein-
forcement (L/2 + 2D/3) reached 5.84, all exceeding the
SCR of the unreinforced stone column, indicating that
reinforced columns can sustain greater stress.

Furthermore, the SCR value increased with decreasing
reinforcement spacing and increasing reinforcement length,
as these factors enhance the overall rigidity and integrity of
the stone column. Notably, before the settlement reached
10 mm, the SCR showed significant increases across all col-
umns. As settlement continued to increase, the SCR began
to decline and gradually stabilized. This behaviour can be
attributed to the initial downward movement of the stone
column during loading, which caused rearrangement of
the column filler, resulting in increased density and
enhanced interlocking effects among the fillers, allowing
the column to support greater stress. As the load and settle-
ment further increased, the filler tended to move laterally
toward the surrounding soil, leading to a gradual transfer
of load to the surrounding soil. This resulted in interlock-
ing effects not only among the fillers but also between the
column and horizontal geosynthetics, enhancing friction
and limiting lateral movement of the filler.
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Fig. 10. Radial deformation rates of the column with different reinforcements.

Moreover, the SCR value was highest for the L-length
encasement. This is due to the geotextile encasement limit-
ing lateral stress transfer between the column and the soil,
thereby reducing the column’s dependence on the sur-
rounding soil for bearing capacity. The vertical L-length
reinforcement provided optimal integrity and additional
lateral constraints among all reinforcement methods, which
explains its superior peak and residual SCR value.

4. Conclusions

This study examined the performance of stone column
foundations under various conditions using physical model
tests. The bearing capacity and deformation characteristics
of stone columns were examined under different vertical
encasement lengths, horizontal reinforcement spacings,
and combined reinforcement methods. The key findings
are as follows:

(1) Compared to unreinforced stone columns, the bearing
capacity of stone column foundations significantly
improves with reinforcement. For horizontal rein-
forced stone column, the bearing capacity increases
as the reinforcement spacing decreases. For vertical
reinforced stone column, the bearing capacity
increases with longer encasement lengths. The optimal
combined reinforcement case is L/2 + 2D/3. Among
the various methods, vertical reinforcement with full-
length encasement exhibits the most substantial
enhancement in bearing capacity.

(2) Deformations primarily occur within the upper 3.5D

depth of the column, with a concentration within
2.5D. Geosynthetics significantly limit the radial
deformation of columns, allowing deformation to
expand downward, resulting in increased deforma-
tion in the lower part of the column. Vertical rein-
forcement with full-length encasement demonstrates
the best deformation uniformity, with a maximum
radial deformation rate of only 2.1 % due to its supe-
rior rigidity and integrity.

(3) Reinforcements that enhance foundation bearing

capacity also improve the stress concentration ratio.
As the encasement length increases and the reinforce-
ment spacing decreases, the stress within the rein-
forced column rises, resulting in a more uniform
stress concentration ratio along the depth during load-
ing. The vertical reinforcement with full-length encase-
ment exhibits the highest stress concentration ratio.

(4) As the vertical load increases, the lateral stress on the

column sides rises continuously at various depths.
The lateral stress initially increases and then
decreases from the top to the bottom of the column,
peaking at a depth of 2.5D. This suggests that greater
column deformation results in higher horizontal pres-
sure on the surrounding soil.

(5) Different reinforcement methods exhibit distinct

effects on the stone column foundations, with full-
length encased vertical reinforcement demonstrating
the most significant enhancement in both bearing
capacity and column deformation.
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