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The construction of geosynthetic encased columns for embankment support involving the tube driving technique
may induce vertical and horizontal stresses throughout the soft soil foundation and neighboring columns, which
is often not accounted for in design. Investigating this unknown effect is a difficult task for which the use of the
Soft soil transparent soil method is a promising tool when combined with Digital Image Correlation (DIC) techniques. This
GEC study investigates the effect of GEC column installation on the deformation of the soft foundation soil. The
PIV specific focus is on how the driving process affects the lateral and vertical deformations of the surrounding soft
soil, as well as the interaction with neighboring columns. Different column configurations, spacing, and instal-
lation sequences were investigated. After evaluation and quantification of the deformation patterns, a meth-
odology is proposed to study the extent of displacements caused by the tube’s driving. Results showed that an
increase in the spacing between columns reduced the influence of the tube’s driving. Interestingly, adopting the
alternating GEC installation may lead to higher lateral displacements than the sequential installation process.
Increasing the number of GECs from three to four elements further reduced the displacements magnitude in the

Installation
Driving

region adjacent to the first column installed.

1. Introduction

Granular soil columns constitute a ground improvement technique
commonly used to enhance the bearing capacity of embankments
founded on soft soils, accelerate their consolidation, and reduce
embankment settlements. However, in very soft soils (e.g., with un-
drained shear strength S, under 15 kPa), granular columns may expe-
rience excessive bulging and a reduced bearing capacity due to
insufficient lateral confinement (FHWA, 1980; Kempfert and Gebrese-
lassie, 2006; Hosseinpour et al., 2015). To address this issue, Geotextile
Encased Columns (GECs) have often been adopted (Aratjo et al., 2009;
Almeida et al., 2014; Wu and Hong, 2014; Hong et al., 2016; Schnaid
et al., 2017; Nagula et al., 2018; Alkhorshid et al., 2019; Orekanti and
Dommaraju, 2019; Cengiz and Guler, 2020; Xu et al., 2021; Chen et al.,
2022; Anita et al., 2023). The high stiffness geotextile casing involves
the granular material and forms an encasement that is tensioned by
radial stresses mobilized on the granular material when the GEC is
loaded. This system works both as a drainage mechanism and a pile,
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effectively transferring the load to the underlying strata.

The GEC installation process may involve vibro-replacement tech-
niques, which involve initially driving a closed-end steel vibrated casing
into the soft foundation up to the resistant soil layer. Then, the casing is
filled with granular material and the steel tube vibrates out of the
ground while compacting the granular material. The driving process
generates lateral displacements on the surrounding soft ground and
propagates toward adjacent GECs. The effectiveness of the column
installation process plays a significant role in the behavior of encased
granular columns (Castro and Karstunen, 2010) and several field
monitoring studies have been conducted to investigate the effect of the
GEC’s installation on soft soils in increasing horizontal stresses and pore
water pressure (Watts et al., 2000; Kirsch, 2004; Castro, 2008; Aratjo
et al., 2009; Schnaid et al., 2017; Wang et al., 2023; Ouyang et al.,
2024). Additionally, previous studies have conducted numerical simu-
lations to evaluate the impact of the installation approach on the soil
foundation surroundings (Nagula et al., 2018; Shehata et al., 2018;
Geramian et al., 2022; Kelesoglu and Durmus, 2022). For instance,
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Castro and Karstunen (2010) modeled stone column installation to
evaluate its impact using the cavity expansion method coupled with
advanced soil models to quantify on soft soils. The results showed that
the process resulted in excess pore pressures and increased horizontal
stresses on the soil foundation after the end of the stone columns
installation by vibro replacement.

Quantifying the effect of GEC installation in a full-scale project
would involve a significant array of sensors and complex interpretations
on field or laboratory tests, while numerical simulations may not cap-
ture the physical mechanisms of the materials under investigation. In
this context, experimental techniques that allow visualization of the
system would be very beneficial. Transparent soil techniques such as
those adopted in recent geotechnical investigations (e.g. Cao et al.,
2011; Ezzein and Bathurst, 2014; Peng and Zornberg, 2019; Chen et al.,
2022; 2019a; Ads et al., 2020a; 2020b; Liu et al., 2020; Yuan et al., 2020;
Zhang et al., 2019; Chen et al., 2021; Xu et al. 2021; Zhang et al., 2019;
Ma et al., 2023; Wang et al., 2023; Yang et al., 2022) have the potential
to provide insight into the impact of the GEC installation over soft
foundation soils.

Synthetic magnesium lithium phyllosilicate, commercially known as
Laponite RD®, is a transparent soft clay surrogate that has been adopted
in geotechnical investigations (Beemer and Aubeny, 2012; Wallace and
Rutherford, 2015; Beemer et al., 2016; Ads et al., 2020a; 2020b; Pier-
ozan et al., 2021; Almikati et al., 2023). This material represents a
transparent soil that exhibits geotechnical properties comparable to very
soft natural firsts (Wallace and Rutherford, 2015) and has been
employed to develop scaled physical models (Chini et al., 2015; Ads
et al., 2019a; 2020b, 2021c; Zhang et al., 2019) with potential appli-
cation of the Digital Image Correlation (DIC) technique to measure
displacements and strains by tracking pixel movements in sequential
images (Helm and Suleiman, 2012; Khatami et al., 2019; Li et al., 2019;
Ren et al., 2022; Kim et al., 2022; Salehzadeh et al., 2022; Sharifi et al.,
2022). Although several studies have evaluated the behavior of GECs,
publications about the effects of their installation are lacking and the
potential application of Laponite RD® on physical models in this case
may contribute to fill this lack.

In this investigation, small-scale 1-g physical models using Laponite
RD® as a transparent surrogate for soft soil were employed to evaluate
the effect of closed-end driving tubes of GECs on lateral displacements
and strains. The Digital Image Correlation (DIC) technique was used to
infer the displacements on the transparent soil originating from the
procedure. In this technique, the displacements of the pixel on sequen-
tial images are tracked and converted to displacements in metric values
from a calibration factor obtained previously (Stanier et al., 2016). This
study examines the installation effects on adjacent columns, comparing
the influence of differently sequenced installation processes and spacing
between columns. The paper also proposes an analytic approach to
predict the extent of displacements caused by the driving process.

2. Transparent 1-g physical GEC models
2.1. Scale factors

The use of 1-g physical models requires that the selected material
properties be properly scaled to match those of a prototype (real-scale
problem). This scaling is typically achieved by applying the similitude
criterion as outlined in Equation (1) (e.g., Hong et al., 2016):

(€8]

where I, is the prototype parameter value; Iy, is the scaled model
parameter; and St is the scale factor. In this investigation, the prototype
was assumed to have a square grid layout (Hosseinpour et al., 2016),
with GECs measuring 0.8 m in diameter (D) (a typical field value),
spaced 2.0 m apart (S) and installed in a 10-m-thick soft foundation soil
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layer resting on a firm stratum. The undrained shear stress (S,) and
thickness of the soft soil layer (H); the unit weight (y) and effective
friction angle (¢ ) of the granular material; and the tensile strength (Ty)
and secant stiffness (Jg 5 o) of the geotextile were also compatible with
the similitude criteria. Table 1 summarizes the scale factors compatible
with the similitude criteria to each parameter of the 1-g physical model
developed in this study.

2.2. Materials used

In this study, a transparent soft foundation with an undrained shear
strength (S,) of 0.25 kPa was used to simulate soft soil with a S, of 10
kPa, a very soft material that can be encountered in several embankment
projects. To characterize the desired material properties, vane shear
tests were performed on Laponite RD® solutions with concentrations of
4 %, 6 %, 8 % and 10 %, and kept consolidating for periods of three,
seven and 14 days. Sodium Pyrophosphate Decahydrate (SPP) was
added to samples with concentrations greater than 4 % to allow mix the
Laponite RD® solution without phase separation as recommended by
Beemer et al. (2016). Table 3 summarizes the undrained shear stress (S,)
results obtained for Laponite under different tests configurations.

Based on the results, the Laponite RD® sample with a 4 % mass
concentration and seven-day set period achieved the target undrained
shear strength of approximately 0.25 kPa, consistent with the 1,/40 scale
factor adopted in this study. Additionally, the selected set time and
Laponite dosage exhibited sufficient transparency for accurate visuali-
zation in PIV analysis. After determining the soft soil surrogate material,
geotechnical characterization tests were conducted, the results of which
are summarized in Table 4. A comparison of these results with those
obtained by Wallace and Rutherford (2015) under similar conditions
confirmed that the values obtained herein are comparable.

Commercial fabric material was chosen to represent the geotextile
under the similitude conditions imposed on the scaled model and used to
manufacture the geosynthetic encasement. Wide-width tensile tests
were performed to characterize its ultimate tensile strength and secant
stiffness (ASTM D4595-17, 2023). The selected material exhibited an
ultimate tensile strength of T = 1.21 KN/m and Ty = 0.551 kN/m,
respectively, and secant stiffness values of Jg 5 o, = 7.73 kN/m and Jg 5 ¢,
= 2.15kN/m in the machine and cross-machine directions, respectively.
Based on the obtained results, the encasement was used with radial
mobilization in the cross-machine direction as it was more compatible
with the radial stiffness and tensile strength of the prototype scale.
Tensile tests were also performed to evaluate the seams needed to pro-
duce the encasement and the results indicated their full efficiency as the
fabric break occurred only at the same maximum tensile strength of the
fabric itself. However, the presence of the seam reduced the stiffness to
1.34 kN/m, while an ultimate tensile strength of 0.551 kN/m was
maintained as depicted in Table 5. Considering the scale factors in
Table 1, the selected encasement material simulated a geotextile with
880 kN/m of ultimate tensile strength and a secant stiffness of 2144 kN/
m.

A uniformly graded SP fine sand with particle sizes ranging from
0.075 mm to 0.42 mm was used as the column granular material. Table 6
summarizes the parameters of the granular soil. The granular material

Table 1
Scale factors corresponding to relevant properties of the materials used in this
study.

Element Properties Scale Factor Prototype values
Soft Clay S (kPa) (1/N) <10.0
H (m) (1/N) 9-10
Granular Soil ¥ (kN/m*) 1 20.0
$'C) 1 45.0
D (m) (1/N) 0.80
Geotextile Encasement Ty (kN/m) 1/N)? >150 kN/m
Jg.5 % (KN/m) (/Ny? >2000 kN/m



astm:D4595
astm:2023
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Table 2
Characteristics of experimental models.

Model Number of GECs Model spacing Prototype spacing (S)
M1S2 1 - One single column
M2S1S 2 25.0 mm 1.0m
M2S1.5 2 37.5 mm 1.5m
M2S2 2 50.0 mm 20m
M2S2.5 2 62.5 mm 2.5m
M3S2A, M3S2S 3 50.0 mm 20m
M4S2S 4 50.0 mm 2.0m
Table 3
Results of S, after vane shear tests on Laponite.
Material Content (%)
Laponite RD® 4 6 8 10
SPP - 0.13 0.27 0.75
Set time Undrained shear strength (S,)
3 days 0.175 0.370 0.583 0.800
7 days 0.262 0.450 0.750 0.950
14 days 0.333 0.570 0.770 0.970
Table 4
Laponite RD® parameters.
Property Obtained Wallace and Rutherford
(2015)
Liquid Limit (Wy) 958 % 1150 %
Plastic Limit (Wp) 250 % 240 %
Plasticity Index (IP) 707 % 910 %
Hidraulic conductivity 1,25.1077 - 1,06.10° 3,00.1077 -1,60.10° cm/s
(ko) cm/s
Specific Gravity (Gs) 2.53 (Provided by the manufacturer)
Initial void ratio (eg) 53.0 56.5
Compression index (C,) 19.9 20.4
Table 5
Geotextile encasement tensile properties.
Property Jg (kN/m) Ty (kN/m)
Machine Direction (MD) 7.73 1.21
Cross-machine Direction (CMD) 2.15 0.55
Seam 1.34 0.55
Table 6
Sand parameters.
Property Obtained
Dgo (mm) 0.32
D3o (mm) 0.25
Djo (mm) 0.15
Uniformity Coefficient (C,) 2.53
Coefficient of Curvature (C.) 1.10
Soil Classification Sp
Maximum Void Ratio (emax) 0.962
Minimum Void Ratio (epin) 0.769
Specific Gravity (Gs) 2.71
Effective friction angle, ¢'(°) 46°

was gradually added into the driving tube using a funnel positioned at its
upper opening. The granular material was compacted by vibration, with
the mass and volume of the material carefully controlled to achieve a
target relative density greater than 80 %. The tube was removed in
stages as the GEC was filled.

69

Geotextiles and Geomembranes 54 (2026) 67-84
2.3. Laboratory tests

The experimental models were constructed at a 1/40 scale to simu-
late a full-scale prototype with corresponding dimensions. Transparent
clay was placed in a plexiglass box measuring 350 mm x 500 mm x 200
mm, with the analysis section, which refers to the area where particle
movement was observed during testing, positioned 150 mm from the
front transparent wall to minimize boundary effects and maintain
transparency in the analysis section. Fig. 1-a shows the 250 x 500 mm
cross-section for a model build on this study observed the beginning of
the installation of the last out-of-three GECs using a plexiglass tube. The
GECs are regularly spaced and have their tips settled on a sand drain
with 50 mm thickness. The observation cross-section had a 3 mm width
and was seeded with randomly distributed particles usually applied to
track the displacements on some transparent soil types in DIC analysis
(Iskander, 2010; Ads et al., 2021; Ergin, 2021; Ren et al., 2023).

The GEC installation considered driving a 25.0 mm external diam-
eter closed-tip tube with micro-vibration motors attached to its upper
extremity into the transparent soil until it reached the firm stratum at
the bottom of the box, with ratio of 10 mm/s. Subsequently, the geo-
textile encasement was placed inside the tube and then filled with the
filling material. The driving tube was subsequently extracted from the
soft foundation maintaining its vibration. The compaction aimed a
relative density greater than 80 % which was controlled by the fill
material mass used in the GEC and the column’s final volume. The GEC’s
final volume was calculated after obtaining its average diameter on the
images captured for DIC analysis at the end of installation, considering
the corresponding scale. The relative density also considered the
maximum and minimum void ratio for the fill material.

Fig. 1-b shows the support used to guide the tube inside the soft
foundation soil during the driving and the camera located at the center
in front of the plexiglass box and focused on the section analysis. The
driving support had a mobile plate with a hole that allowed change the
tube insertion position. Fig. 1-c shows the plexiglass tube, with vibration
motors, inserted on the driving support hole and the soil foundation. In
this case, the geotextile encasement is observed inside the tube with the
sand funnel used to put the granular material within it.

A total of eight physical models were constructed and tested in this
study. One configuration involved a single GEC installed using a driving
tube, with observations and measurements of displacements of the
transparent soil surrounding the GEC. The other physical models were
constructed to investigate the effects of installing multiple GECs in soft
foundation, considering two, three, and four columns. For models with
two GECs, the effect of different horizontal spacings (S) between col-
umns—1.0 m, 1.5 m, 2.0 m and 2.5 m at prototype scale—were assessed.
In models involving three and four columns, a typical field spacing of
2.0 m between GECs at prototype scale was adopted (Alexiew et al.,
2005; Almeida et al., 2019). These tests aimed at evaluating the effect of
two different installation orders (involving three columns) and the ef-
ficiency of a higher number of GECs (four columns) in mitigating lateral
stresses on surrounding GECs and neighboring structures. The models
with three GECs considered two column installation sequences: (i) first
driving the two external GECs followed by one in between; and (ii)
sequentially installing the GECs. The model with four columns involved
the sequential installation of all columns.

To facilitate the understanding of the configurations, the models
were abbreviated with acronyms containing four to five characters
describing their major characteristics. For example, in the acronym
“M1S2,” M denotes “Model,” 1 refers to the quantity of columns, S de-
notes “Spacing” and 2 refers to the adopted spacing value in meters (m)
at the prototype scale. For models with three or more GEC, a final fifth
character was used to indicate its order of installation: “A” indicates the
alternate installation (odd GECs first then even) and “S” the sequential
installation (sequentially in row). Table 2 summarizes all the configu-
rations and Fig. 2 shows the installation sequences.

Testing of the physical models included capturing sequential images
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Fig. 1. Setup of transparent models: (a) plexiglass box geometry for model; (b) image acquisition system; and (c) tube driving system.
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of the analysis section while the tube was driven into the transparent soil
for subsequent DIC analysis. Images were taken at 1-s intervals using a
camera set to a resolution of 2976 x 1987 pixels, with ISO 100, an
aperture of f/6.3, and a shutter speed of 1/250. The software PIVLab
(Thielicke and Stamhuis, 2014), an open-source tool developed in
MATLAB, was used for PIV analysis. Before analyzing particle move-
ments with PIVLab, the images were pre-processed using Contrast
Limited Adaptive Histogram Equalization (CLAHE), used to improve the
contrast on images, and intensity capping filters along with the soft-
ware’s auto-contrast feature.

3. Results

The results of the experimental testing program are divided into four

L ©
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sections, each one addressed to a respective number of GECs installed on
a model. The analysis adopted the horizontal (u) and vertical (v) di-
rections fields of the displacements within the soft foundation soil as
main results as it allowed to observe patterns on the soft soil behavior
during the tube’s driving.

3.1. Evaluation of driving-induced displacements in a single-GEC system

Fig. 3 shows the distribution of lateral displacements (u) for M1S2 for
a single GEC driven into the soft foundation soil where the upper scale is
the horizontal distance (x) normalized by the tube radius (R) corre-
sponding to the half the width of the model, the left scale is the soft
foundation depth (z) normalized by the tube radius (R) corresponding to
the depth of the model and the right colored scale indicates the
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2nd INSTALLATION
GEC3

(a)

3rd INSTALLATION
GEC3

Fig. 2. Installation sequences considered: (a) Alternated and (b) Sequential.

cumulative lateral displacements (u) values within the soil foundation
from the beginning to the current stage of driving. In the same Fig. 3, the
distribution of lateral displacements was plotted for pile driving stages
of 25 %, 50 %, 75 % and 100 %, referring to the ratio of the tube length
driven to the total soft soil layer thickness. The black dashed lines in
Fig. 3 indicate the location of a hypothetical neighboring GEC, consid-
ering a horizontal spacing between GECs of 2.0 m (prototype scale). The
solid red line denotes the maximum spread curve characterized as the
border region of the lateral displacements field originating during the
tube’s driving into the soft foundation soil, beginning on the tube’s
limits to the region where the lateral displacements remain visually
well-defined and continuous (dark blue region), limited over the 0.16R
displacement values under these conditions. The horizontal dashed
white lines divide the maximum spread region into three simplified
geometric forms to better understand the pattern of the displacements
observed.

The lateral displacements in the soft soil caused by tube driving, as
observed in Fig. 3, are significant, as they extend far enough to poten-
tially affect adjacent columns spaced 2.0 m apart (in prototype scale)
from the column being installed what provides evidence that lateral
stresses may be transferred to adjacent GECs, a variable not considered
in the design analysis. The maximum spread curve indicates that lateral
displacement toward the neighboring GEC increased as tube driving
progressed, resulting in shape pattern of lateral displacement distribu-
tion along the depth of the driven tube, extending beyond the
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neighboring GEC.

To assess the effects of tube driving, two key parameters related to
displacement were analyzed. The first is the maximum displacement
observed in the model, representing the peak values caused by tube
driving. The second parameter is the maximum spread, defined by the
maximum distance with clear pattern from the tube to the border region.
Displacements after this region are diffuse and variable, with no pattern
and great dispersion on its shape and values and are not considered for
the maximum spread curve adjust.

To study the maximum spread curve of displacements originating
from the tube driving, functions were developed to express a curve that
denotes its spread, thereby capturing the installation’s impact on
neighboring GECs. These functions were developed to estimate the
maximum spread curve at 25 %, 50 %, 75 % and 100 % of the tube’s
depth. The maximum spread was limited over the region where the
lateral displacements values are close to 0.16R for the four analyzed
driving stages. The area within this maximum spread region was divided
into three standard geometric shapes to define the functions illustrated
with red contours in Fig. 3 (a), (b), (c¢) and (d). Based on the shapes
defined for the maximum spread curve, functionss were developed to
describe each of the analyzed region: (i) the first segment at the upper
portion of the tube is represented by a decreasing linear function (tri-
angle); (ii) the second segment is a constant function describing the
lateral displacement range, extending from the end of the first segment
to the tube tip region (rectangle); and (iii) the final segment is an arc of a
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Fig. 3. Lateral soil displacement during tube penetration - M1S2 — u direction
(D = 25.0 mm): (a) 25 %; (b) 50 %; (c) 75 %; and (d) 100 %.

circle, with a radius equal to the lateral displacement maximum spread
value and its center located at the tube tip (arc of circumference). The
functions were limited to the case herein analyzed considering just one
group of materials and tube radius and aimed to provide an initial un-
derstanding of the displacements spread, needing further studies to be
generalized. The center of the coordinate system was set to the top of the
tube as indicated by the pink arrows.

The x, (%) presented in the Functions (2), (3), (4) and (5) describes
the lateral displacements maximum spread curve for each stage of tube
driving considered.
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where L is the total column length; z is the depth under consideration;
and R is the tube radius. The proposed functions were derived from the
results of M1S2 and tested on a duplicate model, achieving good fit.
Fig. 3 also illustrates the maximum spread curve fitted for M1S2 in
accordance with the functions obtained for the four driving stages.
The maximum lateral displacements observed on the soft foundation
during the GEC installation reached values near 0.40R and remained
concentrated in the region close to the tip of the tube, spreading over up
to 1R in relation to the side of the tube. Along the maximum spread, as
described before, the values were approximately 0.16R. In M1S2, this
value reached 2.1R at 25 % of driving, increasing to about 3.3R at 100 %
of driving. The intermediate stages, at 50 % and 75 % of driving, showed
similar trends, with maximum values of 2.6R and 2.7R, respectively.

Fig. 4. Vertical soil displacement during tube penetration — M1S2 — v direction
(D = 25.0 mm): (a) 25 %; (b) 50 %; (c) 75 %; and (d) 100 %.
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The next analysis was centered on the vertical displacements in the
soft foundation soil caused by tube driving. Fig. 4 shows the vertical
displacements within the transparent soil on M1S2 regarding the same
four stages of driving (25 %, 50 %, 75 % and 100 %). The solid black
rectangle in Fig. 4 represents the tube, the dashed line rectangle is the
neighboring GEC, the upper scale is the horizontal distance (x)
normalized by the tube radius (R) corresponding to the half the model
width, the left scale is the soft foundation depth (z) normalized by the
tube radius (R) corresponding to the model and depth the right colored
scale indicates the vertical displacements (v) values within the soil
foundation from the beginning to the current stage of driving. The main
difference in this case is that two maximum spread curves were defined
for vertical displacements as the soil moves downward and upward
depending on the region of analysis. The red solid line is the maximum
spread curve for downward displacements and the purple line for the
upward displacements. The displacements over this curve were near
0.16R (downward) and —0.04R (upward). The premise used to construct
the curve was the same as in the previous case with the white dashed
lines dividing the curves into simplified geometric shapes. The limita-
tions of the functions are the same as those discussed previously and
can’t yet be generalized to other cases.

The DIC analyses show that the maximum downward vertical dis-
placements occurred right below the tip of the driving tube after the
formation of a displacement bulb due to the soft soil compression. Over
the four driving stages, vertical displacements were highest at 25 %
driving, with maximum values exceeding 0.30R at the center of the bulb
under the tube’s tip. The maximum spread curve (red line) with 0.16R
values reached a maximum vertical distance of 4.2R under the tube tip.
The initially higher and localized displacements observed beneath the
tip at 25 % driving tube may be attributed to the greater shear stresses
mobilized to overcome the tip resistance, which decreased as driving
progressed. Additionally, the formation of the bulb of displacements
under the tip contributed to lateral soil mobilization, also contributing
to the propagation of the lateral displacements analyzed previously.

In the stages of 50 % and 75 % driving, the bulb became smaller, with
the vertical displacements spread curve maximum vertical distance
under the tube tip decreasing to 3.5R and 3.0R, respectively. During
these stages, the tube punched down through the soft soil and skin
friction became dominant laterally mobilizing the material until driving
ceased at 100 % of driving. The vertical displacements along the tube’s
sidewall correspond to soft foundation soil mobilized by skin friction,
which is dragged downward, forming a smeared region adjacent to the
tube’s side. This process is comparable to the driving of a conventional
pile with a circular cross-section as described by Massarsch. and Wersall
(2013).

Functions to quantify the downward vertical displacements (positive
direction) were developed following a similar approach to that used for
lateral displacements, where the bulb’s maximum spread curve was
divided into two simplified geometric shapes. The curve was plotted
within the dark blue region on the 0.08R lateral displacements values,
which define the bulb’s maximum spread. The upper region of the bulb
can be represented by a triangle, beginning at the tube’s tip and
extending to the boundaries of the next area. The second region was
modeled as an arc of circumference with its center at the tube tip.
Functions (6), (7), and (8) present simplified expressions for estimating
the downward vertical displacements maximum spread (x,+) beneath
the tube tip for the first three driving stages. The origin is located at the
center of the tube at the top surface of the tube and indicated by pink
arrows. Displacements mobilized by skin friction near the tube wall
were not considered on the functions because they were not clearly
defined in the images, were discontinuous along the depth, and had low
values. The downward vertical displacements maximum spread curve
(red line) was divided into two regions: (i) a decreasing linear function
with a fixed slope and (ii) a circumferential arc. Also, the functions
define the bulb’s maximum spread curve horizontal position from the
tube’s side (x,+0).
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The variables are the same as the Functions (2), (3), (4) and (5).

A second analysis of vertical displacements focused on the upward
movement of material during tube driving, which primarily affected the
upper region of the model. The maximum upward vertical displacement
values reached significant magnitudes near 0.20R and were observed
over the neighboring GEC region next to the soft foundation soil surface.
This behavior aligns with results reported by Massarsch. and Wersall
(2013) for concrete pile driving. Initially, the soft soil was displaced
laterally (in a trapezoidal region) by the tube and the bulb shaped ver-
tical displacements field formed under the tip and may increase stresses
in the area adjacent to the tube. Subsequently, the soil moved upward,
resulting in displacements within the orange region (Fig. 4). During
most of the tube driving stages adopted, these upward displacements
reached the neighboring GEC region, indicating that the soft soil
mobilized in this direction during driving may affect this adjacent
column.

The functions for the four penetration stages corresponding to up-
ward displacements maximum spread curve (x,- o) are presented in
Functions (9), (10), (11) and (12), and are represented by the purple
dashed line in Fig. 3. In this analysis, the boundary region spread curve
was divided into two regions, with orange arrows indicating the origin.
The first region is a constant function that describes the displacements
maximum spread from the tube and is represented by a rectangle. The
second region is a crescent-shaped linear function that begins near the
tube tip with a constant slope, corresponding to a triangular shape. The
premise adopted was the same used in the previous cases but x,- ¢, we’re
not normalized by the radius as the normalization impacted on the
adjusted curves dispersion in the models considered for the function
deduction.
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(12)

Xy-.100% = 5/L 2 <Z<L
3\R R R "R R

where L is the column length; z is the position depth; and R is the tube
radius (all units are in meters [m]). In this final case, the maximum
spread curve higher is observed to be approximately equal across the
four scenarios. The behavior observed for all the displacements is
consistent with the existing literature (Engin et al., 2015; Arif and Pot-
gieter, 2016; Fakharian and Khanmohammadi, 2022).

3.2. Evaluation of driving-induced displacements in a GEC group with
different spacings

In this section, test configurations were selected to examine the effect
of GEC installation on a previously installed GEC, considering different
horizontal spacings of 1.0 m (2R), 1.5 m (3R), 2.0 m (4R), and 2.5 m (5R)
center-to-center at the prototype scale. This analysis focused on the 50 %
and 100 % driving stages as these exhibit the most impacting displace-
ments on the soft foundation over the neighboring GEC during the
installation process. In Fig. 4, the black rectangle represents the tube
being driven and the yellow rectangle a previously installed GEC. During
the tube’s driving, the neighboring GEC trend to suffer some strain due
to the soft foundation displacements, changing its geometry. In this case,
the deflection observed on the neighboring GEC at each stage is depicted
by the solid red line drawn beside the column. The black arrows show
the positive direction of displacements.

As can be observed in Fig. 5, the highest lateral displacement values
noticed at 50 % driving were similar for all the four models studied with
values ranging from 0.16R to 0.24R. However, the distribution and
spread of these higher displacements field decreased as the spacing
between columns increased. For the critical case of S = 1.0 m (M2S1),
these higher displacements extended to approximately 3R beyond the
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R
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tube’s limits, even with the limitation provided by the previously
installed column. The displacements observed adjacent to the neigh-
boring GEC indicate their movement, represented by the deflection
curve, resulting from the soft soil displacements caused by the tube’s
driving. As the spacing values increased, these higher displacements
became increasingly confined to the region between the GEC and the
tube, reducing their influence on the previously installed column.

Nonetheless, still in the 50 % driving stage, the maximum spread in
M2S1(Fig. 5-a), M2S1.5 (Fig. 5-b) and M2S2 (Fig. 5-c), defined over the
0.08R lateral displacements value, showed a larger spread extending
beyond the neighboring GEC’s region on these three models. In the in-
termediate cases (M2S1.5 and M2S2, the lateral displacements
maximum spread also revealed some strain experienced by the neigh-
boring column, although their effect was less pronounced compared to
M28S1, the critical case. In the final case (M2S2.5), lateral displacements
maximum spread had a reduced effect on the neighboring GEC because
of its confinement to the region near the tube, maintaining a distance of
approximately 1.5R from the neighboring column (Fig. 5-d). The
reduction in the GEC curves deflection as the spacing between the col-
umns increase clearly demonstrates that increasing the distance between
columns effectively mitigates the displacements effects on the sur-
rounding columns in up to 60 % comparing M2S1 and M2S2.5, the
opposite extreme cases.

Regarding vertical displacements at the 50 % driving stage (Fig. 6),
the same bulb of displacements was observed under the tube’s tip,
although its spread is conditioned by the column spacing. In the case of
M2S1(Fig. 6-a), the reduced spacing laterally confined the bulb, which
led to higher and more concentrated maximum downward vertical dis-
placements (approximately 0.32R) and, consequently, higher displace-
ments over the preexisting column. This situation may contribute to
slight deflection of the GEC as indicated by the strain line. In M2S1.5
(Fig. 6-b), the bulb also experienced lateral restriction, though less
intense in the previous case -, with maximum downward vertical dis-
placements of around 0.16R. For the last two cases, M2S2 (Fig. 6-¢) and

5 10 15 2
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Fig. 5. Soil displacement during tube driving — 50 % of driving — u direction: (a) M2S1(S = 1 m); (b) M2S1.5 (S = 1.5 m); (c) M2S2 (S = 2 m); and (d) M2S2.5 (S =

2.5 m).
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Fig. 6. Soil displacement during tube driving — 50 % of driving — v direction: (a) M2S1(S = 1 m); (b) M2S1.5 (S = 1.5 m); (c) M2S2 (S = 2 m); and (d) M2S2.5 (S =
2.5 m).

Fig. 7. Soil displacement during tube driving — 100 % of driving — u direction: (a) M2S1 (S = 1 m); (b) M2S1.5 (S = 1.5 m); (c) M2S2 (S = 2 m); and (d) M2S2.5 (S =
2.5 m).
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M2S2.5 (Fig. 6-d), the bulb of displacements beneath the tube tip was
less pronounced, with maximum values reaching up to only 0.10R as the
increased spacing reduced the confining effect of the GEC. This repre-
sents a 69 % reduction in downward vertical displacements in M2S2.5
compared to M2S1. Nonetheless, the bulb of displacements continued to
influence soil lateral displacements, spreading over an average vertical
distance of 5R under the tube’s tip.

The negative vertical displacements (upward) were more pro-
nounced on the right side of the model and are consistent with the
behavior described by Massarsch. and Wersall (2013), where soil
located farther from the tube undergoes an upward movement toward
the surface after being displaced laterally. The average value in this case
was approximately 0.08R. However, the spread of these displacements’
fields may be limited by the neighboring GEC, particularly at smaller
spacing values as observed in M2S1 (Fig. 6-a). In this case, the
displacement field on the right side was concentrated in the upper re-
gion of the soil. As spacing increased, the range of these displacement
fields decreased because the soft soil movement experienced less
restriction.

Fig. 7 shows the lateral displacements for 100 % of tube driving for
the four spacing considered. The elements on Fig. 7 are the same
introduced previously in Figs. 5 and 6. After the driving process was
completed (100 % of driving), the installation effects on the neighboring
GEC became notable as the lateral displacement field (Fig. 7) affected
the preexisting column in all the four models, with the maximum spread
reaching the 0.08R values region significantly influenced by the spacing
between the tube and neighboring GEC. As previously mentioned, M2S1
(Fig. 7-a) represents the critical case, where the proximity of the tube led
to higher displacements on the neighboring GEC. The higher lateral
displacements on the right side of the neighboring GEC reached values
of up to 0.32R and spread across a large area along the length of this
column. The deflection on the neighboring GEC is clearly visible on the
deflection curve drawn on the right side of the column and aligns with
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the shape of the lateral displacement propagation. Lateral displacements
were observed, even at distances of 6R beyond the GEC limits, with
values close to 0.10R. A slight deflection was evident at smaller spac-
ings, mainly on M2S2 (Fig. 7-c) and M2S2.5 (Fig. 7-d). However, in
practice, this deflection may be mitigated by the installation of another
GEC on the opposite side, which may push the element back into place.

Increasing the spacing to 1.5 m (M2S1.5 see Fig. 7-b) reduced the
effect of lateral displacements, although maximum displacements of up
to 0.32R were still observed on the right side of the previous GEC but
spread over a smaller area compared to M2S1 (Fig. 7-a). The neigh-
boring GEC also experienced some deflection at mid-depth, though to a
lesser extent than in the previous case. In this scenario, the lateral
displacement maximum spread curve reaches areas as far as 6R from the
GECs side. For the two final cases, M2S2 (Fig. 7-c) and M2S2.5 (Fig. 7-d),
higher lateral displacements value up to 0.32R remained concentrated
in the region between the tube and column, with reduced influence over
the neighboring GEC.

The distribution of negative vertical displacements (upward) on the
right side of the neighboring GEC, with average values around 0.08R,
maintained the same pattern at the end of the tube’s driving and spread
over almost the entire length of the GEC (Fig. 8). After undergoing a
lateral displacement, the soft soil moved upward toward the surface,
beginning at the lower section of the neighboring GEC. In this case, the
higher vertical displacements were observed in the region of the soft
foundation between the tube and preexisting column, primarily in the
upper and lower ends. Values up to 0.24R were recorded in these regions
and may be attributed to the reduced space, which directs the material
upward. This behavior is consistent across all four spacing scenarios
considered.

Based on the results for two columns models, it is evident that
spacing has a significant effect during the driving process. Greater
spacing can reduce the effects of soft soil movement on the neighboring
GEC, thereby mitigating the deflection on these elements. During
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Fig. 8. Soil displacement during tube driving — 100 % of driving — v direction: (a) M2S1 (S = 1 m); (b) M2S1.5 (S = 1.5 m); (c) M2S2 (S = 2 m); and (d) M2S2.5 (S =

2.5 m).
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driving, the primary variation observed was the spread of the lateral
field displacements, which is strongly influenced by changes in spacing.
However, increased spacing can significantly reduce bearing capacity
depending on field conditions such as embankment height and stiffness
(Fattah et al., 2016; Hanna et al., 2019; Al-Kazzaz and Al-Obaydi, 2021).
Therefore, careful evaluation and balancing of these two variables are
essential during the design process. Unlike M1S2, the field displace-
ments observed in the two-column models exhibited larger ranges that
extended even beyond the first installed GEC. This indicates that lateral
displacements are the most critical factor in studying GEC installation,
although vertical displacements also contribute to their propagation.
These findings align with the study by Zhou et al. (2021), which
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examined the response of installed piles during the driving of a new one.
Although concrete piles exhibit higher stiffness compared to GECs, they
still experience slight soil-induced deflection, which becomes more
pronounced as spacing is reduced. Nevertheless, it is not possible to
conclude that all lateral displacements observed adjacent to the columns
are directly linked to column bending as soft soil can move around the
GEC and continue its lateral motion on the other side.

Observations of lateral displacements adjacent to the right side of the
neighboring GEC (up) confirm that increasing the spacing reduces the
influence of lateral displacements on the element for all stages of driving
(Fig. 9-a). When comparing M2S1 and M2S2.5, a reduction of approxi-
mately 50 % in lateral displacements beside the neighboring GEC was
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Fig. 9. Soil displacement during tube driving: (a) lateral displacements at right side of the neighboring GEC; (b) maximum lateral displacement values; (c) upward
vertical displacements at right side of the neighboring GEC (right side); (d) maximum upward vertical displacement values; and (e) maximum downward vertical

displacement values.
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observed at the end of installation, which also indicates reduced
deflection on the element. Smaller spacings restrict soft soil movement
and increase displacements over the neighboring column as the tube
driving compresses the soft soil toward it. For a given spacing, the lateral
displacements beside the GEC are expected to increase as installation
progresses, a trend observed for all spacing values analyzed in this
investigation. When focusing only on the maximum lateral displace-
ments (Umax), NO clear trend related to spacing variation emerged as
M2S1.5 exhibited values higher than those for other spacings at the end
of tube driving (Fig. 9-b). For M2S1, the values remained nearly constant
after 25 % of tube driving, which can be attributed to the higher
confinement that limits soil movement. In contrast, for longer spacings,
the maximum lateral displacements trended to increase as installation
progressed. The spacing S = 1.5 m showed the greatest variation, with
values increasing by nearly 110 % from 25 % to 100 % of tube driving.
This variability in maximum lateral displacements may stem from dif-
ferences between models and the DIC analysis process. As previously
stated, while increased spacing can reduce the installation’s influence on
neighboring GECs, it must be carefully considered. Although beneficial
for mitigating effects on other GECs, increased spacing may also reduce
the system’s overall bearing capacity.

When considering the upward vertical displacements at the right side
of the neighboring GEC (v), the values in this region tend to reduce with
the increase in spacing (Fig. 9-c). For S = 2.5m (M2S2.5), these values
were reduced by nearly 39 % when compared with the results from
M2S1 at the end of tube driving (100 %). Observing the other driving
stages, it is possible to verify slightly higher values for M2S2 when
compared to M2S1.5, interrupting the expected decrease. But this
behavior may be associated do the variability in the models and the
result can be considered practically equal. For the maximum values for
this type of displacement (viax) (Fig. 9-d), it is difficult to identify a
pattern, as the displacements increase from S = 1.0 m-2.0 m (33 %) and
then decrease 25 % for S = 2.5 m, considering the end of the driving
(100 %). The other driving stages show more variable results, where the
values decrease from S =1.0 m to S = 1.5 m, increase for S = 2.0 m, then
decrease again for the higher spacing. This again may be linked to the
model’s variability or the higher value of spacing induces a lower con-
centration of displacements at the end of the drive. Restricting the
analysis to a same spacing, the upward displacements values increase as
the tube driving advances for the two kinds of displacements availed.

Fig. 9-e shows that the maximum downward vertical displacements
(v T max) Were greatest at 25 % of tube driving for all spacing values,
similar to the trends observed in M1S2. In this case, the presence of a
neighboring GEC played a significant role by confining the soft soil in
the region between the tube and column. The behavior depends on the
spacing distance. M2S1 represents the most critical case because the
proximity of the GEC (smaller spacing) limited lateral displacements and
forced the soil to move downward. As a result, the maximum downward
vertical displacements for M2S1 were 66 % larger than those observed in
M1S2, where no GEC was installed. This demonstrates the importance of
including a real GEC in the analysis and the limitations of excluding it.
Additionally, M2S1 showed the highest maximum value compared to
the other three spacing distances, emphasizing its critical influence on
the neighboring GEC. In contrast, the results for M2S1.5, M2S2 and
M2S2.5 were less conclusive relative to displacement direction.
Displacement values showed a decreasing trend for S = 1.5 and S = 2.0
m compared to M2S1 but increased again considering S = 2.5 m. This
may be due to model variability and DIC analysis. When the same
spacing was maintained, downward vertical displacements tended to
decrease as driving progressed, aligning with observations from the
initial model type. Despite this, the same bulb shape, caused by soft soil
compression under the tip, remained consistent across all models and
showed similar behavior throughout the range of cases.

Analysis of all models indicates that lateral displacements have the
most significant effect on the surrounding area, as the model evaluations
demonstrated. Considering the effect of these displacements on
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neighboring GECs it becomes evident that maintaining a sufficient initial
distance from other columns and structures before installation is
essential. As observed earlier, a spacing of 2 m (4R) resulted in minimal
displacements adjacent to the neighboring GEC, and these displace-
ments tended not to change as spacing increased. Therefore, to reduce
the effect of lateral displacements on nearby critical elements (such as
other columns or structures), a minimum initial distance of 4R should be
maintained between the tube and these elements during installation.

3.3. Evaluation of induced displacements in a GEC group with varying
driving patterns

The models involving the installation of three GECs were analyzed
under two different configurations, both with 2.0 m spacing. In the first
configuration (M3S2A), the odd-numbered columns (the first and third
GECs) were initially installed, followed by the middle column between
them (1-3-2 sequence), a sequence commonly employed in practice. In
the second configuration (M3S2S), all three columns were installed in
row (1-2-3 sequence). The two sequences of installation were depicted
previously on Fig. 2. This analysis aimed at comparing the effectiveness
of these two configurations to minimize overall displacements both
within and alongside the GECs during tube driving. In M3S2A, only the
installation of the last two GECs was analyzed as the single-column case
was examined previously. Conversely, in M3S2S, only the last installa-
tion was evaluated because the results from the first two installations
closely resembled those observed in the M2S2 case. Furthermore, only
the 50 % and 100 % driving stages were considered under the same
analysis pattern used in the previous case. The elements in the images
remained unchanged except for the deflection curve shown beside the
GEGCs.

Fig. 10 shows the lateral displacements mobilized on the soft foun-
dation soil during the installation of GECs 3 and 2 in M3S2A for 50 %
and 100 % of tube driving. During the installation of GEC 3 (Fig. 10-a),
the second column in the sequence, the larger initial spacing between
the first two columns in the M3S2A configuration (approximately 4.0 m
at the prototype scale or 8R) reduced the effect of soil movement on the
first installed GEC (on the left). This is because the large spacing allowed
soil movement with minimal restriction. Nonetheless, GEC 1 experi-
enced a reduced deflection by the end of the installation process (Fig. 10-
b), as confirmed by the displacement field on the soft foundation soil on
its left side. The maximum lateral displacements observed in the model
increased from 0.24R at 50 % of driving (Fig. 10-a) to approximately
0.36R at 100 % driving (Fig. 10-b) on both sides of the tube, representing
an increase of about 13 % during the installation of GEC 3.

During the installation of GEC 2 (the third column in the sequence),
the tube driving had a more pronounced effect on the neighboring GECs,
where the soft soil exhibited higher displacements (Fig. 10-c and 10-d).
The confinement provided by GEC 1 and GEC 3 reduced lateral dis-
placements, lowering the maximum value to 0.30R at 100 % tube
penetration. This represents a 29 % reduction compared to the
maximum displacements observed during the installation of GEC 3,
where the foundation was freer to move. Furthermore, these maximum
displacements were more localized and concentrated near the tube tip.
However, lateral displacements began to emerge between the two prior
GECs after 50 % tube driving, reaching values of approximately 0.10R at
distances up to 3R from both GEC 1 and GEC 3. At 100 % of driving,
these displacements increased to values of up to 0.13R, indicating
movement in the GECs as observed in the deflection curve.

The vertical displacements (Fig. 11) exhibited a similar trend to
those observed in previous models, forming a bulb-like shape of dis-
placements beneath the tube tip. This maximum bulb spread decreased
as driving progressed. At 50 % of driving, the maximum downward
vertical displacement remained near 0.36R and in the middle region of
the bulb of displacements (Fig. 11-a). Conversely, at 100 % driving, the
maximum upward vertical displacement reached 0.19R (Fig. 11-b).
Additionally, upward vertical displacements as high as 0.10R were



H.P. Souza et al. Geotextiles and Geomembranes 54 (2026) 67-84

Fig. 10. Soil lateral displacement during GEC installation — u direction (S = 2 m): (a) M3S2A — GEC 3 installation - 50 % of driving; (b) M3S2A — GEC 3 installation -
100 % of driving; (c) M3S2A - GEC 2 installation - 50 % of driving; and (d) M3S2A — GEC 2 installation - 100 % of driving.
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Fig. 11. Soil vertical displacement during GEC installation — v direction (S = 2 m): (a) M3S2A — GEC 3 installation - 50 % of driving; (b) M3S2A — GEC 3 installation -
100 % of driving; (c) M3S2A - GEC 2 installation - 50 % of driving; and (d) M3S2A — GEC 2 installation - 100 % of driving.

observed on the left of GEC 1 despite the larger initial spacing. and 3 (Fig. 11-d). The soft soil movement near GECs 1 and 3 resulted in

The downward vertical displacements within the bulb of displace- slight movements during tube driving as shown by the deflection curves.
ments formed under the tube tip showed a significant reduction due to The second test sequence involved the in-row installation of three
the restriction in space provided by the two GECs. These displacements GECs (1-2-3) under the M3S2S configuration. The assessment of this
decreased from about 0.36R to 0.19R, representing a 47 % reduction session focused solely on GEC 3, since the results from GECs 1 and 2
(Fig. 11-c and 11-d) when comparing the GEC 3 and GEC 2 installations. were similar to those observed in the previous models (M1S2 and M2S2)
In terms of upward vertical displacements, the maximum values and were therefore excluded from further detailed analysis. Fig. 12 de-
remained confined within the region between the first two GECs and the picts lateral and vertical displacements during the installation of GEC 3,
tube, reaching 0.24R, similar to the values observed during the GEC 3 the last one in the row, for 50 % and 100 % tube driving in M3S2S. All
installation. Additionally, upward displacements of 0.14R extended over the elements remained the same as observed in previous figures. During
a wider area, reaching locations as far as 10R away from both GECs 1 the GEC 3 installation, the maximum lateral displacements observed
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Fig. 12. Soil displacement during third GEC installation — M3S2S (S = 2 m): (a) 50 % of tube driving - u direction; (b) 100 % of tube driving - u direction; (c) 50 % of

tube driving - v direction; and (d) 100 % of tube driving - v direction.

over the two existing columns (GECs 1 and 2) at 100 % of driving were
lower compared to the last installation of the previous sequence (GEC 2
on M3S2A), with values near 0.27R, representing a 10 % reduction
(Fig. 12-b). This reduction may be attributed to the higher stiffness
provided by the two existing columns on the left side.

Despite being located at a greater distance and shielded by GEC 2,
the first column installed (GEC 1) still exhibited lateral displacements on
its left side with average values of 0.08R. This demonstrates that the
influence of GEC installation persists even at considerable distances
from the tube (8.5R), although the noticed values are considered low.
Furthermore, during the GEC 3 installation, lateral displacements were
observed on the left side of GEC 2, with average values near 0.12R.
These displacements appear to be more strongly influenced by the
movement induced by the tube’s driving over the soft foundation soil.
For both downward and upward vertical displacements (Fig.s 12-c and
12-d), the magnitudes and maximum spreads observed were consistent
with those observed previously for M2S2, indicating replication of the
same displacement patterns.

In summary, the two analyzed installation sequences exhibited
distinct results, and their application depends on the intended objectives
of the GEC deployment. The first configuration (M3S2A), where the
columns were executed in an alternate order (1-3-2), favors greater
displacements over the GECs in both the lateral and vertical directions.
This directly affects the first two columns as they are near the tube.
Additionally, this sequence leads to higher displacement values
distributed over a larger area between the elements and tube, affecting
different regions of the columns.

On the other hand, in the second configuration (1-2-3, M3S2S), the
sequential GEC installation provides a gradual shielding effect over the
previous columns installed, thereby limiting soil movement during the
tube driving process (Fig. 12). The maximum lateral displacements
observed over the GECs during the final installation (Fig. 12-b) were
smaller than those in the M3S2A (Fig. 10-d) (1-3-2) sequence for the
third GEC installation, though the difference is not substantial (4 %
smaller). The key difference lies in the influence of these maximum
displacements on the region between the tube and the GEC. In the
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M3S2S (Fig. 12-b) configuration, the displacements were more localized
near the tube tip while in the M3S2A (Fig. 10-d) sequence, they spread
vertically from the tube tip up approximately 80 % of the column’s
length. Furthermore, on the left side of the model, the resultant dis-
placements were smaller for M3S2S (Fig. 12-b) (1-2-3) during the
installation of GEC 3 compared to M3S2A (Fig. 10-d) (1-3-2) during the
installation of GEC 3, which represents the critical case. This difference
may be attributed to the shielding effect in the M3S2S (Fig. 12)
configuration, where the higher number of GECs provided greater pro-
tection to the area. This behavior can be beneficial for structures located
near the left side of the columns, such as bridge abutment foundations,
which are susceptible to lateral displacement effects, especially when
constructed on soft soils (Jones et al., 2008; Schnaid et al., 2017).

3.4. Evaluation of installation on multiple GECs

The final model (M4S2S) investigated the effectiveness of installing
four GECs in a row (1-2-3-4) in providing a shielding effect against hy-
pothetical adjacent structures and mitigating the driving influence of the
tube on existing columns during the installation of the last three GECs.
Only the last installation (GEC 4) is shown in this analysis as the other
three installations were previously studied. Only lateral displacements
are evaluated in this case since vertical displacements exhibited the
same behavior observed in the M3S2S model during installation of the
third column. The spacing remained the same as in the three GEC models
(S=2.0m).

Fig. 13 depicts the lateral displacements during the installation of
GEC 4 in M4S2S for 25 %, 50 %, 75 % and 100 % tube driving. The
lateral displacement field continued to rise as driving progressed,
consistent with observations from previous models. By 25 % of tube
driving (Fig. 13-a), the displacement field reached GEC 3, however, the
stress increase related to the occurred displacements was insufficient to
affect the column. As driving progressed, significant lateral displace-
ments were observed on the left side of GEC 3, with values reaching
approximately 0.16R starting at 50 % of driving (Fig. 13-b) and
continued increasing until the end of the process (Fig. 13-d). The critical
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Fig. 13. Soil displacement during fourth GEC installation — M4S2S — u direction (S = 2 m): (a) 25 % of driving; (b) 50 % of driving; (c) 75 % of driving; and (d) 100 %

of driving.

situation is evident from the deflection line beside GEC 3, which became
apparent at 75 % of driving (Fig. 13-c) and intensified at 100 % (Fig. 13-
d), highlighting the effects of cumulative displacements of the soft
foundation over the column.

The analysis reveals that the maximum lateral displacements in the
region between the tube and GEC 3 were approximately 0.27R, similar
to those observed in the M3S2S (1-2-3 sequence) during the GEC 3
installation but these displacements have a smaller spread in the current
case. The lateral displacements were localized to the left side of each
column, with values reaching approximately 0.12R near GEC 3, 0.08R
near GEC 2 and 0.06R near GEC 1. This indicates that soil movement
during the installation process even affected the farthest columns,
though these effects diminished with increasing distance. Interestingly,
only GEC 3 exhibited slight deflection following tube driving while the
other two columns retained their original geometries. This observation
confirms the effectiveness of the four GEC configurations in shielding
the left region of the model from the driving effects of the tube.

Overall, the addition of an extra GEC reduced the range of dis-
placements on the left side of the model (opposite to GEC 4 tube
driving), thereby protecting structures located in this region. Main-
taining a minimum distance of 4R between the first column and any
potential adjacent element is essential, as previously highlighted. The
observed displacement patterns and values remained consistent when
compared to the M3S2S model’s third column, with only slight varia-
tions in the spatial influence area. This behavior is particularly signifi-
cant for structures such as bridge abutments and foundations
constructed on soft soils, which are highly vulnerable to the effects of
soil lateral movement during embankment construction.

4. Conclusions

This study examined the effects of GEC installation, as quantifying
displacements in the soft foundation induced by driving a tube.
Reduced-scale GEC physical models on transparent soil are used to
achieve the goals of the investigation. Functions were proposed to
describe the displacements maximum spread curve of GEC installation
effects for the case analyzed. Based on the findings of this investigation,
the following conclusions were drawn:
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e During tube driving, the lateral displacement field was the most
impactful and presented a pattern during its propagation, the
resultant displacements of which may reach adjacent GECs
depending on column spacing.

e Maximum downward vertical displacements were highly localized

under the tube tip, with their maximum spread decreasing as

installation progressed. Conversely, although upward displacements
had lower magnitudes, they extended across a larger region of the
model and could potentially affect neighboring GECs or structures.

Proposed functions had good agreement with the measured results

for displacements fields and at various stages of tube penetration,

although it needs further studies to be generalized for other cases.

o Increasing GEC spacing reduced the effect of soft soil movement

caused by tube penetration on nearby GECs but did not eliminate it

within the analyzed spacings (ranging from S = 1.0 m-2.5 m). From a

spacing of 2.0 m, the displacements spread stabilized and for smaller

spacing, the displacements over the neighboring GEC were signifi-
cant and may potentially modify the column geometry.

A minimum distance of 4R may be necessary between surrounding

elements (e.g., other columns or structures) and the tube during

installation of the first GEC to reduce the effects of lateral displace-
ments over it.

e For the two installation sequences considered, the alternated
installation showed that the confinement effect provided by the odd-
numbered GECs limited the displacements caused by the third tube’s
driving. Conversely, when the columns were installed in a 1-2-3
sequence, the displacements (and related stresses) next to the other
columns were slightly smaller. In this second case, the increased
number of GECs mitigated soft soil displacements on the left side of
the tube, potentially providing a shielding effect for any structures
placed in that region.

e The model with four GECs sequentially installed showed a gradual
reduction in displacements on the left side of the model as more
columns were driven into place. This reduction can likely be attrib-
uted to the increased number of GECs creating a shielding effect,
highlighting the beneficial influence of previously installed columns
on the behavior of the entire system.
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Su Undrained shear strength (kPa)

H Soft soil layer thickness (m)

v Soil unit weight (kN/m®)

@ Effective friction angle (°)

D Diameter (mm)

Ty Geosynthetic breaking strength (kN/m)
Jg Stiffness at 5 % of strain (kN/m)

S Spacing (m)

PIV Particle Image Velocimetry

CLAHE Contrast Limited Adaptive Histogram Equalization
WL Liquid limit (%)

Wp Plastic limit (%)

P Plastic index (%)

ks Saturated hydraulic conductivity(cm/s)
€ Initial voids ratio

Cc Compression index

Cr Recompression index

MD Machine Direction

CMD Cross Machine Direction

Cy Coefficient of Uniformity

Ce Coefficient of Curvature

€max Maximum void ratio

€min Minimum void ratio

Gg Soil specific gravity

u Lateral displacements

up Lateral displacements beside GEC

Umax Maximum lateral displacements

v Vertical displacements

Vb Upward vertical displacements just beside GEC
Vinax Maximum upward vertical displacements
Vv max Maximum downward vertical displacements
R Radius (mm)

x Horizontal distance from the tube’s side
Z Depth (m)
L Column length (m)
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