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Abstract

Cinder gravel, a porous, lightweight, and durable volcanic byproduct, has the potential to be a sustainable and
cost-effective alternative to conventional stone columns for ground improvement applications. Its use in soft
soils, however, requires sufficient confining pressure to prevent bulging and thus performance degradation.
Geotextile-encased cinder gravel (GECG) columns are therefore an innovate method to overcome this, however
their bearing response and pressure-deformation characteristics have received limited study. This paper
presents a comprehensive numerical analysis for GECG columns using a coupled discrete element and finite
difference method (DEM-FDM). The hybrid DEM-FDM framework enables the simulation of individual particle
behavior while maintaining efficiency in modeling continuous, homogeneous materials. The key novelties are
examining the macro and mesoscopic behavior of GECG columns under triaxial compression. To do so, the
development of the numerical model is introduced, followed by its validation and calibration against triaxial test
results. Subsequently, a parametric analysis of GECG columns investigates the influence of relative density and
gradation on the compression behavior and load capacity. Upon triaxial compression, the findings reveal a
significant radial expansion near the column top, with stress and deformation fields aligning with the column's
bearing capacity. The relative density exerts limited influence on the geotextile's radial deformation, and the
higher content of coarse particles in the gradation enhanced the bearing capacity of the GECG columns.

Keywords: geosynthetics; ground improvement; cinder gravel; stone column; DEM-FDM,; triaxial test



19 NOTATIONS

20  Basic Sl units are shown in parentheses

E. Contact effective modulus (Pa)
ko Normal stiffness (Pa)
ks Tangential stiffness (Pa)
u Interparticle friction coefficient (dimensionless)
n Porosity (dimensionless)
03 Confining pressure (Pa)
Esg Secant modulus (Pa)
0] Apparent friction angle (°)
c Apparent cohesion (Pa)
€ Axial strain (dimensionless)
q Deviatoric stress (Pa)
P Mean stress (Pa)
E; Young's modulus for shell element (Pa)
Es Effective contact modulus (Pa)
v Poisson's ratio (dimensionless)
dso Size such that 60% of particles are finer than this size (m)
ds0 Size such that 30% of particles are finer than this size (m)
dio Size such that 10% of particles are finer than this size (m)
Cy Coefficient of uniformity (dimensionless)
C. Coefficient of curvature (dimensionless)
21
22 ABBREVIATIONS
CFG Cement-Fly ash-Gravel
ESC Encased Stone Columns
GECG Geotextile-Encased Cinder Gravel
DEM-FDM Discrete Element and Finite Difference Method
23
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1. Introduction

As urbanization accelerates and transportation networks expand, traversing weak soil regions becomes an
inevitable aspect of transportation infrastructure (Nguyen et al., 2023b; Wang et al., 2022). Soft soils are typically
characterized by low bearing capacity, high compressibility, low permeability, and gradual post-construction
settlement, meaning ground improvement is crucial before constructing embankments on such weak
foundations (Baral et al., 2021). Experience from high-speed railway and highway construction (Feng et al.,
2024) shows that geosynthetic-reinforced and column-supported embankments (Nguyen et al., 2023a) are an
effective solution for soft ground improvement (Wang et al., 2023b). Common column types within this structure
include stone columns, deep mixing columns (Wang et al., 2023a), jet grout columns (Connolly et al., 2020),
cement-fly ash-gravel (CFG) piles (Liu et al., 2023), unreinforced concrete piles (Ma et al., 2021), and reinforced
concrete piles. Stone columns, composed of granular material, provide vertical drainage channels within their
voids, granting them high permeability and accelerating primary consolidation of the ground soil, thus quickly
mitigating post-construction embankment settlement (Liu et al., 2024). Using granular materials such as crushed
stones for piling circumvents the use of cement as often required for other pile types. This avoids cement
production-related atmospheric pollution and prevents secondary pollution from cement leaching into the sail
and groundwater. Cost estimation (Huang, 2011) illustrates a comparative advantage of stone columns over
deep mixing columns for geosynthetic-reinforced and column-supported embankments. Specifically, the
expenditure per kilometer for stone columns registers at only 58% of the total for CFG pile, and a mere 44% of

that for prestressed concrete pile.

Cinder gravel, or scoria, is a sustainable and eco-friendly fill material gaining attention in transportation
infrastructure (Hearn et al., 2019). As a volcanic byproduct, this porous, lightweight, and durable material offers
numerous engineering benefits for transportation (Luo et al., 2020). Utilizing cinder gravel as fill material
promotes resource conservation and waste reduction while minimizing some environmental impacts associated
with traditional construction materials (Wang et al., 2021). When crafted into specialized stone columns, cinder
gravel's unique properties, such as high permeability, low density, and excellent drainage characteristics, make
it well-suited for embankments, subgrades, and other foundation elements within transport infrastructure.
Furthermore, using cinder gravel columns to support embankments can potentially reduce greenhouse gas
emissions and energy consumption related to conventional material extraction, processing, and transportation.

Although cinder gravel columns possess numerous advantages, for very soft soils they require adequate
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confining pressure from the surrounding soil. If not then column bulging may occur, making them unsuitable
for improving soft clayey ground with undrained shear strength values below 15 kPa (Kempfert and Raithel,

2005).

Encasing stone columns with suitable materials is an established solution for providing the extra
confinement needed to prevent excessive column bulging (Pandey et al., 2022). A multitude of experimental,
analytical, and numerical studies have investigated the behavior of soft clay enhanced with encased stone
columns (ESC) (Gu et al., 2016; Pandey et al., 2021; Rajesh, 2017; Zhang et al., 2021). For example, Hong et
al. (2016) explored the response of encased stone columns, observing that bulging profiles depend on the
properties of the encasement material (Miranda et al., 2015). Alternatively, Ou Yang et al. (2017) examined the
stress and deformation characteristics of soft clay reinforced with ESC, while Gu et al. (2017a) studied porosities
and contact-force distribution changes within geogrid-encased stone columns using the discrete element
method. Miranda et al. (2017) assessed the influence of geotextile encasement on soft soil reinforced with fully
penetrating stone columns, discovering that encased columns supported 1.7 times the vertical stress of ordinary
columns. Castro (2017) evaluated the performance of ESC groups, identifying column length and arrangement
as crucial factors affecting performance. Yoo and Abbas (2019) investigated the performance of geosynthetic-
encased stone columns in soft clay under vertical cyclic loading, observing more significant benefits under cyclic

loading than static loading.

Chen et al. (2021) examined the impact of encasement stiffness on geosynthetic-encased stone column-
supported embankment performance over soft clay, observing significant improvements in settlement reduction,
stress concentration ratio, and excess pore water pressure dissipation. Xu et al. (2021) explored the stress-
strain behavior of uncased and geogrid-encased stone columns, suggesting short columns penetrate soft soil
even under minor stress and that encasement increases bearing capacity by 3-6 times, depending on geogrid
stiffness. Zhang et al. (2020) analyzed geosynthetic-encased stone column performance under vertical cyclic
loading, considering the influence of loading parameters and column dimensions on stress distribution,
settlement, excess pore water pressure, and column bulging. Considering these studies, most have focused on

the response of ESC under uniaxial compression, without exploring ESC behavior under triaxial compression.

This study investigates a novel application involving the incorporation of cinder gravel waste as the
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aggregate within geosynthetic-encased columns. The primary objective is to investigate the compressive
behavior of geotextile-encased cinder gravel (GECG) columns to evaluate their potential for ground
improvement. Initially, the stress and deformation characteristics of encased cinder gravel specimens subjected
to triaxial compression are simulated using a coupled DEM-FDM model, with calibration of meso- and macro-
parameters based on triaxial testing. Subsequently, the bearing capacity of GECG columns, particularly those
with higher length-to-diameter ratios, is examined, and the mesoscopic behaviors of the encased cinder gravel
assemblies are analyzed. Finally, the implications for the practical design of GECG columns are elucidated
through a parametric study, considering two influential factors: the relative density and the gradation of cinder

gravels.

2. Modeling of Triaxial Tests

This section delineates the application of DEM simulation (Cui et al., 2024) to cinder gravel assemblies and the
construction of a coupled DEM-FDM model for encased cinder gravels. An exhaustive model development
narrative is presented, with pertinent macroscopic and mesoscopic parameters calibrated based on triaxial test
results, considering stress-strain relations, failure lines, radial and axial strain, and column deformation patterns.
The effectiveness of the coupled DEM-FDM methodology is validated for both macroscopic and mesoscopic
encased specimen analysis. In both DEM and DEM-FDM models, the average ratio of unbalanced force was

105, while the gravity acceleration equated to 9.8 m/s2.

2.1 DEM Simulation of Cinder Gravel Assemblies
2.1.1 Specifications of Cinder Gravel

Cinder gravel, a lightweight aggregate comprising volcanic cinders, is sometimes employed as a fill material
in construction. Its excellent drainage, high porosity, and low-density characteristics render it a useful solution
for filling voids and stabilizing structures. Additionally, the material is easily transportable and rapidly layered,
thereby establishing a stable foundation for transport infrastructure and other structures. Adhering to guideline
JGJ 79-2012 (Ministry of Housing and Urban-Rural Development of the PRC, 2013), the grain size of stone
column fills must range between 20-150 mm. To ensure precise testing, a triaxial test apparatus's dimensions
must maintain a specimen diameter to maximum grain size ratio exceeding 5:1. Hence, the analysis focused
on cinder gravels with grain sizes smaller than 15 mm. Figure 1 shows the cinder gravels' gradation under
analysis, where the coefficient of uniformity and curvature were 3.00 and 1.64, respectively. Modified Proctor
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compaction tests resulted in maximum and minimum dry densities of 1.09 and 0.89 g/cm3, respectively, for the
cinder gravel specimens.

100 G

—O— Cinder gravel tested

- - - Simulation
80 Q

60

40

Percent passing (%)

20

10 1
Grain size (mm)

Figure 1. Particle size distribution

2.1.2 Summary of Laboratory Tests

A medium-sized triaxial apparatus was employed to conduct consolidated drained triaxial tests on cinder gravel,
encased by geotextile with sample dimensions of 100 mm diameter and 200 mm height. The resultant stress-
strain relations of the specimens were obtained, with a consideration of shear strength variations under different
confining pressures and relative densities. Additionally, employing digital image measurements allowed for the
non-contact real-time detection of radial strain in the specimen throughout the triaxial compression test
procedure. Focus is laid upon the peak stress, failure strain, apparent cohesion, friction angle, and
circumferential deformation of the specimen. This elucidates the load deformation characteristics of the cinder

gravels with and without geotextile encasement.

The properties of the cinder gravel samples are as described in Section 2.1.1. The experimental design
encompasses three sets: the triaxial compression test of cinder gravel without encasement, and the triaxial
compression tests of the GECG column under two relative densities. All test samples were maintained in a dry
state. The triaxial apparatus has a maximum axial load of 200 kN, a maximum confining pressure of 3.0 MPa,
and a maximum axial shear strain of 20%. The specimens of different groups were subjected to confining

pressures of 50, 100, and 150 kPa respectively. The protocol for the consolidated drained triaxial compression
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tests follows the ASTM D7181-20 specification. For encased specimens, a latex membrane was adhered to the
inner surface of the sample mold, followed by a geotextile layer. The cinder gravel was then introduced in a
layered fashion. Upon completion of specimen installation, black markings were added at the 0.25 H, 0.5 H,
and 0.75 H positions on the rubber membrane (H denotes the specimen height), serving as detection points for
subsequent camera inspection of specimen deformation patterns.

2.1.3 Numerical Model Development

This section is to build the numerical model to replicate the triaxial test, and then calibration is performed in Sec

214.

Based on the particle size distribution shown in Figure 1, the initial soil gradation was adjusted and grouped
into four categories, as depicted in Figure 2. To enhance computational efficiency while maintaining model

accuracy, particles smaller than 1.0 mm were assigned to the 1.0 to 2.0 mm size group.

The DEM model, constructed to the dimensions of the experimental apparatus (Figure 2), measured 200
mm in height and 100 mm in diameter. Two rigid square walls were positioned at the top and bottom of the
cinder gravel assemblies. A radially oriented cylindrical wall was employed to apply confining pressure via servo-
control. The radius expansion method governed the ball generation process, and the linear contact model was
used for simulating inter-particle interactions of cohesionless soils. Adhering to the experimental procedure in
Sec 2.1.2, the upper wall remained static, while the lower wall gradually ascended at a rate of 6x10-7 m/s to
impose a compressive force on the specimen. Simultaneously, real-time measurements of displacements for
the upper and lower walls, as well as their respective average stresses, were documented throughout the

loading phase.
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Figure 2. DEM schematic of cinder gravel assemblies in triaxial tests

2.1.4 Model Calibration

The numerical model was used to compute stress-strain relationships under various confining pressures, and
compared with the experimental data. Following trials and a parametric analysis, the model parameters were
adjusted to yield satisfactory curves, validated against experimental data (Figure 3). Simulated and
experimental results displayed strong correlation at confining pressures of 50, 100, and 150 kPa. The specimen
exhibited a linear stress increase with strain during the shearing initial stage. Upon attaining peak stress (shear
strength), however, the specimen demonstrated strain-hardening behavior, maintaining near-stable shear stress
as strain further intensified. Table 1 encompasses additional technical parameters pertinent to the cinder gravels.
These parameters were determined through a well-accepted trial-and-error method, widely used for micro
parameters calibration (Qu et al., 2019; Jia et al., 2018; Wang et al., 2014; Cai et al., 2007; Bai et al., 2022). To
further ensure accuracy, a rigorous process involving sensitivity analysis, regularized analysis, regression
function, and artificial neural network (Qu et al., 2019) was followed. Genetic algorithm also employed to speed
up the determination of the precise micro parameters. The strong correlation between simulated and
experimental outcomes under confining pressures of 50, 100, and 150 kPa, as depicted in Figure 3, attests to
the efficacy of the chosen parameters. Table 2 shows the comparison of cinder gravel parameters between the
test and numerical simulation. These parameters revealed that the apparent friction angle and secant modulus
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Table 1. Parameters for cinder gravel assemblies at the mesoscopic scale

Parameter Symbol and unit  Value

Contact effective modulus E. (kPa) 7x10°
Normal-to-tangential stiffness ratio ke / ks 3.5
Interparticle friction coefficient U 0.8
Porosity n 0.4

Number of particles — 54410

Table 2. Parameter comparison - laboratory test vs. numerical simulation

Parameter Test Numerical model
Confining pressure, o3 (kPa)  50-150 50-150
Porosity, n 0.4 0.4
Secant modulus, Eso (MPa) 10.9-14.6 9.4-12.1
Apparent friction angle, ¢ (°) 36.4 36.5
Apparent cohesion, ¢ (kPa) 2.1 0.5

2.2 Coupled DEM-FDM Modeling of Encased Cinder Gravel

2.2.1 Numerical Model development

DEM is used to model granular and particulate materials, simulating individual particles and interactions, thereby
excelling in microscale phenomena. Conversely, FDM solves partial differential equations governing continuum
mechanics, making it useful for macroscale analysis. Coupling the two approaches allows for the simulation of
both microscale and macroscale behavior, thus providing understandings of material behavior under diverse

conditions. The synthesis capitalizes on each method's strengths while minimizing their individual limitations.

Nodal forces Contact forces
acting on the grid acting on the facet

FLAC Model PFC Model
(geotextile) (volcanic cinder gravel)

Nodal velocities Wall velocities

Figure 4. Data transfer scheme in the coupled DEM-FDM model

Figure 4 shows the data transfer scheme in coupled DEM-FDM model. The coupling logic's working
principle integrates contact forces and torques with wall surfaces, determining an equivalent force system on
the shell vertices. These forces transmit to adjacent nodes through specified stiffness values. Furthermore, force
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and displacement transfer adhere to Newton’s second law and the force-displacement criterion, prompting
structural elements to update. These updates modify geometric parameters and structural element stiffness,
ensuring numerical stability. In essence, the wall elements facilitate particle contact force and displacement
transmission to shell elements, with both experiencing forces and deformations collectively. Consequently, the
equivalent force and displacement transfer system, based on shell and wall elements, enables frictional
interaction simulation between geotechnical fabric and particles in the shear direction by establishing particle-

wall contact.

The present study executed this fusion using PFC3D and FLAC3D software packages (Tan et al., 2021).
Figure 5 presents the development of an encased cinder gravel model for DEM-FDM triaxial tests. The column
specimen, with a height of 200 mm and a diameter of 100 mm, concurrently generated a geotextile sleeve with
a 100 mm diameter, wherein cinder gravel particles, produced according to the experiment's gradation, formed
a spherical assembly. The mesoscopic parameters of the cinder gravel particles are listed in Table 1 through
triaxial tests. The mechanical and physical properties of the geosynthetics used in this study are in accordance
with reference (Liu et al., 2022). In this paper, the geotextile's elastic modulus was acquired from narrow strip
tensile tests as shown in Figure 6 and the results were summarized in Table 3. The Poisson’s ratio for geotextile
was obtain from the literature as 0.3 (Kadhim et al., 2018; Keykhosropur et al., 2012; Debnath and Dey, 2017).
The geotextile sleeve, modelled by shell structure elements, was simplified by using a linearly elastic model
mainly incorporating its elastic deformations as widely did in numerical simulations (Tizpa et al., 2023; Tan et
al., 2021; Hamad et al., 2016; Mohapatra et al., 2017; Kadhim et al., 2018). Table 4 summarized the mesoscopic
parameters of coupled DEM-FDM numerical simulations. The terms "Interparticle friction coefficient" was
determined using a trial-and-error approach within the bounds defined by Abu-Farsakh et al. (2007). In terms of
contact, linear contacts were established between cinder gravel and geotextile (ball-wall). Configuring contact
effective modulus, normal-to-tangential stiffness ratio, and interparticle friction coefficient enabled geotextile-
particle frictional interaction simulation. The terms "Contact effective modulus" and "Normal-to-tangential
stiffness ratio" refer to the contact parameters between the ball and the facet. These two parameters are
essential for the data exchange between FLAC3D and PFC3D and are integral to the coupling computations as
outlined by Qu et al. (2019). The values were derived through iterative experimentation based on particle

attributes, as supported by Jia et al. (2018), to prevent particle escape from the boundary.

12
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231 Table 3. Tensile properties of geotextile material
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Strain Tensile strength

2% Elongation 2.3 kN/m
4% Elongation 4.6 kN/m
6% Elongation 6.9 kN/m
8% Elongation 9.2 kN/m

Table 4. Mesoscopic parameters for coupled DEM-FDM simulations

Parameter Symbol and unit ~ Value
Young's modulus for shell element Es (Pa) 1.15x107
Poisson's ratio v 0.3
Contact effective modulus Es (Pa) 7x107
Normal-to-tangential stiffness ratio kn / ks 0.01
Interparticle friction coefficient u 0.8

Model construction was divided into three stages:

(1) The first stage involved the generation of particles and geotextile sleeves, including the creation of the
continuous shell structure elements and walls. In accordance with triaxial tests, square walls are placed
horizontally above and below the particle assembly for the shearing particles, while a cylindrical wall of
identical geometry and dimensions was generated circumferentially using the wall-structure
command.Subsequently, employing a radius expansion method, spherical particles with a porosity of 0.2
were generated within the geotextile sleeve according to a predetermined gradation, followed by initial
equilibrium calculations to eliminate unbalanced forces.

(2) The second stage was the consolidation phase. It involved a self-coded fish language (adaptable to the
software) that applied a confining pressure directly to the geotextile sleeve shell elements, increasing the
confining pressure at a rate of 10 kPa per 200 time-steps until reaching a defined value.

(3) The third stage was the shearing phase. It entailed the upper wall remaining stationary, while the lower wall

compressed the specimen at a rate of 6x107 m/s.

The displacement and average stress of the upper and lower walls was recorded in real-time throughout.
A measuring sphere is a virtual spherical object used to calculate various mechanical properties of a granular
material being simulated. It is typically placed within the simulation domain and used to measure the vertical
and radial stresses, particle contact forces, porosity, and coordination numbers. The measuring spheres chosen
had diameters of 80 mm, with measurement positions at the upper, middle, and lower sections. Each measuring

sphere containing no fewer than 2,000 particles.
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2.2.2 Model Calibration

Under varying confining pressures, the stress-strain curves obtained from the numerical model of triaxial tests
on Encased cinder gravels were compared with the results of laboratory tests. These are shown in Figure 7a,
where the deviatoric stress refers to the normal stress on the base rigid wall. Throughout the shearing process,
the stress-strain curves exhibited strong agreement with the laboratory triaxial results. During the initial phase
of shearing, the stress in the numerical model increased rapidly due to the volumetric shrinkage of the cinder
gravel assembles. This is more pronounced at higher pressures, as the gravel assembly behaves more like a
rigid body. Subsequently, the stress under different confining pressures increased linearly with axial strain,
maintaining a constant value after reaching peak stress. As illustrated in the p-q failure plane (Figure 7b), the
numerical simulation results aligned well with laboratory test outcomes, yielding an apparent friction angle of
36.3° and an apparent cohesion of 143.5 kPa for the Encased cinder gravels. These were close to the laboratory
results. The secant modulus obtained from the stress-strain curves also aligned well under different confining
pressures. The macroscopic and microscopic parameters of the tests and numerical simulations are
compared in Table 5.
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Figure 7. Stress-strain relations (a) and failure lines (b) in p—q stress plane

Table 5. Parameter comparison: laboratory test vs. numerical simulation for specimens

Parameter Test  Numerical model
Confining pressure, o3 (kPa) 50-150 50-150
Porosity, n 0.4 0.4
Secant modulus, Eso (MPa) 5.7-10.9 6.4-10.8
Apparent friction angle, ¢ (°) 36.8 36.3
Apparent cohesion, ¢ (kPa) 153.8 143.5

To ascertain the accuracy of simulating geotextile (continuous medium) deformation within the numerical
model, the radial deformation of the geotextile at heights of 0.25H, 0.5H, and 0.75H within the specimen (H
representing the total column height) was examined and compared to radial deformation derived from
experimental digital measurement techniques. As depicted in Figure 8, the numerical model and laboratory
model tests exhibited similar maximum expansion quantities and expansion tendencies under various confining
pressures. Under a confining pressure of 50 kPa (Figure 8a), initial shearing revealed expansion at various
heights increased linearly with the augmentation of axial strain. Further, the rate of volumetric expansion
incrementally accelerated with the accumulation of axial strain. The maximum axial strains corresponding to
radial strains at 0.75H, 0.5H, and 0.25H were 18.0%, 13.1%, and 7.4%, respectively. Under a confining pressure
of 100 kPa (Figure 8b), the maximum axial strains corresponding to radial strains at 0.75H, 0.5H, and 0.25H
were 13.6%, 10.1%, and 4.2%, respectively. Under a confining pressure of 150 kPa (Figure 8c), the maximum
axial strains corresponding to radial strains at 0.75H, 0.5H, and 0.25H were 14.2%, 10.5%, and 3.6%,
respectively. In conclusion, the expansion deformation patterns under varying confining pressure demonstrated

consistency and aligned with the laboratory results.
16
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Figure 8. Radial and axial strain relationships at varying confining pressures: (a) 50 kPa; (b) 100 kPa; (c) 150
kPa (H is the specimen height)

Figure 9 compares the triaxial test results with the numerical model outcomes under confining pressures
of 50, 100, and 150 kPa. The left section of Figure 9 presents full-surface photographs of the specimens before
and after shearing, captured using digital measurement technology. Due to the constraining influence of the
lower rigid wall and the upper geotextile on the expansion deformation of the cinder gravel particles, a distinctly
convex upper portion and a smaller middle-to-lower region were evident in the post-shear specimen. The right
section of Figure 9 shows the displacement contours of encased specimens in the numerical model after
shearing. To maintain consistency with the lab experiment, the radial deformation of the geotextile was
restrained at the upper and lower ends within the numerical model. Notably, the deformed specimen shape from
the numerical model corresponded to that of the laboratory experiment, with the maximum expansion at various
heights being consistent in terms of magnitude. Moreover, a discontinuous displacement gradient is discernible
through the internal particle displacement contour (numerical model), with substantial shear deformation
concentrated in relatively narrow, band-like areas, and borders that are nearly parallel, constituting distinct shear
bands. The deformation of specimens under different confining pressures consistently exhibited a convex upper
portion and a smaller middle-to-lower region, with shear bands appearing among internal particles. As the
confining pressure increased, the specimen's upper convexity and the radial deformation of the geotextile

diminished.
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Figure 9. Comparison of deformations: laboratory tests vs. simulations at varying confining pressures: (a) 50
kPa; (b) 100 kPa; (c) 150 kPa

In summary, the numerical prediction model demonstrated consistency with the triaxial test outcomes in
terms of stress-strain curves and radial deformation of the column. Thus, it was concluded that the model was
suitable for further mesomechanical analysis of encased cinder gravels, using the meso-parameters

presented above.

3. Load-Deformation Mechanisms of a Single GECG Column

This section examines the loading-deformation behavior of GECG columns under a controlled, constant
confining stress, building on existing research on uniaxial compression testing of GESC (Tan et al., 2020;
Chen et al., 2018; Gniel and Bouazza, 2010; Gu et al., 2017a; Gu et al., 2017b; Gu et al., 2023). The DEM-

FDM model validated in Section 2 serves to explore the compression and load-bearing attributes of these
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For subsequent numerical simulations, a confining stress of 50 kPa was applied. This choice was
influenced by the model's ability to deform under lower vertical pressures, thereby optimizing computational
efficiency. A length-to-diameter ratio of 5:1 was implemented in the numerical simulations, presenting a
geometric configuration challenging to examine through laboratory triaxial compression tests. Although Gu et
al. (2023) studied the unconfined compressive behavior of GECG columns with this specific length-to-diameter

ratio, their behavior under a constant, controlled confining stress has not yet been investigated.

The analysis proceeds with a mesomechanical investigation, aimed at refining the design theory for GECG
columns. This involves scrutinizing both their macroscopic load-deformation characteristics and mesoscopic-

scale mechanical responses. All other parameters and conditions align with those outlined in Section 2.

3.1 Compression Behavior and Load-Bearing Capacity of the Column

Figure 10 illustrates the modelling domain for a single GECG column with a diameter of 100 mm and a length
of 500 mm. The parameters for the geotextile and cinder gravel particles are consistent with those elucidated
in Section 2. In order to optimize computational efficiency, adjustments were made to the gradation of the
assembly, with 20% of the mass attributed to grain sizes ranging from 10 to 15 mm, 67% for grain sizes between
5 to 10 mm, and 13% for grain sizes spanning 2 to 5 mm. During the shearing phase, the upper wall remains
stationary, while the lower wall compresses the specimen at a rate of 6x10-7 m/s. Real-time data is recorded for
the displacement and average stress experienced by both the upper and lower walls throughout the testing
process. The measurement system incorporates nine spheres, each with an 80 mm diameter, arranged from

the top to the base, with each sphere encompassing a minimum of 2,000 particles.
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Figure 10. Schematic of a single simulated GECG column under triaxial compression

Figure 11a illustrates the relationship between vertical pressure and displacement of the GECG column.
During the initial loading phase, the vertical pressure-displacement curve exhibits a nonlinear increase, with the
column quickly reaching 120 kPa at minimal vertical displacement. As the pressure continues to increase, the
column’s behavior demonstrates softening, accompanied by a steady increase in vertical displacement and a
gradual decrease in the rate of stress growth. When the vertical displacement exceeds 10 mm, the column
undergoes significant nonlinear deformation. Upon achieving a top pressure of 276 kPa, the top vertical
displacement progresses rapidly, and the pressure-displacement curve nearing a vertical gradient, indicating

that the column has reached its bearing capacity.

Under the influence of the applied load, the GECG column experiences radial deformation. The distribution

of radial deformation along the column shaft not only indicates the effective length of load transmission but also
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357  dictates the bearing capacity and failure mechanism of the GECG column. Figure 11b portrays the expansion

358 of the column at various stages of vertical displacement. The expansion at different heights increase with the
359 vertical displacement. The maximum expansion is restricted within 2 times the column diameter (represented
360 as 2D), with peak expansion occurring at 1.5D.
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364 3.2 Mesoscopic Analysis of Cinder Gravel Assemblies
365 Figure 12a illustrates the vertical stress distribution in cinder gravel particles along the shaft. Vertical stress
366 at varying heights was calculated as the average vertical stress within the corresponding position's measuring
367 sphere. The vertical stress distribution along the shaft showed a diverse pattern under different axial strains.
368 During the initial loading phase, at a vertical displacement of 12 mm, the vertical stresses across different
369 positions were similar, indicating a uniform stress distribution throughout the column. At this stage, the column
370 uniformly transferred the upward loading force along the shaft, thus demonstrating the bearing ability of the
371  columns. This occurred because the geotextile sleeve had negligible radial deformation during initial loading.
372  As loading continued, the vertical stress along the shaft increased with the growth in vertical displacement.
373 Notably, there were larger increments in vertical stress near the top and base of the column. because these
374 areas were in the vicinity of the upper and lower walls, which inhibited vertical particle displacement.
375 Consequently, a higher particle contact force generated additional vertical stress.
376
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Figure 12b highlights that the radial stress distribution along the shaft differed under various axial strains,
with radial stress increasing as vertical displacement increased. During the initial loading stage, the radial stress
distribution was similar across all heights; however, larger radial stresses occurred at the column top and base.
This was again due to the fixed constraints at the top and base, which prohibited radial deformation within a
certain vicinity, thus generating greater particle contact forces and additional radial stress. In the middle and
lower sections of the column, the radial stress at various heights exhibited minimal changes and reduced values,

indicating the geotextile had not fully exerted its constraining effect at these locations.
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Figure 12. Stress distribution within cinder gravel assemblies along height: (a) vertical; (b) radial
Figure 13 presents the distribution of contact forces within the GECG column. The contact forces are

represented by scattered bars, with the bar thickness correlating with the contact force magnitude. Due to the
vast number of particles, there is a corresponding large number of contact forces. Thus, contact forces below 5
N were disregarded for observation purposes. Figure 13a displays the contact force contour before and after
loading, with the maximum contact force being 74.4 N prior to loading and evenly distributed across different
heights. After loading, the contact force reached 94.2 N. These force chains interconnected and dispersed in a
crisscross pattern, forming a force chain network structure. As these particles directly supported the vertical
load, the largest contact forces were distributed at the interface between the particles and the upper wall. During
the shearing process, the contact forces between particles underwent continuous disruption and reorganization.

With the increase in axial strain, the assembly densification increased, and the contact forces rose accordingly,
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manifesting as increased stressed near the top of the column.

Figure 13b displays the force chain networks within the column, illustrating the distribution of the contact
forces of varying magnitudes, with the minimum visible contact forces set at 20 N, 40 N, and 60 N. Few contact
forces exceeded 60 N, and those that did, represent strong force chains primarily distributed near the upper
section of the column and adjacent to the loading wall. Contact forces above 40 N were predominantly
distributed in the upper-middle region, though their total numbers remained limited. In contrast, the majority
were contact forces above 20 N, which acted as the secondary force chain network and displayed a relatively
uniform distribution. Predominantly vertical force chains characterized the contact forces, with comparatively
fewer horizontal force chains, resulting in lower radial stresses compared to vertical stress. The distribution of
the force chain networks at various locations corresponded to the vertical and radial stresses at different
positions. Moreover, the force chain distribution in the longer columns aligned with that of the triaxial test

specimens.
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Figure 13. (a) Contact force contours and (b) distributions at varying thresholds

Figure 14a and Figure 14b depict the variation in porosity with column vertical displacement and height,
respectively. Under a confining pressure of 50 kPa, the initial porosity ranged from 0.22 to 0.26. Following the
commencement of loading, porosity slightly decreased within 100 mm of the top and base of the column as the
assembly gradually compacted under the movement of the loading plate. In the middle of the column, which is

away from the upper and lower wall, the granules largely maintained their original contact state during loading,
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without generating significant contact forces. The pores between particles remained relatively large, the

geotextile exhibited expansion deformation, and porosity gradually increased.
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Figure 14. Porosity variations in cinder gravel assemblies: (a) with vertical displacement; (b) with height

Figures 15a and 15b show the variation in coordination number with column vertical displacement and
height, respectively. Coordination number is a mesoscopic parameter where a higher coordination humber
typically indicates a more stable and compact particle state. The initial coordination number of the particles
ranged between 4 and 5, suggesting each particle was in contact with an average of 4 to 5 other particles,

transmitting contact forces, and the assembly was in a stable state to effectively transfer inter-particle contact
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forces. During the loading phase, the coordination number slightly increased within a 100 mm range at the top
and base of the column, signifying a compaction process in the upper and lower sections of the pile. Conversely,
the coordination number in the middle section decreased with increasing head load, resulting in a decline in
overall particle compaction. The coordination number variation at different heights aligned with changes in
porosity, reflecting the relative density of the cinder gravel particles. When the column was compressed, the
coordination number showed that the upper and lower portions became more compacted while the middle

portion became less dense.
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Figure 15. Coordination number variations in cinder gravel assemblies: (a) with vertical displacement; (b) with
height

4. Parametric Study

This section conducts a parametric analysis centered on two key parameters: relative density and gradation of
the assemblies. Table 6 outlines six levels of relative density (0.4, 0.5, ..., 0.9) and three different gradations
(S2, S3, S4). These relative densities are further characterized by corresponding porosity values, serving as

mesoscopic parameters in the DEM. Table 7 details the properties of three samples with varying gradations.

Table 6. Simulation metrics for GECG columns
Column Length Column diameter Relative density .
Gradation

Group ID ID i) i) %)
1 500 100 40 (n=0.417) S1
2 500 100 50 (n=0.413) S1
3 500 100 60 (n=0.409) S1
4 500 100 70 (n=0.405) S1
1. Relative density 5 500 100 80 (n=0.400) S1
6 500 100 90 (n=0.397) S1
7 500 100 80 (n=0.4) S2
8 500 100 80 (n=0.4) S3
9 500 100 80 (n=0.4) S4

Note: Details for S2, S3, and S4 are elaborated in Table 7; n denotes the porosity.

Table 7. Gradation characteristics and meso-parameters of selected assemblies

Sample ID S2  S3  S4
P1o(%) 40 60 &0
do 25 22 21
d3o 63 74 109
dso 10,0 12.6 14.2

Cu 40 57 68

Ce 1.6 20 40

Contact effective modulus (x107%) 7.2 7.5 8.25
Normal-to-tangential stiffness ratio 3.5 3.5 2.9
Interparticle friction coefficient 0.5 05 05

Note: P1orefers to the percent by mass for grain size between 10 and 20 mm. The contact effective modulus,
normal-to-tangential stiffness ratio, and interparticle friction coefficient have been calibrated.

4.1 Impact of Relative Density

This section explores the influence of the relative density by adjusting porosity. Figure 16 presents the vertical
pressure-displacement curves for different relative density. During the initial loading phase, the vertical pressure
at the top of the column increased linearly with vertical displacement. Upon reaching a vertical displacement of

5mm, columns with a relative density exceeding 0.7 displayed rapid nonlinear behavior. After reaching a certain
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displacement threshold, the vertical pressure-displacement curves for columns with relative densities of 0.8,
and 0.9 became nearly vertical, signifying that the columns had reached its ultimate bearing capacity. In contrast,
columns with relative densities below 0.8 exhibited linear pressure increases with displacement within the
observed range, without reaching their ultimate bearing capacity. Increasing the relative density resulted in
enhanced column strength. In columns with a relative density of 0.9, an increase in vertical pressure led to a
rearrangement of particles, which resulted in a rapid increase in vertical strain when the vertical displacement

exceeded 15mm.
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Figure 16. Vertical pressure-displacement curves for GECG columns at different relative densities

Figure 17 illustrates the distribution of radial expansion along the height of GECG columns as column
vertical displacement develops, with varying relative densities. During the initial loading phase, columns
displayed almost no apparent radial deformation, while radial shrinkage was observed throughout the entire
column for relative densities of 0.5 and 0.4. This phenomenon arose due to low relative densities impeding
normal particle contact upon loading, resulting in reduced contact forces and geosynthetic shrinkage under
circumferential pressure. As loading increased, the radial deformation of the geosynthetic material increased,
revealing consistent expansion deformation patterns in the columns with a relative density of 0.6 and above. In
contrast, the columns with relative densities of 0.5 and 0.4 continued to experience shrinkage in the lower-

middle portion of the geosynthetic material.
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Figure 17. Radial deformation-height curves at various relative densities: (a) 12 mm; (b) 24 mm

4.2 Effect of Cinder Gravel Gradation

Figure 18 displays the vertical pressure-displacement curves for GECG columns with various aggregate
gradations. In the phase of minimal vertical displacement, the vertical pressure increased linearly with the
vertical displacement for different gradations, and the variation in vertical pressure among different gradations
was negligible. However, as the load intensified, discrepancies emerged in the vertical pressure-displacement
characteristic of columns with various gradations. At a vertical displacement of 24mm, the measured pressures
were 228.5 kPa, 239.4 kPa, and 248.7 kPa for S2, S3 and S4, respectively. This increase in pressure
corresponded to a successive escalation in the percent by mass for grain sizes ranging from 10 to 20 mm in S2
to S4. This suggests that the higher content of coarse particles in the gradation enhanced the bearing capacity

of the GECG columns.
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Figure 18. Vertical pressure-displacement curves for GECG columns with different fill gradations

Figure 19 portrays the distribution of radial expansion of geotextiles with height for different column vertical
displacements and aggregate gradations. During the initial loading phase, radial deformation in various columns
was relatively minor, and differences were negligible. As loading increased, radial deformation of the geotextiles
also increased. The distribution pattern of radial expansion with height exhibits pronounced expansion
deformation within the range of 1D to 2D from the top. In this stage, the maximum expansion deformation for
S2, S3 and S4 were 1.95mm, 2.16mm and 2.34mm, illustrating that the higher the coarse particle content the
larger the maximum expansion. Furthermore, the larger radial deformation of the geotextiles in the columns
showed a more effective utilization of the enveloping effect, correlating with an increased bearing capacity as

shown in the Figure 18.
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Figure 19. Radial deformation-height curves at varying gradations: (a) 12 mm; (b) 24 mm

This study explored the behavior of geotextile-encased cinder gravel columns subjected to triaxial
compression through a coupled DEM-FDM model. It's important to note that the cinder gravel would prone to
particle breakage when subject to the load. Although preliminary measures such as the screening of fragile
particles prior to testing have been implemented, these do not fully resolve breakage issues. Therefore, it is
better to incorporate the simulation of particle breakage within the DEM model. Given the complexity of cinder
gravel breakage, further laboratory experiments and numerical simulations are essential. These, however, are
beyond the scope of this paper and are considered for future research.

5. Conclusions

This study conducted consolidated drained triaxial tests on cinder gravel specimens, both with and without
geotextile encasement. Two DEM models were then developed to replicate the laboratory tests. The goal was
to identify both macro- and meso-parameters by comparing stress and strain with test results. For specimens
with geotextile encasement, a triaxial test model for encased cinder gravel was created using a combined DEM-
FDM approach. Validation of this model entailed matching stress-strain relationships, radial expansion behavior,

and deformation contours of the column with laboratory test results under varying confining pressures.

The parametric analysis of GECG columns, featuring larger aspect ratios than lab-scale specimens,
showed that most significant expansion occurred within the range of 1D to 2D from the top of the column. In
contrast, the column's central and lower regions experienced minimal expansion. This suggests that geotextile
encasement at these heights does not fully optimize its confining effect. In the areas of expansion, particle
contact forces rose substantially, and the formation of robust force chains moved downward, corresponding with

increased vertical displacement in the column.

Variations in porosity and coordination number indicated a gradual increase in compactness in both the
upper and lower sections of the column during loading. This was contrasted with a minor decrease in
compactness in the midsection. Keeping the column geometry constant, higher relative densities led to
enhanced column strength. Additionally, an increased presence of coarse grains in the aggregate notably

boosted the column's bearing capacity.

The study underscores the utility of GECG columns as a sustainable construction solution by investigating
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their load-deformation mechanisms. Future research could aim to assess the performance of GECG column

groups in enhancing soft ground conditions.
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