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Abstract

Reusing waste materials such as crushed glass (CG) in geotechnical applications presents a promising and environmentally
sustainable approach to improve the geotechnical engineering properties of soft soils. This study conducted a comprehensive
analysis to assess the influence of varying the content of CG on the failure tensile load of single piles in Kaolin clay. The
investigation included a wide range of CG ratios, ranging from 10 to 50% in 10% increments. Thirty physical modelling tests
were performed, considering various amounts of CG and pile diameters ranging from 10 to 50 cm. The clay soil samples
were mixed with CG, and the mixtures were consolidated to achieve homogeneity with an average shear strength of 10 kPa.
Additionally, the Oprum©? and Optum®? software packages were used to simulate the stabilisation process using the 2D and 3D
Finite Element Method (FEM). The findings of this study indicate that adding CG to Kaolin clay can enhance the stress—strain
behaviour of the soil, which leads to a significant increase in the tensile failure load. The results suggest that adding CG to
Kaolin soil alters its characteristics from cohesive to more granular. Moreover, 40-50% CG significantly enhances the skin
friction between the pile and soil. Furthermore, the 2D FEM modeling accurately simulated the stabilisation process, while
the 3D modeling overestimated the tensile failure load. Extending the analysis to pile groups, a case study of a 4 x 4 pile
configuration demonstrated the broader implications of CG improvement, resulting in a 27.4% enhancement in pile group
tensile capacity.

Keywords Clay - Crushed glass - Tensile ultimate bearing capacity - FEM modelling

1 Introduction

Glass waste represents a significant environmental challenge
globally, with approximately 130 million tons produced
annually while achieving an average recycling rate of only
21% (Perera et al. 2023). This material does not naturally
decompose, leading to persistent accumulation in landfills.
Production volumes and recycling efficiencies vary consider-
ably across nations: the United States generates 11.4 million
tons annually with a 27% recycling rate, while India pro-
duces 21 million tons with 45% recycled. European nations
demonstrate more advanced waste management practices,
particularly Germany, which achieves an 80% recycling rate
despite generating only 2.5 million tons of glass waste. Other
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countries show moderate recycling success, including Aus-
tralia (57% of 1.1 million tons), the United Kingdom (45%
of 2.4 million tons), and Canada (40% of 0.75 million tons).
These statistics underscore the substantial volume of glass
waste available for geotechnical applications and the signifi-
cant opportunity to enhance sustainability through innovative
repurposing strategies (Ahmed and Rana 2023).

It is well-recognised that weak soils often require stabil-
isation measures before they can be considered suitable for
a structure to be built on them (Roshan and Rashid 2024;
Fawaz et al. 2024). Generally, weak soils are defined as those
with low bearing capacity, poor compaction characteristics,
or high susceptibility to settlement (Li et al. 2024). These
soils create significant challenges in construction projects,
as they do not provide adequate support for structures or
may undergo excessive deformation over time (Zafar et al.
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2023). Methods for stabilising weak soils, such as incorpo-
rating chemical binders, have the potential to enhance the
engineering characteristics of the soil notably (Anburuvel
2023). These methods improve the soils’ load-bearing capac-
ity, stability, and strength, making them more suitable for
construction and ensuring the long-term integrity of struc-
tures built on such soils (Zada et al. 2023).

Many studies (e.g., Chen & Wang 2006; Wei and Ku
2020; Onyelowe et al. 2022) examined the use of con-
ventional binders, such as cement, gypsum, and lime for
soil stabilisation purposes. Despite all the benefits, chemi-
cal stabilisation introduces adverse ecological consequences,
primarily related to carbon footprint during the manufactur-
ing of stabilising agents such as cement (Sudhakar and Reddy
2023; Komkova and Habert 2023; Zanovello et al. 2023).
Considering the drawbacks of chemical soil improvement
methods, exploring alternative materials or minimising the
use of conventional materials becomes vital.

Many research works investigated the ground improve-
ment techniques that promote leveraging waste materials to
enhance the ultimate bearing capacity (UBC) of soft soils
(e.g., Kamei et al. 2015; Amiri et al. 2018; Galvin et al.
2021; Deboucha et al. 2020; Dehghanbanadaki et al. 2020;
Indraratna et al. 2022; Gidebo et al. 2023; Zaini et al. 2023;
Sargent et al. 2024; Mazaheri et al. 2024; Long et al. 2024).
However, from the onset, less attention has been given to
recycled crushed glass as an alternative material to the tradi-
tional binders for chemical stabilisation. Incorporating this
readily available waste offers a win—win: reducing environ-
mental effects whilst enhancing soil engineering properties
(Tushar et al. 2023; Surendran and Akhas 2024). Reusing
waste glass diverts it from landfills, conserving space and
reducing the need for resource extraction. This translates
to a lower carbon footprint, as recycling glass requires less
energy than processing virgin materials. Moreover, incorpo-
rating recycled glass into ground improvement contributes to
acircular economy, promoting sustainable construction prac-
tices (Ferdous et al. 2021). Performance-wise, crushed waste
glass exhibits properties comparable to traditional aggre-
gates or other binders in strength, permeability, and drainage.
This makes it suitable for ground improvement applications,
including creating load-bearing columns, enhancing soil sta-
bility, and mitigating liquefaction risk (Kazmi et al. 2021;
Zachariah and Ravi 2024).

Column-like ground improvement techniques, including
deep cement mixing (DCM) columns, stone columns, and
piles, have proven highly effective in enhancing the bearing
capacity and reducing settlement of soft soils (Hajiazizi et al.
2018; Mazaheri et al. 2021; Dehghanbanadaki et al. 2022;
Pham et al. 2025). These vertical reinforcement elements
function by transferring structural loads to deeper, more
competent soil strata while simultaneously providing lateral
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confinement to the surrounding soft soil matrix, thereby sig-
nificantly increasing the composite strength and stiffness of
the entire foundation system. Recent investigations suggest
that integrating these established column techniques with
crushed glass (CG) treatment of the surrounding soil matrix
could produce synergistic effects, potentially amplifying
the overall ground improvement outcomes. The comple-
mentary mechanisms—with columns providing structural
reinforcement and CG-treated soil offering enhanced matrix
properties—could lead to more cost-effective and envi-
ronmentally sustainable foundation solutions with superior
load-bearing characteristics and reduced settlements com-
pared to conventional approaches.

1.1 Geotechnical behaviour of treated soil by waste
glass by-products

The utilisation of Crushed Glass (CG) in hydraulically bound
materials as a substitute for traditional aggregates and its
role in reducing cement content has been documented (Jalal
et al. 2022; Baikerikar et al. 2023; Maurya et al. 2023;
Peng et al. 2023; Zhao et al. 2024; Zhen et al. 2024).
However, investigations (e.g., Wartman et al. 2004; Ate
2016; Onyelowe et al. 2019; Kumar et al. 2020; Lawan-
wadeekul et al. 2023; Anglaaere et al. 2023) have explored
the use of CG for improving the geotechnical engineering
properties of weak soils. Generally, Glass materials in soil
stabilisation exist in three distinct forms: (a) Glass Powder
(GP) (<75 pm), offering pozzolanic properties; (b) crushed
glass (0.075-4.75 mm), providing mechanical stabilisation
through friction; and (c) glass fibers (10-25 wm diameter and
lengths of 3-50 mm), enhancing tensile strength (Wartman
et al. 2004).

Combined with traditional stabilisers, GP’s (GP) poz-
zolanic properties can enhance engineering soil character-
istics. Sheob et al. (2023) examined the efficacy of a mixture
comprising cement and waste GP to enhance the attributes
of clay-rich soil. Their research assessed the effect of pow-
dered CG on compaction properties such as maximum dry
density (MDD) and optimum moisture content (OMC) of
clay soils. The findings showcased that the incorporation of
5% cement and 10% waste GP led to a 6% increase in the
MDD of the soil specimen and a 3% reduction in the OMC.
Ate (2016) conducted experimental research to explore the
impact of incorporating cement and Glass Fibres (GF) on
the geotechnical characteristics of sandy soils. The findings
revealed that introducing 3% GF alongside a consistent 15%
cement content elevated the UCS of the stabilised mixture.
However, surpassing the 3% GF threshold led to a decrease
in UCS.

In arecent study by Ilman and Balkis (2023), the mechani-
cal properties of clay materials enhanced with GP were exam-
ined. Each type interacts differently with soil and is selected
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based on specific engineering requirements. The study also
investigated the mechanical properties of clay materials rein-
forced with GP and Silica Fume (SF). For experiments, the
clays were combined with varying proportions of 10%, 15%,
and 20% GP, along with an additional 10% SF. The findings
indicate an optimal outcome is achieved with a combination
of 15% GP and 10% SF. In this optimally formulated mixture,
a substantial enhancement of 390% in compressive strength
and a notable increase of 322% in direct shear strength were
observed compared to the control specimens.

In another study, Kumar et al. (2020) investigated the
effect of adding various percentages of reclaimed asphalt
pavement and waste CG on the geotechnical properties of
black cotton soil and loam soil, including MDD, OMC, and
California Bearing Ratio (CBR). The findings showed that
including waste materials enhanced the shear strength of the
mixes. For instance, adding 65% reclaimed asphalt pave-
ment and 5% glass increased the CBR value of the soil by
up to 3.5 times compared to untreated soil. Anglaaere et al.
(2023) conducted a comparative study to assess the engineer-
ing characteristics of clay soil stabilised with GP and rubber
particles. The findings revealed a more substantial enhance-
ment in the direct shear test using rubber particles than waste
GP. Alternatively, the CBR test indicated that GP had a more
beneficial effect on the soil’s CBR values than rubber parti-
cles.

Up to this point in the literature review, previous studies
have primarily utilised a modest proportion of Crushed Glass
content (CG%), typically not exceeding 15%, to investigate
the alterations in geotechnical properties within treated soils
via various testing methodologies. In contrast, arecently pub-
lished research article has concentrated on the implications of
using increased CG percentages, ranging from 10 to 40%, to
assess their impact on the behaviour of improved expansive
clays (Al-Taie et al. 2023). The study involved CBR and UCS
tests. The outcomes of this investigation revealed notewor-
thy improvements, indicating an approximate 45% increase
in UCS and a substantial 130% boost in CBR values with the
incorporation of 25% more significant reinforced glass par-
ticles. Introducing a relatively small quantity, approximately
6%, of GP effectively enhanced both UCS and CBR values
to around 100% and 200%, respectively.

Demir and Cabalar (2024) recently conducted a novel
study on waste glass’s (WG) influence on bentonite’s
geotechnical behaviour. Their research delved into various
aspects, including dispersion, viscosity, and UCS of soil
samples stabilised with WG. The research incorporated two
different sizes of waste glass: fine WG (FWG) and medium
WG (MWG), which were separately blended with differ-
ent amounts of bentonite samples. The research findings
demonstrated a noteworthy effect of WG content on the
UCS of pure bentonite, with an increasing trend observed.

The UCS reached its peak value at 30% MWG, exhibit-
ing a remarkable 56% enhancement compared to the pure
bentonite samples. Furthermore, the specimens exhibited a
maximum energy absorption capacity of 11.50 kJ/m?, indi-
cating a substantial 76% improvement compared to clean
bentonite. Significantly, the study revealed that the medium-
sized WG performed better in enhancing the UCS of the
stabilised samples than the fine WG. This distinction in per-
formance highlights the importance of considering WG size
as a contributing factor in achieving optimal results when
improving the geotechnical properties of bentonite.

This study investigates how incorporating CG into Kaolin
clay affects the tensile load capacity of single piles and
pile groups. This research addresses a critical knowledge
gap in geotechnical engineering by providing the first com-
prehensive numerical modelling approach for CG-stabilised
soil under tensile loading conditions. While previous exper-
imental studies have examined aspects of this behavior, our
work pioneers the application of both 2D and 3D Finite Ele-
ment Method (FEM) simulations to accurately predict tensile
failure mechanisms in CG-improved soils. The study sys-
tematically evaluates varying CG contents (10% to 50% in
10% increments) and pile diameters (10-50 cm), analysing
stress—strain behaviour, soil characteristic modifications, and
skin friction enhancement. By extending the analysis to a 4
x 4 pile group configuration, this research provides unprece-
dented insights into the group effects of CG improvement,
offering practical design guidelines that could significantly
reduce construction costs and environmental impact through
beneficial reuse of waste glass in geotechnical applications.

2 Experimental procedures
2.1 Source of the experimental data

This study aims to build upon the findings of primary
geotechnical tests by Amiri et al. (2018), highlighting the
potential enhancement of geotechnical strength properties in
Kaolin clay by including CG. Furthermore, sample prepara-
tion details for physical modelling tests, including consolida-
tion tests, are outlined in Amiri et al.’s prior work (2020). It
is important to note that the critical difference in the experi-
mental physical modelling between our study and Amiri et al.
(2020) lies in the shear strength of the pure soil. While Amiri
et al. (2020) reported a shear strength of 20 kPa for samples
in the box, this study maintains a shear strength of 10 kPa.
However, given our focus on FEM techniques, we provide
a concise overview of the experimental test details. Tables 1
and 2 summarise the geotechnical engineering properties of
materials used in this investigation.
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Table 1 Geotechnical

engineering properties of the soil Soil Atterberg limits  Specific Compaction test Shear strength USCS
- gravity classification
LL PL OMC MDD Friction Cohesion
(%) (%) (%) (Kg/m3)  angle (kPa)
(degree)
42 28.63 258 17.5 1626.45 0 36 CL
Table 2 Geotechnical properties
of the CG Specific gravity Compaction test Shear Strength USCS classification
OMC (%) MDD (kg/m3) Friction angle
(degree)
2.51 9.2 1830.39 37 Sp

2.2 Experimental details

The experimental investigation employed three key mate-
rials: white Kaolin clay, CG, and concrete piles. The CG
component was derived from recycled glass bottles of various
types, shapes, colours, dimensions, thicknesses, and brands,
demonstrating the versatility of common glass waste in
geotechnical applications. Before testing, the CG underwent
a 24-h drying process at 110 °C, followed by granulometric
classification through sieve analysis. Specifically, particles
passing through a No. 8 sieve while retained on a No. 16
sieve were selected, yielding a consistent particle size distri-
bution between 1.18 mm and 2.36 mm per ASTM C136-06
standards (ASTM 2014). For incorporation into the phys-
ical models, the CG was mixed with Kaolin clay using a
slurry technique, where water was added at 1.5 times the
clay’s liquid limit. This specific water content ratio was
selected based on preliminary testing demonstrating optimal
particle distribution and mixture homogeneity while main-
taining appropriate workability during sample preparation
and consolidation. This slurry was subsequently blended
with crushed glass in proportions varying from 10 to 50%
by weight to create the composite soil specimens.

Before the main experimental program, preliminary
unconfined compression strength (UCS) tests were con-
ducted on samples with CG contents ranging from 0 to 70%.
The specimens containing more than 50% CG exhibited pro-
nounced instability, characterised by premature brittle failure
and inability to maintain structural integrity during testing.
At these higher CG percentages, the material behaviour tran-
sitioned from predominantly cohesive to granular, with the
crushed glass particles forming a disconnected matrix that
significantly reduced the sample cohesion. This preliminary
testing established 50% as a practical upper boundary for our
investigation.

The experimental physical models utilised concrete piles
fabricated from a composite of gravel, sand, Portland cement
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type II, and distilled water. To maintain proper scale relation-
ships, all pile specimens incorporated appropriately sized
aggregate materials—specifically, gravel components were
passed through a #10 sieve to ensure maximum particle
dimensions remained below one-fifth of the minimum pile
diameter (10 mm). The binding matrix consisted of Portland
cement type II combined with distilled water at a water-
cement ratio of approximately 0.6 by weight, creating a
workable paste that effectively bonded the granular con-
stituents into structural elements with consistent properties
across all test configurations.

Following preparation, the soil-glass composite under-
went a controlled consolidation process to achieve uniform
consistency throughout the test medium. This resulted in
a homogeneous matrix with a measured undrained shear
strength (C,) of 10 kPa across all specimens. This shear
strength was verified using in-situ Vane Shear Tests (VST)
performed directly on the consolidated soil mixtures to
ensure consistency between experimental conditions.

For the pile testing apparatus, a cylindrical pneumatic jack
with a maximum pressure capacity of 10 bars (approximately
1000 kPa) was employed, generating approximately 87 kPa
on the chamber surface and producing a maximum force of
1.5 kN on the 300 mm x 300 mm box surface. The pile
installation process mimicked field drilling operations using
a custom-designed extruder system. Initially, a 1 mm-thick
plastic cylindrical mould (300 mm in height, exceeding the
200 mm pile length) was inserted at the chamber’s centre
to serve as casing, preventing soil collapse while minimising
soil displacement. Subsequently, the drilling extruder created
the pile cavity within this casing. A specialised connection
system featuring a hook-shaped pile cap was implemented
for pull-out testing to transfer tensile force from a strain-
controlled tension motor via a metal wire. This configuration
accommodated load-cell and LVDT attachments to measure
applied loads and pile displacements simultaneously. A pull-
outrate of 1.3 mm/min (0.05 in/min) was maintained through
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voltage adjustments to the electric motor to ensure undrained
conditions during testing.

Figures la—e present visual representations of the fun-
damental tests, including the (a) UCS test, (b) DS test, (c)
consolidation process, (d) tensile loading procedure in phys-
ical modelling, and (e) a schematic view of the physical
modelling tests.

Figures 2a—c provide statistical information regarding the
used CG% and strength parameters. The number of physical
modelling tests conducted in this study is represented by the
count of 30 in Fig. 2. The Figures also present statistical data,
including mean, standard deviation, skewness, and kurtosis
values. It is worth noting that negative skewness indicates a
distribution where most data points are concentrated on the
right side, resulting in an elongated left tail. In such cases, the
mean is typically less than the median. A distribution with
negative kurtosis, known as platykurtic, exhibits a lower peak
and lighter tails compared to a normal distribution, indicating
a decreased likelihood of extreme values or outliers. The
statistical data presented in this section outline our efforts
to stabilise pure clay for 30 physical modelling tests, each
incorporating an average of 25% CG. We observed an average
cohesion of 22.42 kPa for these tests and a friction angle of
16.5 degrees. These average geotechnical values define the
parameters and focus of our study.

3 Numerical modelling

We simulated the stabilisation of the Kaolin-CG mixture
using the Oprum©? (Optum©? 2020) and Oprum®? (Oprum®?
2020) software, which both ran with educational licenses.
Optum©? can model geotechnical structures in plane strain
and axisymmetric conditions, while Oprum® is designed to
solve 3-D problems. The pure soil and the mixes were con-
sidered ‘soft soil’ (Soft clay-MC) in the simulation, while
the pile was modelled as a rigid element. The geotechnical
engineering properties of the pure Kaolin and the mixed soil
were assigned based on experimental data obtained through
tests on both stabilised and undisturbed samples (see Fig. 3).

A fine mesh of 1000 elements was used in the meshing pro-
cess to ensure accurate numerical results, as recommended
by the software (OptumG2, 2020). In each test, mesh adap-
tivity was employed to optimise the orientation and size of
the mesh elements according to the simulated failure mech-
anisms. The direct tensile load of the piles was determined
using the Limit Analysis method, in which a unit vertical ten-
sile stress was applied as a multiplier distribution stress along
the pile, and Optum©? and Oprum© were used to determine
the coefficient at which the pile failed. Figure 3 displays the
parameters utilised in each physical modelling test for FEM
modelling. These average geotechnical values were then used
to define the parameters for the scope of the study.

Based on Fig. 3, which presents UCS test results for
CG-treated clay, we observed significant improvements in
mechanical properties with even modest CG additions. Incor-
porating just 10% CG increased the UCS from 10 kPa in
pure clay to 32 kPa while simultaneously developing a fric-
tion angle of 12° compared to the negligible friction angle
of untreated clay. This dual improvement in cohesion and
internal friction angle substantially enhances the mechani-
cal behaviour of the soil. The findings demonstrate distinct
advantages over Tire-Derived Aggregate (TDA) treatments
compared to alternative waste material applications. Arefnia
et al. (2021), working with the same kaolin clay, reported
that TDA incorporation decreased the internal friction angle
by up to 8% at 60% TDA content. Furthermore, their study
showed that TDA addition reduced the MDD of the com-
posite material by up to 45%, which could negatively impact
bearing capacity in field applications. However, it should be
emphasised that after these baseline characterisation tests, the
researchers specifically utilised these TDA-clay mixtures for
reducing lateral earth pressure behind retaining structures,
not for strength enhancement.

There are two primary methods for determining limit anal-
ysis in Optum software: Strength Reduction Finite Element
Limit Analysis (SR-FELA) and Mixed Element Limit Analy-
sis (MELA). SR-FELA is a general method that can be used
to analyse various problems. The soil strength parameters in
SR-FELA are gradually reduced until the structure reaches
a ‘Limit Equilibrium State’. The safety factor is then calcu-
lated as the ratio of the applied load to the UBC at the point
of limit equilibrium. MELA is more efficient than SR-FELA
for problems where the soil strength is constant throughout
the domain. In MELA, the soil is divided into upper- and
lower-bound elements.

Upper-bound elements are designed to provide an upper
bound on the true UBC. In contrast, lower-bound elements
are designed to provide a lower bound on the true UBC.
The safety factor is then calculated as the ratio of the upper-
bound ultimate bearing capacity to the lower-bound UBC
(OptumG?2, 2020). Figure 4 a—f shows an example of the
meshing process, boundary conditions, loading stages, pile
modelling, soil properties, and determination of the failure
load in TS-1.

4 Results and discussion

4.1 Experimental tensile failure load

Figure 5 presents the experimental tensile failure load of the
piles obtained from each physical modelling test. As can
be seen, the range of CG% was from 0% (pure clay) to a

maximum of 50%, and the range of pile diameter was from
10 to 50 mm. To be noticed this study focused on samples
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(e)

Fig.1 a UCS tests; b DS tests; ¢ Consolidation process; d Tensile loading procedure in physical modelling tests; and e Schematic of the physical
modelling tests
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containing less than 50% CG, and we did not extend the
experimental and FEM modelling to those with higher CG
content. Analysing pull-out test results in clay soils with
over 50% CG presents a complex challenge due to a fun-
damental shift in soil behaviour. Our prior research (Amiri
et al. 2018) delved into this complexity, revealing that con-
ventional geotechnical equations and FEM modelling may
lose validity beyond this threshold. Our earlier work demon-
strated unsatisfactory outcomes in UCS and DS tests for clay
soils treated with CG exceeding 50%, showing a notable
decrease in cohesion. Additionally, specific UCS test samples
exhibited instability in vertical positions even before testing
initiation.

Figure 5 clearly illustrates that as the pile diameter
increases, the pile tensile failure load rises significantly due
to the greater pile weight. The influence of crushed glass
(CG) on tensile failure loads can be evaluated by compar-
ing tests with equivalent pile diameters (see Fig. 5). The
Figure demonstrates that incorporating CG improves the ten-
sile capacity, with particularly significant increases observed

when clay samples were mixed with 50% CG. The config-
uration with maximum pile diameter (50 mm) and 50% CG
content yielded the highest failure load, measuring 134 N.

4.2 Improvement ratio of the failure load

Each test was meticulously compared under identical pile
dimensions to assess the impact of CG addition on enhanc-
ing the uplift load of individual piles. The Improvement Ratio
(IR), calculated per Eq. 1, was employed to quantify the fail-
ure load enhancement rate of piles. The outcomes of these
improvement ratios are visually depicted in Fig. 6. As illus-
trated in Fig. 6, the IR% variations across different piles
with varying CG proportions are evident. Notably, for all
pile diameters, there is an obvious yet not statistically signif-
icant increase in IR% when CG is raised from 10 to 30%.
For instance, when comparing a 50 mm pile diameter in
clay, the Improvement Ratio (IR) increased from approx-
imately 110% with 10% CG addition to 257% with 50%
CG addition, relative to the unmodified clay baseline. The
trends remained relatively consistent within the CG addition

@ Springer



328 Page8of18

Multiscale and Multidisciplinary Modeling, Experiments and Design (2025) 8:328

Fig. 3 Details of input
parameters of each test in FEM
modelling
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Fig.4 a Meshing process in 2D; b Loading conditions in 3D; ¢ Pile modelling; d Soil properties (Test No. 1); and e A sample of failure load (Test

No. 1)

range of up to 30%. Remarkably, an evident surge in IR was
observed across all tests, with CG additions ranging from 30
to 50%. This surge is attributed to the heightened friction
between the clay and the piles induced by the presence of
CG.

An essential observation from these comparisons was the
influence of the effective weight of the piles. In lighter piles,
the influence of CG was notably more significant compared
to heavier piles. For instance, in the test with a diameter of
10 mm and CG content of 50%, the IR was approximately
650%. However, as the pile diameters increased, the corre-
sponding IR decreased proportionally. This decrease can be
attributed to the additional load required to uplift the heav-
ier piles. This detailed analysis highlights that while smaller
diameter piles exhibit a more significant improvement ratio
due to the higher relative influence of CG on the uplift capac-
ity, larger diameter piles show a diminishing IR due to their

greater inherent weight and load requirements. These find-
ings suggest that the effectiveness of CG stabilisation is more
pronounced in lighter and smaller diameter piles, empha-
sising the need for tailored approaches when applying CG
stabilisation across varying pile dimensions.

Improvemt ratio

_ Failure tensile load of improved samples

100% (1
Failure tensile load of pure clay x e (M

4.3 FEM modelling results

Failure load was assessed at lower, upper, and mixed-mode
levels using Oprum©? and Oprum@ software for numeri-
cal modelling. The numerical analysis tests revealed that
the disparity between lower and upper-bound tensile fail-
ure loads was approximately 10% to 18% when employing
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3D Surface Plot of Load vs CG% and Pile Diameter
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Fig.5 Three-dimensional surface plot depicting experimental failure
loads

the Optum® software (2-D modelling). This difference
increased from 15 to 23% when using the Optum® soft-
ware (3-D modelling). For instance, the measured tensile
loads were 14.62 N, 16.43 N, and 17.18 N for the lower,
upper, and mixed-mode. Consequently, based on the soft-
ware’s recommendation, the mixed mode was selected as the
representative tensile failure load.

Ones can note that observed disparities between the upper
bound and lower bound results in the FEM modelling of the
present study can be attributed to the variability in material

properties. Geotechnical characteristics, including cohesion,
friction angle, and other mechanical parameters, may exhibit
spatial variability in the field. Consequently, in FEM mod-
elling, distinct values for these properties in upper-bound
and lower-bound scenarios can result in divergent outcomes.
Another potential factor contributing to these differences
is geometrical variability. The geometry of the modelled
domain, encompassing the shape and dimensions of slopes or
foundations, can influence the results. Varied geometry rep-
resentations in upper and lower-bound analyses may lead to
discrepancies in the predicted outcomes (OptumG2, 2020).

4.4 Comparison between 2-D and 3-D failure load

Figure 7 illustrates a comparison of tensile failure load trends
among experimental results, 2D modelling (FEM 2D), and
3D modelling (FEM 3D). When CG% is zero (pure clay),
there is minimal difference between the experimental fail-
ure load and FEM modelling in both 2D and 3D, as evident
in Fig. 7, where all three dots are closely aligned. The dis-
parity between FEM modelling and experimental outcomes
becomes considerable with increased pile diameters and CG
content in the soil mixture, particularly at CG% values of
40% and 50%. These discrepancies arise because a higher
CG content in the soil causes the treated samples to behave
in more granular soils, such as sand, instead of clay.
Asdepicted in Fig. 7, the discrepancies between the points
(EXP, FEM 2D, and FEM 3D) become more pronounced due
to the transformation of the soil behaviour from clay-like to
more granular, resembling sand. This observation indicates
that FEM modelling loses its accuracy in estimating uplift

Comparison of |.R for Different CG% and D values
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s
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Fig. 6 Improvement Ratio of the tensile failure load
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Fig.7 Comparison between 2-D
and 3-D tensile failure load

loads when simulating experimental tests with a CG content
exceeding 40% in the present study.

Figure 8a illustrates the failure scenario depicting the
vertical displacement of TS-14, while Fig. 8b presents the
corresponding failure condition in FEM modelling. The
results of all tests confirmed the accuracy of the chosen
boundary conditions, as no displacements were observed
around the boundaries of the tested box. Notably, in all exper-
imental tests, the failure mechanism unfolded in a manner
where, as the uplift load increased, no vertical displacement
occurred. The piles withstood the forces with the aid of
their weight and the friction angles between the piles and
the improved clay. Precisely at the moment of failure, the
piles abruptly separated from the soil and rapidly moved
upward. For instance, the vertical displacement of the pile
in Fig. 8b occurred within just one second after the failure
event. Figure 8c and d show the other tests at the moment
of failure. This mechanism cannot be precisely replicated in
FEM modelling, both in 2D and 3D conditions.

@ EXp
@ FEM2D
@ FEM3D

Load (N)

4.5 Comparison of theoretical methods
for estimating pile uplift in practical field
applications

The practical implementation involved a group of sixteen
concrete piles arranged in a 4 x 4 configuration (Fig. 9).
Each pile had a diameter of 500 mm and a length of 2 m,
with centre-to-centre spacing of 2.5 times the pile diameter
(1.25 m). The reinforced concrete piles had a unit weight of
24 kN/m?. The group configuration resulted in overall dimen-
sions of 4.25 m x 4.25 m. The native soil consisted of soft
clay with C, of 10 kPa and a unit weight of 20 kN/m?3. The
soil improvement involved mixing with 50% crushed glass
(by volume), which resulted in enhanced C, of 18 kPa and
modified soil unit weight of 18 kN/m? due to the incorpora-
tion of crushed glass.

In our evaluation of pile group behaviour under tensile
loading, we analysed the combined effects of various resis-
tance mechanisms to determine the overall uplift capacity.
This theoretical assessment incorporated shaft resistance,
soil block weight, perimeter shear resistance, and pile
self-weight as the primary contributing factors. While these
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Fig.8 Vertical displacement of TS-14 at failure: a Experimental; b FEM; ¢ Failure moment of TS-12; and d failed pile (TS-18). (Note: Pile

dimensions are not scaled)

components represent the standard approach recommended
by reviewers and commonly used in practice, we acknowl-
edge that alternative calculation methods incorporating addi-
tional parameters such as group efficiency factors, soil
arching effects, or advanced numerical modelling could
provide further insights into pile group performance. The
following equations were applied to estimate the tensile
capacity:

e Individual pile shaft resistance

Or=axCyxmxdxH 2)

@ Springer

where « is the adhesion factor (0.5 for soft clay), C, is the
undrained shear strength, d is the pile diameter, and L is the
pile length.

e Soil block weight:

W,=B x L x H xv, 3)

where B and L are the group dimensions, H is the pile length,
and vys is the soil unit weight.

e Perimeter shear resistance:
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Fig.9 An example of the
practical implementation of the

group pile arrangement in the
field

425m

+—>

S=125m

Q,=23B +L)x H xC, “

e Pile weight:
d\2
W,,:nxrcx<§>xnyc 5)

where n is the number of piles and yc is the concrete unit
weight.

e The total uplift resistance was calculated as:

Qeotal = Z(Q; + W + Qp + Wp) (©)

Figure 10 depicts the comparison between tensile capacity
components. As seen from this Figure, the incorporation of
50% crushed glass into the clay soil demonstrated significant
but varying effects across different resistance components of
the pile group system. The most notable enhancement was
observed in the perimeter shear resistance, which increased
substantially from 340 to 612 kN, representing an 80%
improvement This dramatic increase can be attributed to the
enhanced C, of the soil-glass mixture, which improved from
10 to 18 kPa. Similarly, the individual pile shaft resistance
showed a considerable improvement, increasing from 251.20
kN to 452.80 kN (an 80% increase), directly correlating with
the enhanced soil strength properties. However, the soil block
weight component decreased from 722.50 kN to 650.25 kN
(a 10% reduction) due to the lower unit weight of the glass-
soil mixture (18 kN/m3) compared to the native clay (20
kN/m?). The pile weight remained constant at 150.80 kN,
independent of soil properties. Despite the reduction in soil

&« m

+—>

d=50cm

block weight, the overall tensile capacity of the pile group
increased by 401.35 kN (from 1464.50 kN to 1865.85 kN),
representing a 27.4% improvement. This net positive effect
demonstrates that the enhanced shear strength properties of
the glass-soil mixture more than compensate for the reduction
in soil weight, making crushed glass an effective, sustain-
able solution for improving pile group performance under
tensile loading conditions. The redistribution of resistance
components also indicates a shift towards more reliance on
shear strength parameters rather than gravitational effects,
potentially leading to more stable and predictable long-term
performance.

Several limitations should be considered when inter-
preting the results of this pile group analysis. Firstly, the
calculations assume perfect homogeneity in the glass-soil
mixture, which may not be achievable in field conditions
where mixing uniformity can vary significantly. The anal-
ysis also assumes a constant adhesion factor (a = 0.5) for
intact and improved soil conditions. However, this param-
eter might vary with the addition of crushed glass and
requires further experimental validation. The block failure
mechanism is considered perfect, without accounting for
potential variations in the failure surface or partial mobil-
isation effects. Additionally, the analysis does not consider
time-dependent behaviours, such as potential changes in soil-
glass interaction over time, effects of weathering on crushed
glass, or long-term settlement implications. Lastly, while the
C, improvement has been quantified, the analysis does not
address potential changes in other crucial soil parameters
such as internal friction angle, cohesion, and consolidation
characteristics, which could significantly influence long-term
performance.
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Comparison of Tensile Capacity Components
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Fig. 10 Comparison between tensile capacity components

4.6 Limitations and future work

While this study offers significant insights into the tensile
load capacity of single piles in Kaolin clay mixed with vary-
ing proportions of CG through controlled laboratory tests, itis
essential to note the limitations of this methodology. Labora-
tory environments do not always fully replicate the complex
and variable conditions of real-world field applications.
Factors such as fluctuating moisture content, temperature
variations, and other soil constituents may affect the per-
formance of CG-stabilised soils in ways that our laboratory
tests do not capture.

Future research should prioritise extensive field testing
to validate and extend the laboratory findings discussed in
this study. Field tests are essential to evaluate the perfor-
mance of CG-stabilised soils under a more comprehensive
array of environmental conditions and loading scenarios.
Moreover, long-term monitoring of these field tests would
provide valuable data on the durability and longevity of CG-
enhanced soil stabilisation techniques. Integrating field data
with our laboratory results will enable a more comprehensive
understanding of the behaviour and efficacy of CG-stabilised
soils. This approach ultimately leads to more robust and
reliable applications in geotechnical engineering, ensuring
that the benefits observed in controlled environments can be
translated into ‘buildable’ schemes (i.e., ‘from research to
reality’).

Future studies should investigate CG content exceeding
50% to establish upper feasibility thresholds, as our findings
show a significant transition from cohesive to granular soil
behaviour at higher CG percentages. Research should sys-
tematically quantify the relationship between CG content,

@ Springer

Perimeter shear Pile weight

pile diameter, and tensile capacity, particularly focusing on
the mechanisms driving enhanced skin friction. Additionally,
varying CG particle sizes and distributions should be eval-
uated to optimise soil-pile interface properties and develop
practical design guidelines for field applications.

In future research, careful consideration of the effects of
stress level is essential to bridge the gap between laboratory
models and field applications. The non-linear relationship
between confining pressure and soil mechanical behaviour,
particularly for mixed materials containing crushed glass,
warrants dedicated investigation using geotechnical cen-
trifuge testing or carefully calibrated numerical models that
can adequately account for stress-dependent stiffness, dila-
tion, and strength parameters.

Acknowledging that significant practical challenges exist
in implementing crushed glass improvement at depths
required for typical pile foundations is essential. While
our laboratory results demonstrate promising mechanical
behaviour of CG-clay composites, field implementation at
depths of 15-20 m represents a substantial engineering chal-
lenge. We propose that techniques similar to deep soil
mixing processes currently employed for cement and lime
stabilisation might be adapted for crushed glass applica-
tion. However, it remains unclear whether crushed glass
particles can be effectively distributed and integrated into
in-situ soils using existing equipment and methodologies
developed for cementitious materials. The physical prop-
erties of crushed glass, including particle angularity, size
distribution, and surface characteristics, differ substantially
from traditional stabilisers, potentially necessitating modi-
fied equipment or installation procedures. Additionally, the
economic and environmental costs of deep implementation
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need careful assessment against potential performance ben-
efits. For future research, we recommend: (a) pilot-scale
field trials investigating modified deep mixing equipment
designed explicitly for crushed glass application; (b) eval-
uation of different particle size distributions to optimise
workability during deep mixing processes; (c) development
of specialised installation procedures that account for the
unique properties of crushed glass; and (d) comprehen-
sive life-cycle assessment comparing the environmental and
economic impacts of crushed glass improvement against con-
ventional stabilisation methods at various implementation
depths.

5 Conclusions

This study comprehensively investigates the tensile failure
behaviour of single piles embedded in Kaolin clay-crushed
glass (CG) composite soil through rigorous physical mod-
elling and complementary finite element analysis. The exper-
imental program encompassed thirty meticulously controlled
physical model tests exploring the effects of CG content
(10-50% by weight) and pile diameter (10-50 cm) on ten-
sile capacity. All soil specimens were prepared following
standardised protocols to achieve uniform consistency with
a target C, of 10 kPa. Fundamental geotechnical charac-
terisation through direct shear and unconfined compression
testing revealed a significant transformation in soil behaviour
with increasing CG content, demonstrating a progressive
shift from predominantly cohesive to semi-granular mechan-
ical properties. Most notably, the incorporation of 50% CG
resulted in a remarkable enhancement of pile-soil interface
friction, yielding a 6.5-fold increase in tensile failure load
compared to unmodified clay, with the most pronounced
improvements observed for smaller diameter (10 cm) piles.

Complementary numerical analyses conducted using
Optum®? and Optum® finite element platforms provided a
valuable assessment of modeling accuracy for these innova-
tive composite soil systems. The three-dimensional analyses
consistently overestimated failure loads, suggesting poten-
tial limitations in capturing the complex interface behaviour
between concrete piles and glass-reinforced soil. In contrast,
two-dimensional models demonstrated superior alignment
with experimental measurements, offering a more reliable
predictive tool for practical applications. Extending the
investigation to pile group configurations through a case
study of a 4 x 4 pile arrangement further validated the
substantial benefits of CG inclusion, documenting a 27.4%
enhancement in overall tensile capacity. These findings col-
lectively establish crushed glass as a promising sustainable
material for improving pile foundation performance in cohe-
sive soils, with significant implications for geotechnical

design practice and construction waste management strate-
gies.
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