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Abstract

This study investigated the axial compressive behaviour of sustainable concrete-filled steel
tube (CFST) stub columns incorporating glass powder (GP) as a partial cement replacement
and nitrile rubber (NR) gloves as additive fibres. A detailed finite element (FE) model was
developed in Abaqus using the Concrete Damage Plasticity (CDP) model, in which modified
constitutive relationships were adopted to account for the effects of GP and NR fibres. The
numerical model was validated against 12 experimental stub columns. The validation
showed that the predicted ultimate loads were within 4% of the experimental values, and
that the load-axial strain behaviour and the failure modes showed good agreement with
the experimental results. A comprehensive parametric study comprising 96 FE models was
conducted to evaluate the influence of steel tube diameter, thickness, and yield strength,
along with different GP and NR fibre contents. The results indicated that although the
incorporation of GP and NR fibres reduced the compressive strength of unconfined concrete,
steel confinement significantly compensated for this loss. The confinement effectiveness
of steel tubes was found to be highly dependent on the diameter-to-thickness (D/t) ratio,
with lower D/t ratios providing stronger confinement, enhanced ductility, and improved
post-peak behaviour. Increasing tube thickness and steel yield strength markedly improved
axial capacity, energy absorption, and confinement efficiency, whereas larger diameters
increased strength but reduced ductility. A comparison with eight existing design codes
and empirical models showed that several empirical models provided close predictions
of the FE results, whereas some design codes either overestimated or underestimated the
FE-derived axial capacity of CFST columns incorporating GP and NR fibre concrete. Overall,
the study demonstrated that the combined use of GP and NR fibres in CFST columns is
structurally viable when adequate confinement is provided. The findings contribute to a
better understanding of the confinement behaviour of CFST columns incorporating GP
and NR fibres and provide theoretical insights into their axial capacity prediction, while
providing a foundation for the development of reliable material models for this novel
sustainable concrete in composite structures.
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1. Introduction

In the past few decades, due to excessive greenhouse gas emissions, global warming
and resource depletion, there has been a growing interest in improving the sustainability of
the construction industry. This is especially true in the context of concrete structures. With
an annual consumption of 30 billion tonnes, concrete is the most used construction material
in the world due to its versatility, durability, and low cost. Cement is a vital component of
concrete, which makes up around 15% of its mass but is responsible for around 90% of its
carbon footprint [1]. Cement, by itself, is responsible for 8% of global anthropogenic CO,
emissions [2,3]. On the other hand, solid waste disposal accounts for approximately 5% of
global CO, emissions, and the open burning of these waste materials further intensifies the
issue [4]. The use of recycled waste materials or industrial by-products as a partial cement
substitute in concrete is a viable strategy to introduce sustainability, as it reduces the use of
cement in concrete and thereby reduces its carbon footprint.

Researchers have extensively investigated the incorporation of various supplementary
cementitious materials (SCMs), such as fly ash, ground granulated blast furnace slag
(GGBEFS), and silica fume, as partial replacements for cement in concrete to reduce cement
consumption and enhance sustainability. A recent study reported that in the US, around
60% of ready-mix concrete contains SCMs [5]. While fly ash and GGBFS account for the
majority of SCMs currently used in concrete, the growing demand for SCMs, coupled with
the limited availability of these conventional materials, has prompted researchers to explore
alternative waste-derived SCMs [6]. In this context, waste glass has attracted growing
attention, as it constitutes a significant portion of global solid waste, with its disposal
posing an ongoing environmental challenge. Recent estimates indicate that approximately
200 million tonnes of waste glass are landfilled worldwide [7]. Although, from a theoretical
perspective, waste glass can be remelted and used to make new glass products, in reality,
recycling is often limited due to issues such as contamination, as well as the commingling
of different glass types and colours, which complicate the sorting and processing required
for recycling [8].

Waste glass powder (GP) as a partial cement replacement not only reduces landfilling
of waste glass but also helps in minimising the carbon footprint of cement. For a nominal
concrete mix with a total cement content of 550 kg/m?, replacing up to 30% of the cement
with GP reduces cement consumption by approximately 165 kg/m? and diverts an equivalent
amount of waste glass from landfill. Recycling one tonne of waste glass saves an equivalent
amount of raw materials, together with 19 L of oil, 42 kWh of energy, 3.4 kg of air pollutants,
and 1.5 m® of landfill space [4]. For 100 m® of concrete at 30% substitution level, this
corresponds to 16.5 tonnes of cement replaced with an equal amount of GP, and saves
approximately 25 m® of landfill space, 690 kWh of energy, 310 L of oil, and 56 kg of air
pollutants. Also, since the production of one tonne of cement releases approximately
0.8 to 1.0 tonne of CO,, and cement accounts for around 90% of the carbon footprint
of concrete [9-11], a 30% GP replacement could reduce the CO, emissions by 13.2 to
16.5 tonnes. Moreover, since glass contains a high percentage of amorphous silica and has
higher aspect ratios and a smoother texture compared to cement, it dissolves easily in the
highly alkaline environment of concrete. Consequently, GP has been widely investigated
as an SCM capable of inducing pozzolanic reactions [12]. The pozzolanic reactivity of GP
is strongly influenced by particle size. GP starts exhibiting noticeable reactivity when the
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particle size is below 75 pm [13]. Furthermore, Mirzahosseini and Riding [14] reported
that reducing particle size enhances pozzolanic activity. For instance, GP with a particle
size of 25 ym exhibits higher reactivity than that of 75 ym. In terms of compressive strength,
the optimal replacement level of GP as a partial substitute for cement varies across studies,
as it depends on several factors such as chemical composition, particle size distribution, and
the presence of contaminants. Nevertheless, most studies suggest an effective replacement
range of approximately 10% to 40% [15-20]. A comprehensive review by Jiang et al. [13]
indicated that within this range, compressive strength generally tends to decrease with
increasing GP content. Although high-strength concrete (HSC) has gained widespread
popularity in the construction industry due to its superior load-carrying capacity and
enhanced durability, it is inherently more brittle, with ductility decreasing as compressive
strength increases [21]. This remains a key limitation in structural applications where
energy dissipation and deformation capacity are critical.

The incorporation of fibres derived from waste materials in HSC presents a promising
strategy to address its inherent brittleness while advancing sustainability in the concrete
industry. In particular, nitrile rubber (NR) gloves constitute a significant and underutilised
waste stream, given their widespread global use as single-use protective equipment. These
gloves are manufactured from synthetic nitrile butadiene rubber, and the presence of
trace amounts of sulphur and nitrogen in their composition renders conventional chemi-
cal recycling methods such as pyrolysis and steam gasification largely ineffective [22,23].
Consequently, discarded NR gloves are predominantly disposed of in landfills or subjected
to incineration, the latter contributing to greenhouse gas emissions, including CO,. There-
fore, utilizing shredded NR gloves as additive fibres in concrete provides a dual benefit.
Mechanically, such fibres can enhance ductility and energy absorption capacity [24]. En-
vironmentally, this approach diverts waste from landfills and reduces carbon emissions
associated with incineration, thereby lowering the overall carbon footprint. Kilmartin-Lynch
et al. [25] were among the first to investigate the effects of shredded NR fibres in concrete,
reporting that the incorporation of a small dosage (0.1-0.3% by volume) can lead to an
improvement in compressive strength. Meanwhile, Ran et al. [26] observed that at relatively
higher fibre contents (0.5-2% by volume), NR fibres contribute to a significant enhancement
in fatigue resistance and overall deformability, along with a reduction in crack propaga-
tion. However, within this higher dosage range, a reduction in the compressive strength of
concrete was also reported.

To date, only one study, by the present authors [24], has investigated the combined use
of GP as a partial cement replacement and NR as additive fibres in concrete. In that study,
twelve different concrete mixes were experimentally evaluated, with GP contents ranging
from 10% to 30% and NR fibre contents from 0.5% to 1%. The results showed that the
individual incorporation of GP and NR fibres leads to a moderate reduction in compressive
strength, with the degree of strength loss increasing as the dosage of GP and NR fibres
increases. Furthermore, their combined use produced a compounded effect, resulting in a
more pronounced reduction in strength. To restore the loss of strength, Saleheen et al. [24]
also examined the application of steel confinement in GP and NR concrete. The confinement
provided by the steel tube is passive in nature, i.e., when the concrete core dilates under
compression, the outer steel tube constrains the dilation, thereby increasing the compressive
strength significantly [27]. Overall, GP and NR concrete with steel confinement showed
results comparable to those of the plain conventional concrete. Additionally, more than half
of the strength loss of unconfined concrete was recovered upon steel confinement. However,
the study was limited to a single steel tube geometry, which restricts the broader applicability
of the findings. The existing literature indicates that the effectiveness of confinement is
highly sensitive to parameters such as tube geometry (e.g., diameter and thickness), steel
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yield strength, and the compressive strength of the core concrete [28-31]. Furthermore,
there is currently no established constitutive or material model available for this novel
sustainable concrete incorporating GP and NR fibres.

Therefore, a critical research gap exists in understanding how variations in steel tube
geometry and steel material properties influence the confinement behaviour of GP, NR,
and GP-NR concrete, as well as in developing a reliable material model for predicting
its performance. To address this gap, the present study systematically investigates the
effects of different steel tube diameters, thicknesses, and yield strengths, alongside varying
GP and NR fibre contents, to provide a more comprehensive understanding of confined
behaviour and to support future modelling efforts. The novelty of this study lies in its
comprehensive finite element parametric investigation of sustainable concrete-filled steel
tubes incorporating waste glass powder and nitrile rubber fibres, where both the properties
of the infill concrete and the geometric and mechanical characteristics of the steel tube are
varied simultaneously. This study also develops and validates a finite element modelling
framework for predicting the structural response of these sustainable composite columns
with reasonable accuracy, providing insights into steel-concrete interaction and guidance
for their design and optimisation.

2. Summary of Experimental Results

To develop and validate the FE model for GP and NR fibre-based sustainable concrete-
filled steel tubular columns, an experimental study was previously conducted by the authors
of this study. The detailed methodology and results of that study can be found in Saleheen
et al. [24]. This section provides a brief overview of the experimental programme.

A total of 12 concrete mix variations were prepared. The control mix (C) consisted
of conventional raw materials (e.g., cement, sand, coarse aggregates, etc.) without any
recycled waste materials or fibre addition. The mixes GP10, GP20, and GP30 refer to concrete
in which glass powder (GP) was used as a partial cement replacement at levels of 10%,
20%, and 30% by weight, respectively. NO5 and N10 denote mixes incorporating nitrile
rubber (NR) fibres at 0.5% and 1.0% by volume of concrete, respectively. The GP-N mixes
represent hybrid combinations of both materials; for example, GP10-N05 corresponds to
a mix containing 10% GP replacement together with 0.5% NR fibre addition. The CFST
specimens consisted of 101.6 mm diameter steel tubes with a wall thickness of 3.2 mm and
a length of 204 mm. The tubes were cold-formed circular hollow sections of Grade C350L0
conforming to AS/NZS 1163 [32], with a yield strength of 350 MPa. For each batch of
concrete, along with one CFST stub column, three unconfined concrete cylinders of 100 mm
diameter and 200 mm height were also prepared. The concrete was placed in two layers,
and each layer was compacted with 25 strokes of a tamping rod. After 24 h of casting, the
specimens were wrapped in plastic and cured at room temperature for 28 days.

The axial compression tests on the CFST stub columns were carried out using a 400-ton
hydraulic compression-testing machine. As shown in Figure 1, to ensure uniform load
transfer, a 6 mm marine ply was placed at the top of the specimen. The axial load was
applied from the top of the specimens using a hydraulic load cell at a controlled low rate
of 1 mm/min. The axial deformation was measured using the testing machine’s built-
in displacement system and verified with an external laser displacement sensor, while
transverse deformations were recorded using two laser sensors positioned on opposite sides
of the specimen at mid-height. For local strain measurement, strain gauges were installed
at mid-height on opposite faces of the steel tube. The load cell, displacement sensors, and
strain gauges were integrated into a universal data acquisition system to continuously
record load, deformation, and strain throughout the test. A summary of the experimental
results, including the unconfined compressive strength of the concrete cylinders (f/) and
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the ultimate load-carrying capacity of the CFST stub columns (N,
Table 2.

Cross Section
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Steel confinement tube
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Upper loading plate

Horizontal
laser-2

Strain gauges
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Horizontal laser-1

Axial laser

I-.— Lower loading plate

/!
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(b)

Figure 1. CFST compression test setup. (a) General arrangement. (b) Schematic diagram [24].

All twelve confined specimens failed by outward local buckling of the steel tube

(elephant-foot buckling), which was most pronounced near the ends of the specimens (see

Figure 2). When the tubes were cut open after testing, the concrete core was found to be

crushed next to the buckled regions of the tube. The crushing core also pushed outwards

on the tube and caused bulging near mid-height The failure mode was the same for all

concrete mixes, so the addition of GP and NR fibres did not change the failure mode of the

confined specimens [24].

Figure 2. Failure mode of confined specimens [24].
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Figure 3 shows the experimental load—strain responses of all CFST specimens. The
strains were measured by two strain gauges attached at mid-height of the steel tube, and the
positive and negative strain values refer to the hoop strain and axial strain, respectively. All
specimens exhibited a steep initial response, with the load increasing rapidly with relatively
small increments in strain. Beyond the yield load, the rate of strain development increased,
with strain increasing more rapidly under comparatively small increments in load. After
reaching the peak load, the specimens exhibited different post-peak responses. While some
of the specimens exhibited a post-peak descending branch, others exhibited a relatively flat
plateau or strain-hardening behaviour. The latter responses became more pronounced with
increasing GP and NR fibre contents, which reduced the compressive strength of the infill
concrete and consequently influenced the post-peak response of the composite columns.
Due to the excessive deformation of the steel tube during the post-peak stage, some strain
gauges were damaged and ceased recording before completion of the tests. Consequently,
some of the load-strain curves terminate before the end of the test.

1000
(b)
L 800 b . BACI - - .
3 Wtz R A } “,f“"::,’,,'_“ RS R v
- S o | |
8 - = =GP10-N0O5 !
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Figure 3. Experimental load—strain response of the confined specimens. (a) C, GP, and N series.
(b) GP-N series [24].

3. Finite Element Modelling

The numerical investigation was carried out using the commercial finite element
software Abaqus. This section details the material constitutive models adopted for the
steel tube and concrete, along with a detailed description of the finite element modelling
methodology, including model development, interaction definitions, boundary conditions,
and analysis procedures implemented in Abaqus.

3.1. Material Models
3.1.1. Steel Tube

Different researchers have adopted different material models for steel. For example,
Schneider [33] adopted an elastic-perfectly plastic model with no strain hardening, whereas
Xiong and Zha [34], as well as Guo et al. [35], used elastic-plastic models with linear strain
hardening. In contrast, Abdel-Rahman and Sivakumaran [36] proposed an elastic—plastic
model with multilinear strain hardening. Since the axial load-deformation response of the
hollow steel tubes used in this study exhibited a bilinear trend with strain-hardening be-
haviour [24], an elastic—plastic constitutive model with linear strain hardening, as proposed
by Han and Huo [37], was adopted to model the steel material in Abaqus, as shown in
Figure 4b. The model consists of two distinct stages: a linear elastic stage (s < ssy) followed
by a plastic stage with linear hardening (s > esy). The stress—strain relationship is given
by Equation (1), where f,, is the yield strength of steel and ¢,,, is the corresponding strain,

expressed as fE—” The Young'’s modulus of elasticity (E,) of steel was taken as 200 GPa, the
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strain hardening modulus (E,) was taken as 0.01 x E,, and the Poisson’s ratio was taken as

0.3 [37,38].
E <
a={/sxe o M

sy+pr(£—ssy) £ > g

A
A B
- | OESS . —ecis; ~H—
Confined concrete i E,
I
I
1
o I
|
1
I
_Unconfined concrete E, ‘
1
|
> : .
€0 € o
c0 cc € gsy £
(a) (b)

Figure 4. Stress—strain model for (a) confined concrete (b) steel.

3.1.2. Infill Concrete

When CFST columns are subjected to monotonic axial compression, the infill concrete
undergoes lateral expansion and is restrained by the surrounding steel tube. This restraint
induces confining pressure on the concrete, resulting in a triaxial stress state that significantly
enhances both the strength and ductility of the infill concrete. As this confinement is
activated only after lateral expansion of the concrete, it is known as passive confinement.
This interaction between the steel tube and the concrete infill, commonly termed composite
action, also improves the overall structural performance.

a. Elastic Parameters

In Abaqus, the elastic behaviour of concrete is defined by two parameters: Young'’s
modulus of elasticity and Poisson’s ratio. For concrete without NR fibres, the modulus
of elasticity (E,) was determined using Equation (2), as recommended by ACI 318 [39].
However, for concrete with NR fibres, the modulus of elasticity (E ,,) was calculated using
Equation (3), proposed by Bompa et al. [40] for rubberised concrete.

The Poisson’s ratio of conventional concrete typically ranges from 0.15 to 0.22 [41,42].
Accordingly, for concrete without NR fibres, the Poisson’s ratio (v,.) was taken as 0.20. For
concrete containing NR fibres, a rule of mixtures was employed to estimate the effective
Poisson’s ratio, as shown in Equation (4), where V. and V,,, are the volume fractions of
concrete and NR fibres, respectively, and v, and v,,, are the Poisson’s ratios of concrete and
NR fibres, taken as 0.20 and 0.41, respectively [43].

E, = 4700\/f! (2)
A%

Ec,nr - 12(ﬁ (3)

VC,HT = VCVC + Vm'vnr (4)
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b.  Stress-Strain Relationship

In this study, the inelastic behaviour of infill concrete was modelled using the Concrete
Damage Plasticity (CDP) model of Abaqus, which combines plasticity theory with isotropic
damage to simulate the nonlinear behaviour of concrete. For CFST columns, the concrete
constitutive model should be capable of representing the composite action induced by
passive lateral confinement from the steel tube. However, previous studies have shown that
the hardening—softening behaviour derived from stress—strain relationships of unconfined
concrete is unable to accurately capture the response of passively confined concrete [44].
Consequently, different researchers have proposed various approaches to incorporate con-
finement effects. Hu et al. [45] adopted the model proposed by Mander et al. [46], which
employs empirical equations for confining pressure together with theoretical formulations
to account for the enhancement in strength and ductility due to confinement. Yu et al. [44]
introduced a confinement-dependent strain hardening—softening rule combined with a
modified flow rule to represent the passive confinement provided by FRP. However, this
approach requires specialised input data (e.g., axial-lateral strain relationships of concrete
under various confining pressures) that are not readily available [44,47,48]. Azad and
Uy [47] conducted a series of numerical simulations based on existing confinement models
reported in the literature [45,48-51], and concluded that the confined concrete model pro-
posed by Tao et al. [48] showed the best agreement with experimental results. Accordingly,
the confined concrete model developed by Tao et al. [48] was adopted in this study to define
the constitutive behaviour of the infill concrete. In this model, the confinement provided
by the steel tube is reflected through the enhanced ductility and the modified post-peak
response of the concrete.

As shown in Figure 4a, the confined concrete model proposed by Tao et al. [48] consists
of three distinct stages. Owing to the difference in Poisson’s ratios of steel and concrete,
initially there is little to no interaction between the steel tube and the concrete core. At
low axial strains, the concrete exhibits smaller lateral expansion than the steel, resulting
in negligible or no confinement. As the axial strain increases, the lateral expansion of
the concrete exceeds that of the steel tube, activating the confinement effect. Therefore,
Tao et al. [48] suggested that the stress—strain relationship of unconfined concrete can be
adopted for the initial ascending branch (OA) of the curve. For the control concrete and
glass powder concrete, the model proposed by Samani and Attard [52] was adopted to
define the initial ascending branch (OA) of the stress—strain curve, as given in Equation
(5), where X = Sico,A = E};C", and B = (1?);?2
compression (€) is calculated according to Equation (6), given by De Nicolo et al. [53].

Previous studies have demonstrated that the incorporation of rubber significantly
alters the stress—strain behaviour of concrete [54,55]. At present, no constitutive models

— 1. The strain at peak stress under uniaxial

are available specifically for NR fibre concrete. Therefore, in this study, the stress—strain
relationship developed by Bompa et al. [40] for rubberised concrete containing crumb
rubber particles was adopted to represent the stress—strain behaviour of NR fibre concrete.

Accordingly, the OA portion of the curve for concrete containing NR fibres was calculated
0.3xf!
E

peak axial stress (& ,,) of NR fibre concrete was determined using Equgifrion (8), where

. The strain at

using Equation (7), where the elastic strain of NR fibre concrete ¢,; ,,, =

0p 1y is the volumetric percentage of NR fibres in concrete.

o A-X + B-X? 0<e< 5)
— = &
fl T 1+A-2)X+ B+1X2 =

£co = 0.00076 + /(0.626f! — 4.33) x 10~ (6)
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{ Enr X E, 0<e < gnr,el
U= | 5( € €etnr €—&elnr 2 8111’,61 <e S 8711’,60 (7)
fC|:§< ECO,nr ) - ( Sc(),nr ) + 0.3:|’
ecO,nr = (1 - pv,nr) x 0.7 Xfc,0.31 (8)
P f 0.3124+0.002f;
<€ — ok, k= (29224 — 0.00367f,) (ﬁ> 9)
€0 fc
_ D
(1+0.027f,, ) x e™%2%
fB = 4.8 (10)
1+ 1.6e710 x f!
’ €— & p
7= f+ (= few| (=) (1)
f,=07(1 — e 138)f (12)

In the second stage, the enhanced peak strain (e..) at point B was calculated using
Equation (9), as proposed by Samani and Attard [52]. In this formulation, f; represents
the confining stress at point B, which can be calculated using Equation (10). For NR fibre
concrete, in Equation (9), ., was replaced with ¢ ,,, to account for the influence of NR
fibres, which enhance the deformability and peak strain capacity of the concrete. The
descending branch (BC) of the stress—strain curve was determined using Equation (11),
as proposed by Binici [56]. The residual strength of confined concrete (f,) was calculated

Adfs
as per Equation (12), in which the confinement factor ¢, = A%f‘,”, where A, and A, are the
cross-sectional areas of the steel tube and concrete core, respectively [29].

c.  Plasticity parameters for CDP model

The key plasticity parameters of the CDP model in Abaqus include the dilation angle
(1), ratio of the second stress invariant on the tensile meridian to that on the compressive
meridian (k.), flow potential eccentricity (e), ratio of the compressive strength under
biaxial loading to uniaxial compressive strength (f,o/f. ), and viscosity parameter. Although
constant values for these parameters have been adopted in previous studies [51], Tao
et al. [48] suggested that, due to the complex behaviour of passively confined concrete,
using constant values may not adequately represent the material behaviour in all scenarios.
Therefore, different values were adopted in this study for different concrete mixes to more
accurately capture the confinement effects.

Typical values of the dilation angle range from 20° to 30° [57]. However, dilation angles
as high as 40-55° have been reported for high-strength concrete, while values as low as
10-15° have been adopted for rubberised concrete [58,59]. An increase in the dilation angle
leads to greater volumetric expansion of concrete, thereby enhancing the interaction between
the steel tube and the concrete core and resulting in higher axial capacity or peak load [57].
Moreover, Elchalakani et al. [57] reported that reducing the k. value leads to an increase
in both the peak load and residual strength of CFST specimens. Since ¢ and k, values
cannot be directly measured in standard material tests, previous studies have determined
the ¢ and k. values through a sensitivity analysis or calibration against test results [60-63].
A similar approach was used in this study, where ¢ and k. were determined through a
sensitivity analysis for each of the 12 concrete batches. The final values were selected based
on the agreement between the FE predictions and the corresponding experimental peak
load and load-strain responses and are shown in Table 1. Overall, a decreasing trend in the
dilation angle was observed with decreasing concrete strength and increasing rubber fibre
content, which aligns with the findings of the existing literature [64]. Unlike the dilation
angle, relatively small variations in k, were required across the 12 concrete batches. The
adopted k. values ranged from 0.75 to 0.80. Additionally, in this study, f;o/f. was determined
using the empirical expression proposed by Papanikolaou and Kappos [65], as given in
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Equation (13). The flow potential eccentricity was set at 0.1 and a small value of 0.002 was
selected for the viscosity parameter.

fo _ 15, fi00 (13)

fe

Table 1. Plasticity parameters of the CDP model.

; : Viscosity

Concrete Type  f (MPa) Y k. foolf. e Parameter
C 62 23 0.79 1.101 0.1 0.002
GP10 53 18 0.78 1.114 0.1 0.002
GP20 51 17 0.79 1.117 0.1 0.002
GP30 50 12 0.78 1.119 0.1 0.002
NO05 53 21 0.75 1.114 0.1 0.002
N10 49 21 0.75 1.120 0.1 0.002
GP10-N05 53 13 0.76 1.114 0.1 0.002
GP10-N10 52 13 0.76 1.115 0.1 0.002
GP20-N05 48 10.5 0.8 1.122 0.1 0.002
GP20-N10 46 10.5 0.78 1.126 0.1 0.002
GP30-N05 45 10.5 0.79 1.128 0.1 0.002
GP30-N10 42 9 0.79 1.133 0.1 0.002

3.2. Element Type and Mesh Sensitivity

One of the most critical steps in FE analysis is the accurate development of the physical
model of the CFST specimens, as the reliability of the numerical results strongly depends
on how realistically the CFST specimens are represented in the model. In this study, two
different types of elements were used. The concrete core was modelled using eight-node
brick elements with reduced integration (C3D8R), while the steel tube was modelled using
four-node reduced integration shell elements (S4R). Shell elements were selected for the
steel tube because they are capable of accurately capturing local buckling behaviour of
thin-walled steel tubes while maintaining reasonable computational efficiency [66].

To identify an optimal mesh size that ensures adequate accuracy with reasonable
computational efficiency, a mesh sensitivity analysis was conducted. Several mesh sizes
were examined, namely D/5, D/10, D/15, and D/20, where D denotes the outer diameter of
the CFST specimens. The corresponding peak loads were 838 kN, 851 kN, 859 kN, and 861
kN, respectively. As shown in Figure 5, the load-strain response for mesh sizes D/15 and
D/20 is almost identical, and the difference in peak load is only 0.2%. Therefore, further
mesh refinement was considered unnecessary, and a mesh size of D/15 was adopted as
an optimal compromise between accuracy and computational efficiency. This mesh size is
similar to (or finer than) those used in previous studies [62,67,68], which further supports
the suitability of the selected mesh. As reported in the literature [48,66,69], the effects of
residual stresses and initial geometric imperfections for CFST stub columns are insignificant,
and the concrete infill minimises their effect. Therefore, they were not included in the FE
models in this study. Lastly, since reduced integration elements were adopted for both the
infill concrete and steel tube, the artificial strain energy ratio was monitored throughout
each analysis. The ratio remained below 5% for all models, indicating that hour-glassing
had negligible influence on the FE model responses.
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Figure 5. Load-strain graph for different mesh sizes.

3.3. Interaction, Boundary Condition, and Load

The interaction between the concrete core and the steel tube was modelled using a
surface-to-surface contact formulation available in the Abaqus library. The steel tube was
defined as the master surface, while the concrete was defined as the slave surface. For the
normal contact behaviour, a “hard contact” formulation was adopted, allowing separation
after contact. A Coulomb friction model was employed to simulate the tangential behaviour
of the steel-concrete interface. Previous studies have reported that the friction coefficient
between steel and concrete typically ranges from 0.25 to 0.6 [33,51,70,71]. Accordingly, a
sensitivity analysis was conducted using four commonly adopted values: 0.25, 0.30, 0.50,
and 0.60. The resulting load—axial strain curves were almost identical, with negligible
differences in initial stiffness, ultimate load, and post-peak behaviour. This finding is
consistent with Tao et al. [48], who reported that the behaviour of CFST stub columns is
not sensitive to the friction coefficient when the steel tube and the infill concrete are loaded
simultaneously. Therefore, a friction coefficient of 0.5 was adopted in this study, following
the recommendations of Kumar et al. [72] and Ding et al. [62]. This value lies towards the
upper bound of the commonly reported range and has been shown to improve numerical
convergence compared with lower-bound values [73].

As shown in Figure 6, two reference points (RPs) were created near the top and
bottom ends of the specimens, and rigid body constraints were used to tie each RP to the
corresponding steel tube and concrete core surfaces. The bottom RP was fully restrained
against all six translational and rotational degrees of freedom (DOFs). The top RP was
restrained against all DOFs except the vertical translational DOF, along which the axial
load was applied. The loading was applied in a displacement-controlled mode in small
increments, consistent with the experimental loading conditions.
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Figure 6. Details of the finite element model.

4. Validation of FE Modelling

To ensure the reliability of the FE models, the numerical results were validated against
the experimental data reported in Saleheen et al. [24]. In total, results from 12 specimens
were used for validation, including one control specimen; three specimens incorporating
GP as partial cement replacement at levels of 10%, 20%, and 30%; two specimens containing
NR fibres with fibre contents of 0.5% and 1.0%; and six specimens combining GP and
NR fibres.

Three key parameters were selected for validation, namely ultimate load, failure mode,
and load-axial strain relationships. In the experimental test setup, a 6 mm marine ply was
placed between the loading plate and the top of the CFST specimen to ensure uniform
load distribution. Consequently, the global load-deformation curves reported in Saleheen
et al. [24] include the deformation of both the CFST specimen and the marine ply. This
resulted in deformation values that were larger than the actual deformation of the CFST

columns and therefore unsuitable for direct comparison with the numerical results. Thus,
the numerical load—-axial strain responses were used for validation and compared with the
corresponding experimental results. The experimental strain values presented in Saleheen
et al. [24] were obtained from strain gauges attached near the mid-height of the outer steel
tube. Accordingly, strains in the numerical models were extracted from the same location.
In addition, the ultimate load-carrying capacity and the failure mode of the specimens were
also compared to further assess the accuracy of the FE models.
The ultimate load of the specimen was defined as the peak load attained within
an axial strain limit of 5%. Table 2 reports the ultimate load obtained from FE analysis
N, rg, the experimentally measured ultimate load N,, ,,,,, and the ratio of ultimate load
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derived from FE and experiments N, /N ey The ratio N, pg /N wexp TANGES from 0.96 to
1.00, with a mean value of 0.98 and a coefficient of variation (COV) of 1.36%, indicating
close agreement between the FE predictions and the experimental results. The mean
absolute error (MAE), root mean square error (RMSE), and mean absolute percentage error
(MAPE) are 17.6 kN, 20.3 kN, and 2.14%, respectively. Moreover, as shown in Figure 7, the
load-axial strain curves obtained from the FE analysis showed good correlation with the
experimental results.

Table 2. Details of validated specimens.

. ' Diameter Height Thickness
Specimen f, (MPa) (mm) (mm) (mm) Nyexy (KN) N, pp (KN) Nu/FE/Nu,exp
C 62 101.6 204 3.2 893 859 0.96
GP10 53 101.6 204 3.2 817 797 0.98
GP20 51 101.6 204 3.2 803 780 0.97
GP30 50 101.6 204 3.2 775 759 0.98
NO05 53 101.6 204 3.2 862 834 0.97
N10 49 101.6 204 3.2 848 817 0.96
GP10-N05 53 101.6 204 3.2 806 785 0.97
GP10-N10 52 101.6 204 3.2 798 781 0.98
GP20-N05 48 101.6 204 3.2 752 744 0.99
GP20-N10 46 101.6 204 3.2 740 738 1.00
GP30-N05 45 101.6 204 3.2 739 731 0.99
GP30-N10 42 101.6 204 3.2 708 711 1.00
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Figure 7. Comparison of load-axial strain curves of experimental and FE models.
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Local Buckling of

During the experiments, the CFST specimens predominantly failed through outward
local buckling of the steel tubes (elephant-foot buckling) near the top and bottom ends. In
addition, bulging of the concrete core was observed near the mid-height of the specimens,
indicative of a drum-like failure mode. In the FE analysis, the failure mode was identified
by examining the stress distribution, deformed shape, and the localisation of plastic strain.
Figure 8 compares the experimentally observed and numerically predicted failure patterns.
Similarly to the experimental observations, the FE models demonstrated outward local
buckling of the steel tubes near the top and bottom ends and drum-like bulging of the
concrete core near the mid-height of the specimens. This close agreement indicates that the
FE models in this study are capable of simulating the observed experimental behaviour with
reasonable accuracy. Moreover, the ultimate load and load-axial strain results show that
the combined constitutive relationships proposed by Tao et al. [48] and Bompa et al. [40]
for infill concrete provide a reasonable representation of GP and NR fibre concrete in
CFST columns.

Bulging of concrete I
1
core T

Steel tube

Figure 8. Comparison of typical failure modes of experimental and FE models.

5. Parametric Studies

In order to investigate the effects of key geometric and material parameters on the
axial compressive behaviour of GP and NR fibre-based sustainable concrete-filled steel
tubes, a comprehensive parametric study was conducted using the FE models validated
in Section 4. All numerical models were developed in accordance with the modelling
procedures outlined in Section 3.

In this study, a total of 96 FE models were analysed. The parametric study was struc-
tured into three groups to systematically evaluate the effects of steel tube diameter (D),
thickness (t), and yield strength. In addition to the variation in steel parameters, twelve
different concrete compositions were considered, incorporating varying percentages of GP
and NR fibres, both independently and in hybrid combinations. This approach enabled a
comprehensive assessment of the combined influence of steel confinement characteristics
and sustainable concrete modifications on the axial compressive performance of CFST stub
columns. In Group 1, the influence of steel tube diameter was investigated by maintaining
a constant tube thickness of 3.2 mm and varying the outer diameter. Four diameters were
considered: 76.1 mm, 101.6 mm, 165.1 mm, and 219.1 mm. Group 2 examined the effect of
tube thickness while keeping D constant at 101.6 mm. Three thicknesses were considered,
namely 1.15 mm, 3.2 mm, and 6.7 mm. In both Groups 1 and 2, the yield strength of the
steel tube was kept at 350 MPa. In Group 3, the effect of steel yield strength was evaluated
by varying f,, from 250 MPa to 450 MPa, while all other parameters were kept constant.
Since the present study focuses on the behaviour of stub columns incorporating GP and
NR fibre concrete, the length-to-diameter (L/D) ratio was maintained at 2 for all models to
eliminate global buckling effects [74,75]. Table 3 summarises the details of the parametric
study, including the key parameters and their corresponding ranges.
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Table 3. Details of parametric study model parameters.

Specimens Dzilnn:;;er Th(llil;il; S8 P(I::il;t D/t L/D fsy (MPa) é\{("l\Ff) f..f.
Group 1,D
D76, C 76.1 3.2 153 23.8 2 350 572 2.03
D76, GP10 76.1 3.2 153 23.8 2 350 538 2.25
D76, GP20 76.1 3.2 153 23.8 2 350 526 2.28
D76, GP30 76.1 3.2 153 23.8 2 350 511 2.26
D76, NO5 76.1 3.2 153 23.8 2 350 563 2.32
D76, N10 76.1 3.2 153 23.8 2 350 555 2.52
D76, GP10-N05 76.1 3.2 153 23.8 2 350 528 2.21
D76, GP10-N10 76.1 3.2 153 23.8 2 350 526 2.23
D76, GP20-N05 76.1 3.2 153 23.8 2 350 499 2.30
D76, GP20-N10 76.1 3.2 153 23.8 2 350 496 2.37
D76, GP30-N05 76.1 3.2 153 23.8 2 350 492 242
D76, GP30-N10 76.1 3.2 153 23.8 2 350 479 2.49
D101, C 101.6 3.2 204 31.8 2 350 859 1.71
D101, GP10 101.6 3.2 204 31.8 2 350 797 1.87
D101, GP20 101.6 3.2 204 31.8 2 350 780 1.90
D101, GP30 101.6 3.2 204 31.8 2 350 759 1.89
D101, NO5 101.6 3.2 204 31.8 2 350 834 1.93
D101, N10 101.6 3.2 204 31.8 2 350 817 2.08
D101, GP10-N05 101.6 3.2 204 31.8 2 350 785 1.84
D101, GP10-N10 101.6 3.2 204 31.8 2 350 781 1.86
D101, GP20-N05 101.6 3.2 204 31.8 2 350 744 1.93
D101, GP20-N10 101.6 3.2 204 31.8 2 350 738 1.98
D101, GP30-N05 101.6 3.2 204 31.8 2 350 731 2.02
D101, GP30-N10 101.6 3.2 204 31.8 2 350 711 2.08
D165, C 165.1 3.2 331 51.6 2 350 1845 1.39
D165, GP10 165.1 3.2 331 51.6 2 350 1669 1.48
D165, GP20 165.1 3.2 331 51.6 2 350 1627 1.50
D165, GP30 165.1 3.2 331 51.6 2 350 1597 1.50
D165, NO5 165.1 3.2 331 51.6 2 350 1702 1.49
D165, N10 165.1 3.2 331 51.6 2 350 1639 1.58
D165 GP10-N05 165.1 3.2 331 51.6 2 350 1659 1.47
D165, GP10-N10 165.1 3.2 331 51.6 2 350 1641 1.48
D165, GP20-N05 165.1 3.2 331 51.6 2 350 1556 1.53
D165, GP20-N10 165.1 3.2 331 51.6 2 350 1518 1.54
D165, GP30-N05 165.1 3.2 331 51.6 2 350 1502 1.57
D165, GP30-N10 165.1 3.2 331 51.6 2 350 1441 1.59
D219, C 219.1 3.2 439 68.5 2 350 2992 1.28
D219, GP10 219.1 3.2 439 68.5 2 350 2695 1.36
D219, GP20 219.1 3.2 439 68.5 2 350 2610 1.37
D219, GP30 219.1 3.2 439 68.5 2 350 2565 1.37
D219, NO5 219.1 3.2 439 68.5 2 350 2733 1.36
D219, N10 219.1 32 439 68.5 2 350 2572 1.41
D219, GP10-N05 219.1 3.2 439 68.5 2 350 2679 1.35
D219, GP10-N10 219.1 3.2 439 68.5 2 350 2647 1.35
D219, GP20-N05 219.1 3.2 439 68.5 2 350 2488 1.39
D219, GP20-N10 219.1 3.2 439 68.5 2 350 2435 1.40
D219, GP30-N05 219.1 3.2 439 68.5 2 350 2397 1.42
D219, GP30-N10 219.1 3.2 439 68.5 2 350 2295 1.44
Group 2, t
t=1.15C 101.6 1.15 204 88.3 2 350 629 1.25
t=1.15, GP10 101.6 1.15 204 88.3 2 350 540 1.27
t=1.15, GP20 101.6 1.15 204 88.3 2 350 542 1.32
t=1.15, GP30 101.6 1.15 204 88.3 2 350 533 1.32
t =1.15, N05 101.6 1.15 204 88.3 2 350 558 1.29
t=1.15, N10 101.6 1.15 204 88.3 2 350 533 1.35
t = 1.15, GP10-N05 101.6 1.15 204 88.3 2 350 555 1.30
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Table 3. Cont.
Specimens Dz?:;;er leg::; sS Iillf;rg:;t D/t L/D fsy (MPa) évkli\?) o /f;
t = 1.15, GP10-N10 101.6 1.15 204 88.3 2 350 548 1.30
t = 1.15, GP20-NO05 101.6 1.15 204 88.3 2 350 514 1.33
t =1.15, GP20-N10 101.6 1.15 204 88.3 2 350 500 1.34
t = 1.15, GP30-N05 101.6 1.15 204 88.3 2 350 492 1.36
t =1.15, GP30-N10 101.6 1.15 204 88.3 2 350 468 1.37
t=3.2,C 101.6 3.2 204 31.8 2 350 859 1.71
t=23.2,GP10 101.6 3.2 204 31.8 2 350 797 1.87
t=23.2, GP20 101.6 3.2 204 31.8 2 350 780 1.90
t=3.2, GP30 101.6 3.2 204 31.8 2 350 759 1.89
t=23.2,N05 101.6 32 204 31.8 2 350 834 1.93
t=23.2,N10 101.6 3.2 204 31.8 2 350 817 2.08
t = 3.2, GP10-NO05 101.6 3.2 204 31.8 2 350 785 1.84
t = 3.2, GP10-N10 101.6 3.2 204 31.8 2 350 781 1.86
t = 3.2, GP20-N05 101.6 3.2 204 31.8 2 350 744 1.93
t = 3.2, GP20-N10 101.6 3.2 204 31.8 2 350 738 1.98
t = 3.2, GP30-N05 101.6 32 204 31.8 2 350 731 2.02
t = 3.2, GP30-N10 101.6 3.2 204 31.8 2 350 711 2.08
t=6.7,C 101.6 6.7 204 15.2 2 350 1334 2.66
t=6.7, GP10 101.6 6.7 204 15.2 2 350 1269 2.98
t=6.7, GP20 101.6 6.7 204 15.2 2 350 1242 3.02
t=6.7, GP30 101.6 6.7 204 15.2 2 350 1201 2.98
t=6.7,N05 101.6 6.7 204 15.2 2 350 1331 3.08
t=6.7,N10 101.6 6.7 204 15.2 2 350 1323 3.36
t = 6.7, GP10-N05 101.6 6.7 204 15.2 2 350 1208 2.83
t =6.7, GP10-N10 101.6 6.7 204 15.2 2 350 1233 2.93
t = 6.7, GP20-N05 101.6 6.7 204 15.2 2 350 1175 3.04
t = 6.7, GP20-N10 101.6 6.7 204 15.2 2 350 1171 3.14
t = 6.7, GP30-N05 101.6 6.7 204 15.2 2 350 1162 3.21
t = 6.7, GP30-N10 101.6 6.7 204 15.2 2 350 1135 3.31
Group 3, f,,
fsy =250, C 101.6 3.2 204 31.8 2 250 724 1.44
fsy = 250, GP10 101.6 3.2 204 31.8 2 250 666 1.56
fsy =250, GP20 101.6 3.2 204 31.8 2 250 648 1.58
fsy = 250, GP30 101.6 3.2 204 31.8 2 250 631 1.57
foy =250, NO5 101.6 3.2 204 31.8 2 250 683 1.58
fsy =250, N10 101.6 3.2 204 31.8 2 250 667 1.70
fsy = 250, GP10-N05 101.6 3.2 204 31.8 2 250 657 1.54
fsy = 250, GP10-N10 101.6 3.2 204 31.8 2 250 652 1.55
fs = 250, GP20-N05 101.6 32 204 31.8 2 250 616 1.60
fsy = 250, GP20-N10 101.6 3.2 204 31.8 2 250 607 1.63
fs = 250, GP30-N05 101.6 32 204 31.8 2 250 600 1.66
fsy = 250, GP30-N10 101.6 3.2 204 31.8 2 250 580 1.69
f, =350,C 101.6 32 204 31.8 2 350 859 1.71
fy = 350, GP10 101.6 3.2 204 31.8 2 350 797 1.87
foy =350, GP20 101.6 32 204 31.8 2 350 780 1.90
fs =350, GP30 101.6 3.2 204 31.8 2 350 759 1.89
foy = 350, NO5 101.6 32 204 31.8 2 350 834 1.93
fsy =350, N10 101.6 3.2 204 31.8 2 350 817 2.08
fs = 350, GP10-N05 101.6 3.2 204 31.8 2 350 785 1.84
fsy = 350, GP10-N10 101.6 3.2 204 31.8 2 350 781 1.86
fsy = 350, GP20-N05 101.6 3.2 204 31.8 2 350 744 1.93
fsy = 350, GP20-N10 101.6 3.2 204 31.8 2 350 738 1.98
fsy = 350, GP30-N05 101.6 3.2 204 31.8 2 350 731 2.02
fsy = 350, GP30-N10 101.6 3.2 204 31.8 2 350 711 2.08
fsy =450, C 101.6 3.2 204 31.8 2 450 992 1.98
f;y =450, GP10 101.6 3.2 204 31.8 2 450 931 2.18
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Table 3. Cont.

. Diameter Thickness Height N, re :
Specimens (mm) (mm) (mm) D/t L/D fsy (MPa) (KN i
foy =450, GP20 101.6 3.2 204 31.8 2 450 909 221
foy =450, GP30 101.6 3.2 204 31.8 2 450 885 2.20
foy =450, NO5 101.6 3.2 204 31.8 2 450 971 2.25
fsy =450, N10 101.6 32 204 31.8 2 450 954 242
fsy = 450, GP10-N05 101.6 3.2 204 31.8 2 450 912 2.14
fsy = 450, GP10-N10 101.6 32 204 31.8 2 450 907 2.16
fsy = 450, GP20-N05 101.6 3.2 204 31.8 2 450 865 224
foy = 450, GP20-N10 101.6 3.2 204 31.8 2 450 862 2.31
fsy = 450, GP30-N05 101.6 3.2 204 31.8 2 450 850 2.35
foy = 450, GP30-N10 101.6 3.2 204 31.8 2 450 830 242

Note: Although 120 models are listed in this Table, a total of 96 unique FE models were analysed in
this study. The baseline series (D = 101.6 mm, t = 3.2 mm, and f,, = 350 MPa) is repeated in each
group to enable direct comparison across the three parameters investigated.

6. Results of Parametric Studies
6.1. Performance Indices

To gain better insight into the influence of different geometrical and material properties
on GP and NR fibre-based sustainable CFST columns, several performance indices were
adopted in this study. The ultimateload (N, rr) was defined as the peak load attained within
an axial strain limit of 5% [24,76,77]. f.. is the peak stress of the confined concrete columns,
calculated by dividing N,, ¢ by the total cross-sectional area of the columns (A + A.). The
strength enhancement due to confining the concrete by steel tubes was quantified using
the strength enhancement ratio (f,./f.) and strength index (SI). The strength enhancement
ratio (f../f;) is the ratio of peak stress of confined concrete columns (f,,.) to the compressive
strength of unconfined concrete (f.). The SI coefficient is defined in Equation (14) [78],
where N, pr is the ultimate load of the composite columns derived from FE analysis, and
Adfsy + Afd is the sectional capacity of the composite column. The Steel Contribution Ratio
(SCR) and Concrete Contribution Ratio (CCR) were employed to quantify the respective
contributions of the steel tube and the concrete core to the ultimate axial load-carrying
capacity of the CFST columns. The SCR and CCR can be determined using Equations (15)
and (16), respectively, where N, and N_,, are the axial loads carried by the steel tube and
concrete core, respectively [66].

Before reaching the plastic region, the CFST columns exhibited predominantly linear
behaviour. Therefore, the initial compressive stiffness (EA) of the columns can be defined
as the secant modulus corresponding to 0.4N,, pr. This approach has been widely adopted
for evaluating the axial compressive stiffness of composite columns [38,79].

To evaluate the energy absorption behaviour, the elastic energy absorption capacity
(E,) was adopted in this study. The area under the load—-deformation curve in the pre-peak
region, from the initial loading stage to 75% of N, rr and the corresponding deformation
(M50, ), was used to calculate the E,, as expressed in Equation (17) [80]. Lastly, in this study,
the ductility of the confined columns was quantified using an energy-based ductility index
(u), as proposed by Duarte et al. [64] and expressed as u. = E./E,, where E. and E, denote
the energy corresponding to the peak and yield loads, respectively. The peak load was
taken as the highest load attained within an axial strain limit of 5%, and the yield load
was taken at around 75% of the peak load [24,38,76,77,81,82]. The absorbed energy was
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calculated as the area enclosed beneath the axial load—deformation curve, which can be
expressed as: E = [ F du.

g = — Nure (14)
Adsy + AL
N
SCR = —=u_ (15)
u,FE
N
CCR = —ev (16)
u,FE
1
E = E(N75%u,FE x Azso,) (17)

6.2. Analysis of Load—Deformation Curve

The axial response of the CFST columns can be broadly divided into three stages. In the
initial linear-elastic stage, the load—deformation curve exhibits a steep initial slope. During
this stage, the steel tube and the concrete core carry the axial load largely independently, and
the load increases linearly with increasing axial deformation. The second stage corresponds
to the elastic—plastic transition. At this stage, microcracking initiates in the concrete core
and the concrete begins to expand laterally. This volumetric expansion activates the con-
finement effect provided by the surrounding steel tube. As a result of this confinement, the
average longitudinal stress in the concrete cross-section exceeds the unconfined compressive

strength f/.
A dimensionless parameter, the confinement factor (¢), was used to quantify the level of
A 5 . .
confinement, which is defined as { = Ai;’/. Depending on the level of confinement, the post-

peak behaviour of the columns can be broadly classified into three categories (see Figure 9).
Type 1 behaviour occurs when the confinement factor ¢ < ¢,, where the load-deformation
curve exhibits a descending branch after reaching the peak load, indicating strain-softening
behaviour. When ¢ = ¢,, the column demonstrates perfectly plastic behaviour, characterised
by a relatively stable plateau in the load-deformation response following the peak load. In
contrast, Type 3 behaviour is observed when ¢ > ¢,, where the post-peak response shows a
strain-hardening trend, with the load continuing to increase with increasing deformation
due to the strong confinement effect provided by the steel tube. Han et al. [29] proposed
that for circular CFST specimens, the value of ¢, is around 1.1, which was in agreement
with the findings of this study.

Type 3 (¢ > $,)

Type 2 (§ = ¢,)

Type 1(§ <$,)

Axial Load

v

Axial deformation

Figure 9. Axial load-deformation behaviour.
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6.3. Influence of Steel Tube Diameter (D)

The axial load-deformation curves of Group 1 specimens with different types of infill
concrete (e.g., C, GP, N, combined GP-N) are shown in Figure 10. As shown in Figure 11, the
initial stiffness of the CFST columns increased with increasing D. For instance, in the D76,C
specimen, the EA was 290 x 103 kN, which increased by 60%, 268%, and 508%, when D
was increased to 101.6, 165.1, and 219.1 mm, respectively. Consequently, the elastic energy
absorption capacity of the CFST columns also increased with increasing D. The D76,C
column had an E, value of 50 N-m, which increased by 82%, 536%, and 1154% when D was
increased to 101.6, 165.1, and 219.1 mm, respectively. Along with the EA and E, values, the
ultimate capacity of the specimens also increased when D was increased. The D76,C column
had N, p¢ of 572 kN, which increased by 50%, 223%, and 423% when D was increased to
101.6, 165.1, and 219.1 mm, respectively. The observed increase in N, g, EA, and E, can be
primarily attributed to the enlargement of the concrete core area associated with a larger
column diameter. The increased concrete area enhances the load-carrying capacity of the
composite section resulting in improved axial resistance and greater structural rigidity.
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Figure 10. Load—deformation curve of Group 1 CFST columns.

The post-peak behaviour of the CFST columns generally followed two main trends. The
D165 and D219 columns, irrespective of the type of concrete infill, predominantly exhibited
Type 1 load-deformation behaviour, characterised by a descending branch after the peak
load. In contrast, the D76 columns showed Type 3 behaviour, indicating a strain-hardening
response due to the stronger confinement effect associated with the smaller D/t and higher
. The D101 series columns with control concrete infill exhibited Type 1 behaviour. However,
with the incorporation of GP and NR fibres, the post-peak response gradually transitioned
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to Type 2, and eventually to Type 3 behaviour, indicating a progressive improvement in the
stability and ductility of the load—deformation response.
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Figure 11. Performance indices for Group 1 (a) initial elastic stiffness, (b) elastic energy absorption
capacity, (c) ultimate load.

6.4. Influence of Steel Tube Thickness (t)

The axial load—deformation responses of the Group 2 CFST columns with different
types of infill concrete are presented in Figure 12. As illustrated in Figure 13, the initial
stiffness of the column increased with increasing steel tube thickness. For example, the
t = 1.15,C column had an EA of 357 x 10° kN, which increased by 30% and 76%, when the
steel tube thickness was increased to 3.2 and 6.7 mm, respectively. Similarly, the benchmark
E, was 64 N-m, which increased by 43% and 166%, when the steel tube thickness was
increased to 3.2 and 6.7 mm. The ultimate axial capacity (N, rr) followed the same trend.
The t = 1.15,C column achieved an ultimate capacity of 629 kN, which increased by 36%
and 111% as t increased to 3.2 mm and 6.7 mm, respectively. These results demonstrate that
increasing the steel tube thickness significantly enhances the stiffness, energy absorption
capacity, and ultimate load-carrying capacity of the CFST columns. In contrast, as the
wall thickness reduces, the confinement effectiveness and overall stability of the column
diminish, making it more susceptible to premature local buckling.

The post-peak behaviour of the CFST columns with varying steel tube thickness gen-
erally followed three trends. The columns with t = 1.15 mm predominantly exhibited
Type 1 load-deformation behaviour, characterised by a descending branch after the peak
load. This behaviour can be attributed to the larger D/t ratio and the associated smaller
confinement factor (&), which results in relatively weak confinement of the concrete core.
For the t = 3.2 mm specimens, the post-peak response showed intermediate behaviour. The
columns with control concrete exhibited Type 1 behaviour. However, with the incorpora-
tion of GP and NR fibres, the response gradually transitioned towards Type 2 behaviour,
characterised by a relatively stable plateau after the peak load. This indicates an improve-
ment in post-peak stability due to enhanced material ductility and moderately improved
confinement. In contrast, the columns with t = 6.7 mm mainly exhibited Type 3 behaviour,
where the load—deformation curves displayed a strain-hardening trend in the post-peak
region. This response is associated with the smaller D/t ratio and higher confinement factor
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provided by the thicker steel tube, which results in stronger confinement of the concrete
core and consequently improved ductility and post-peak load-carrying capacity.
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Figure 12. Load—deformation curve of Group 2 CFST columns.
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Figure 13. Performance indices for Group 2 (a) initial elastic stiffness, (b) elastic energy absorption

capacity, (c¢) ultimate load.
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6.5. Influence of D/t

As shown in the previous sections, the effect of the diameter-to-thickness (D/t) ratio
was investigated in two stages. In Group 1, the diameter of the steel tubes was varied while
maintaining a constant wall thickness. In Group 2, the diameter was kept constant and
the wall thickness was varied. In total, six different D/t ratios were examined for each
of the twelve concrete variations. In Group 1, D/t ratios of 23.8, 31.8, 51.6, and 68.5 were
considered, while in Group 2, D/t ratios of 15.2, 31.8, and 88.3 were analysed. To further
investigate the effects of D/t ratio, performance indices including SI, f../f., SCR, and CCR
were examined for Group 1 and Group 2 CFST columns with different concrete infill types.

The SI values of CFST columns with D/t = 15.2 ranged from 1.20 to 1.33. As the
D/t ratio increased, the SI values exhibited a decreasing trend (see Figure 14a). However,
beyond a D/t ratio of 51.6, the SI values approached unity, ranging approximately between
1.01 and 1.04. Since the SI remained greater than unity for all D/f ratios, the ultimate axial
capacities of the CFST specimens exceeded their corresponding cross-sectional capacities,
indicating that confinement provided by the steel tube remained effective across the entire
range of D/t ratios that were investigated.
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Figure 14. Performance indices of Group 1 and Group 2: (a) strength index, (b) ductility index.

As shown in Figure 14b, the ductility index was observed to be highly sensitive to the
D/t ratio. The DI of the control specimens for D/t = 15.2 was 74, which reduced to 3 when
the D/t ratio increased to 88.3. Overall, the DI exhibited a decreasing trend as the D/t ratio
increased, and specimens with higher D/t ratios such as 68.5 and 88.3 showed very minor
change in DI values.

The load-sharing behaviour between the steel tube and the concrete core was also
strongly influenced by the D/t ratio. The SCR increased with decreasing D/, indicating a
greater contribution from the steel tube when the tube wall was thicker. For example, in
the control specimens, SCR increased from 0.20 to 0.64, when D/t was decreased from 88.3
to 15.2 (see Figure 15b). In contrast, the CCR decreased from 0.80 to 0.36 in that range. This
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indicates that as the steel tube becomes thinner, a larger proportion of the axial capacity is
carried by the concrete core.
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Figure 15. Performance indices of Group 1 and Group 2: (a) strength enhancement ratio, (b) SCR
and CCR.

In Group 1, the ultimate axial capacity of the specimens increased with increasing D/,
whereas in Group 2, the ultimate axial capacity decreased with increasing D/t. Therefore,
to consistently evaluate the effectiveness of confinement across both groups, the strength
enhancement ratio (f,./f;) was used. The results showed that the strength enhancement
ratio (f../f.) increased as the D/t ratio decreased. For instance, in the control mix, the f,./f!
ratio increased from 1.25 to 2.66 as the D/t ratio decreased from 88.3 to 15.2 (see Figure 15a).
A similar trend was observed for all other concrete types, indicating that the confinement
effect becomes more pronounced at lower D/t ratios due to the greater lateral restraint
provided by thicker steel tubes.

Figure 16 shows the failure mode of the CFST columns for different D/t ratios. The
columns predominantly failed through outward local buckling of the steel tube near the
ends, accompanied by bulging of the concrete core around the mid-height. The local
buckling became more pronounced with increasing D/t ratio. In columns with lower D/t
ratios, the plastic strain was distributed over a larger portion of the column height, whereas
in columns with higher D/t ratios, it was concentrated in narrower bands. This behaviour is
consistent with the lower confinement factor and the Type 1 post-peak behaviour observed
in columns with higher D/t ratios.

6.6. Influence of Steel Yield Strength

The influence of steel yield strength on the behaviour of CFST columns was evaluated
in Group 3 by varying f,, from 250 MPa to 450 MPa. The axial load-deformation curves of
Group 3 CFST columns are shown in Figure 17. The ultimate capacity increased consistently
with increasing steel yield strength for all infill concrete types. For example, in the control
specimens, the ultimate axial capacity at f;,, = 250 MPa was 724 kN, which increased by 19%
and 37% when f,,, was increased to 350 MPa and 450 MPa, respectively (see Figure 18a).
Similar trends were observed for all modified concretes, reflecting the greater load-carrying
capacity of higher-strength steel tubes.

The load-axial deformation responses of the CFST columns exhibited different post-
peak behaviours depending on the steel yield strength and the type of infill concrete.
For specimens with steel yield strengths of 250 MPa and 350 MPa, the control concrete
primarily showed Type 1 post-peak behaviour, characterised by a noticeable reduction in
load immediately after reaching the peak load. This indicates limited post-peak stability
when conventional concrete is used with lower-strength steel tubes. However, with the
incorporation of GP and NR fibres, the post-peak response gradually transitioned towards
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(a)

Type 2 behaviour, where the load reduction after the peak became less pronounced and
the curves exhibited a relatively stable plateau. In contrast, specimens with f,, = 450 MPa
generally demonstrated Type 3 post-peak behaviour, characterised by strain hardening
after the initial peak load. The higher-strength steel tube provides stronger confinement to
the concrete core, allowing the composite section to maintain or slightly increase its load
capacity during the post-peak stage. This strain-hardening type response was consistently
observed across all concrete mixes.

o

el

(b)

(d)

(e)

Figure 16. Failure modes of CFST columns with different D/t ratios: (a) D/t =15.2, (b) D/t =23.8,
(c) D/t =318, (d) D/t =51.6, (e) D/t = 68.5, (f) D/t = 88.3.

The f../f/ ratio and SI also increased with increasing f,. As shown in Figure 19a,
in the control mix, f../f! increased from 1.44 at f,,= 250 MPa to 1.71 and 1.98 at
fsy= 350 MPa and 450 MPa, respectively. The SI values ranged from 1.05 to 1.21 and showed
an increasing trend with increasing f,, (see Figure 18b). This improvement in SI indicates
that higher-strength steel enhances the confinement interaction between the steel tube and
concrete core, resulting in greater strength enhancement of the composite section.

The load-sharing mechanism between the steel tube and the concrete core was also
influenced by the steel yield strength. The SCR increased with increasing f;,, indicating
a greater contribution from the steel tube to the overall axial resistance. For example, in
the control specimens, SCR increased from 0.41 to 0.50 as f;, increased from 250 MPa to
450 MPa. Conversely, the CCR decreased from 0.59 to 0.50, suggesting that a smaller
proportion of the axial load was carried by the concrete core as the strength of the steel tube
increased (see Figure 19b).
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Figure 17. Load-deformation curve of Group 3 CFST columns.

Figure 20 shows the failure mode of the CFST columns for different steel yield strengths.
The columns predominantly failed by outward local buckling of the steel tube near the
ends and bulging near the mid-height of the columns. Moreover, with increasing f,,
the plastic strain became distributed over a larger portion of the column height rather
than concentrating within a smaller region around the mid-height. This behaviour is
consistent with the enhanced confinement and the Type 3 post-peak response observed with
increasing f,, .

6.7. Effect of GP and NR in Infill Concrete

As shown in Table 2, the compressive strength of unconfined concrete cylinders de-
creased with the inclusion of both GP and NR fibres. For GP-only mixes, a strength re-
duction of approximately 15-20% was observed with 10-30% cement replacement, while
the inclusion of 0.5-1% NR fibres resulted in a reduction of about 14-22%. The reduction
became more pronounced when GP and NR fibres were used in combination; for instance,
a maximum strength loss of approximately 32% was recorded for the GP30-N10 mix.
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Figure 18. Performance indices of Group 3: (a) ultimate load, (b) strength index.
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Figure 19. Performance indices of Group 3: (a) strength enhancement ratio, (b) SCR and CCR.

However, in CFST columns, the passive confinement provided by the steel tube partially
compensated for this strength loss. The degree of recovery was strongly dependent on
the D/t ratio. At a lower D/t ratio of 15.2, the maximum strength reduction decreased
from 32% (unconfined) to approximately 15%, indicating a recovery of about 17% due
to effective confinement. However, at a higher D/t ratio of 88.3, the strength reduction
remained around 26%, corresponding to only about 6% recovery. This demonstrates that
stronger confinement (lower D/t) is highly effective in offsetting the strength reduction
associated with GP and NR incorporation, whereas the recovery becomes limited when the
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D/t is relatively higher. Consequently, the enhanced confinement provided at lower D/t

ratios leads to higher f../f; values for mixes incorporating GP and NR fibres.

Figure 20. Failure modes of CFST columns with different steel yield strengths: (a) f,, = 250 MPa,
(b) f,, = 350 MPa, (c) f,, = 450 MPa.

7. Comparison of FE-Model Axial Capacities with Existing
Theoretical Models

Several national standards and empirical models are available for predicting the axial
capacity of CFST columns. However, most of these models were developed and calibrated
primarily for conventional CFST columns filled with plain concrete, and their applicability
to CFST columns incorporating GP and NR fibres remains uncertain. Therefore, the ultimate
axial capacities obtained from the 96 parametric models were evaluated against eight existing
prediction models. The selected models comprised several national design standards,
including Eurocode [83], AS 5100 [84], AISC 360 [85], and AIJ [86], as well as empirical
models proposed by Giakoumelis and Lam [87], Sakino et al. [28], Lu and Zhao [88], Han
etal. [29], and Goode and Narayanan [89]. The corresponding theoretical equations for
these models are presented in Table 4. The notations and nomenclature used in these
equations are provided in the respective cited references and are therefore not repeated in
this section. For consistency in the comparison, all partial safety factors were taken as unity.

Table 4. Selected existing models for axial capacity prediction of CFST columns.

References Model

Design Standards

Eurocode [83] and AS 5100 [84] N, pEcas) = Naldfya +Acfcd<1 + Uc%%) + Afs
AISC 360 [85] N, parscy = 0.95f/A. + f, A
AlJ [86] Nupcary = 085 Ac + (1 +1) f A,
Models proposed by researchers
Giakoumelis and Lam [87] N, pry = LA +f,As
Sakino et al. [28] Ny ps) = ruflAc+ (1 + W)fyAs
Lu and Zhao [88] Ny prz) =flAc+ 1‘4fyAs
Han et al. [29] N, py = (1.14 + 1.028)f 1 Ase
Goode and Narayanan [89] N, pion) = 0.85f(A. + %f yAc

https://doi.org/10.3390/buildings16214327


https://doi.org/10.3390/buildings16214327

Buildings 2026, 16, 4327 28 of 34

The comparison between the predicted and FE model ultimate strengths of the CFST
columns is presented in Figure 21 to assess the variation among the prediction models. To
facilitate a consistent comparison between the predictions and the FE results, a model error
(ME) parameter was introduced, defined as the ratio of the FE model ultimate strength
(N, rg) to the ultimate strength predicted by theoretical models (N, p). In addition, the
statistical characteristics of the ME values were evaluated, including the mean, minimum,
maximum, coefficient of variation (COV), and confidence intervals at two different per-
centiles, as summarised in Table 5.

O Eurocode 4 [83] and AS 5100 [84] ' /’
3300 Aisc 360 [85) B
X Al [86] i ,g’
2800 L t Giakoumelis and Lam [87] ﬁ@, . ’i—*
+ Sakino et al. [28] '
+ Lu and Zhao [88]
_ 2300 | o Hanetal.[29]
g A Goode and Narayanan [89] [ ,/
a riri g
3 - i o AR
= 1800 1
1300
800
300 1 1 1 1
300 800 1300 1800 2300 2800 3300
N, re (kN)

Figure 21. Axial capacity of CFST columns: FE model vs. theoretical prediction.

Table 5. Statistical parameters through model analysis.

95 Percentiles 99 Percentiles

COV of Minimum  Maximum
ME (%) ME ME Lower Upper Lower Upper
Bound Bound Bound Bound

Reference Mean ME

Design standards

Eurocode [83] and

AS 5100 [84] 0.90 3.59 0.85 1.00 0.89 091 0.89 091
AISC 360 [85] 1.15 5.50 1.08 1.36 1.14 1.17 1.14 1.17
ATJ [86] 1.05 3.09 1.00 1.16 1.05 1.06 1.05 1.06

Models proposed by researchers

Giakoumelis and

Larn [87] 0.97 9.67 0.85 1.24 0.95 0.99 0.95 1.00
Sakino et al. [28] 0.99 321 0.94 1.11 0.98 0.99 0.98 0.99
Lu and Zhao [88] 0.93 3.23 0.88 1.04 0.92 0.93 0.92 0.94
Han etal. [29] 1.01 431 0.90 1.10 1.01 1.02 1.00 1.03
Goode and 1.00 3.75 0.93 1.09 0.99 1.01 0.99 1.01

Narayanan [89]
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Among the design codes evaluated, Eurocode [83] and AS 5100 [84] yielded a mean
ME of 0.90, whereas AISC 360 [85] produced a mean ME of 1.15. These results indicate
that Eurocode [83] and AS 5100 [84] generally overpredicted the FE-derived ultimate
axial capacity of the CFST columns, while AISC 360 [85] tended to underpredict it. The
ME values for Eurocode [83] and AS 5100 [84] ranged from 0.85 to 1.00, corresponding
to an overprediction of the FE-derived axial capacity of up to 15%. In contrast, the ME
values for AISC 360 [85] ranged from 1.08 to 1.36, indicating an underprediction of up
to 36%. AlJ [86] showed the most consistent predictions among the four design codes,
with ME values ranging from 1.00 to 1.16 and a mean of 1.05. These differences among the
design codes can be attributed to the different ways in which the confinement effect of the
steel tube is considered. AISC 360 [85] does not account for the confinement effect and
limits the compressive strength of the core concrete to 0.95f;. In contrast, Eurocode [83]
and AS 5100 [84] account for the increase in concrete strength due to the confining effect
of the steel tube. Although AIJ [86] limits the core concrete strength to 0.85f;, it uses a
factor 1) to increase the contribution of the steel tube, thereby indirectly accounting for the
confinement effect.

Among the models proposed by previous researchers, the model of Goode and
Narayanan [89] gave the mean ME closest to unity, with a value of 1.00, followed by the
models of Sakino et al. [28] and Han et al. [29], with mean ME values of 0.99 and 1.01,
respectively. The model of Lu and Zhao [88] gave a mean ME of 0.93 and consistently
overpredicted the FE-derived ultimate axial capacity across the parametric range. The
model of Giakoumelis and Lam [87] gave a mean ME of 0.97, which was close to unity;
however, its ME values ranged from 0.85 to 1.24, with a COV of 9.67%.

Among the prediction models, Al]J [86] gave the lowest COV of 3.09%, followed by
the models of Sakino et al. [28] and Lu and Zhao [88], with COV values of 3.21% and
3.23%, respectively. Apart from the model of Giakoumelis and Lam [87], the COV values
for the remaining seven models ranged from approximately 3% to 6%. This indicates
relatively low variability and a consistent level of agreement with the FE results across the
parametric range.

Considering the mean, COV, and other statistical characteristics of ME, the models
of Sakino et al. [28] and Goode and Narayanan [89] showed close agreement with the FE
results for the CFST stub columns incorporating GP and NR fibre concrete over the ranges of
diameter, wall thickness, and steel yield strength considered in this study. Among the design
codes, AIJ [86] produced the lowest scatter, while remaining slightly conservative, with a
mean ME corresponding to an underprediction of approximately 5.5% of the FE-derived
ultimate capacity.

8. Conclusions

This study presents a comprehensive numerical investigation into the axial compressive
behaviour of CFST stub columns incorporating concrete with recycled GP and NR fibres. The
FE model was validated against available experimental data and showed close agreement
with the measured structural response. A parametric study was conducted to examine the
influence of key variables, including steel tube geometry (diameter and thickness), steel
yield strength, and the material properties of GP-NR concrete. Based on the results, the
following conclusions can be drawn:

e  The FE model developed in Abaqus showed close agreement with the experimental
results, with ultimate load ratios ranging from 0.96 to 1.00.

e  The incorporation of GP (10-30%) and NR fibres (0.5-1%) led to a reduction in com-
pressive strength of unconfined concrete, with the maximum reduction reaching
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approximately 32% for hybrid mixes. However, steel confinement effectively mitigated
this loss.

e Increasing the steel tube thickness and diameter substantially enhanced the axial
stiffness, energy absorption capacity, and ultimate load. However, increasing the
diameter at a constant thickness increased the D/t ratio, shifting the post-peak response
from strain hardening to strain softening, whereas increasing the thickness produced
the opposite effect.

e  The confinement effectiveness was strongly governed by the D/t ratio. Lower D/t ratios
significantly enhanced strength, ductility, and post-peak stability, whereas higher D/t
ratios resulted in reduced confinement efficiency and more brittle behaviour.

e Anincrease in steel yield strength enhanced the axial capacity and confinement inter-
action, resulting in higher strength indices and improved post-peak performance.

e  The FE axial capacities were compared with several theoretical models and design
codes. The models of Sakino et al. [28] and Goode and Narayanan [89], along with
the AIJ [86] design code, provided the closest predictions of the FE ultimate loads.

Overall, this study indicates that GP and NR fibre concrete can be effectively used in
CFST columns when sufficient confinement is provided. The findings address an important
research gap by quantifying the effect of steel geometry and material properties on con-
finement behaviour and provide a basis for future development of constitutive models and
design guidelines for sustainable composite structures.

9. Limitations and Future Recommendations

The FE model was validated against 12 experimental stub columns with different infill
concrete variations incorporating varying percentages of GP and NR fibres. The subsequent
parametric study extends the application of the validated model beyond the experimentally
investigated parameters. Although the model showed good agreement with the exper-
imental results, and the effects of confinement were incorporated using an established
confinement model developed and verified over a wide range of concrete and steel material
and geometric parameters, a small degree of uncertainty remains when applying the FE
model to configurations not directly covered by the experimental programme. Therefore,
further experimental validation over a wider range of parameters is recommended.

In the absence of a constitutive model for NR fibre concrete, an engineering approxi-
mation was made by adopting modified form of the model proposed by Bompa et al. [40],
which requires further verification against larger datasets. Once such data are available,
the authors recommend future work on the development of a constitutive model for NR
fibre concrete.

The quantitative CO, reduction discussion presented in this study is limited to cement
reduction and waste utilisation. A detailed environmental assessment and life cycle assess-
ment of concrete incorporating glass powder and nitrile rubber fibres was not undertaken
and is therefore recommended in future work. The estimated reduction in CO, emissions
also excludes the emissions associated with collecting and grinding the waste glass into GP.
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