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Abstract

This paper portrays an experimental study to understand the compressive performance of FRP-
confined concrete-filled steel tube (FCCFST). Columns CFST columns have large strength and good
deformability characteristics which make it precious structural members. The large lateral stiffness
and strength, as well as the large load-carrying capacity that is obtained by a steel tube and concrete
interaction, are sufficiently procured in the CFST columns. Concrete-filled steel tube columns are
promoted for superior performance due to the composite action between the concrete core and the
steel tube. However, the full potential of this composite action is often not realized because of the
differing dilation properties between the materials, which could lead to debonding at the interface.
To address this issue, external confinement using FRP is proposed to enhance the bonding between
the concrete and steel tube. In this study, seventy-two columns were verified to examine the effects
of various factors, including the number of carbon fiber reinforced polymer (CFRP) layers, steel tube
thickness, and infilled concrete properties (with and without silica slurry and polypropylene fiber)
on the columns' load capacity and axial deformation capacity. The experimental load-carrying
capacity of the columns was also compared with those obtained from existing formulations proposed
by some researchers. It is observed that the external CFRP wrap helps constrain the steel tube's
outward local buckling deformation and enhances the concrete core's confinement. The results also
demonstrate that CFRP confinement significantly improves the load capacity and axial distortion
capacity of the CEST columns. The prediction performance of existing formulations was varied,
however, one of the proposed ones estimates the experimental values with reasonable accuracy.

Highlights:

e CFRP confinement significantly enhanced the axial load capacity of CFST columns.
e The CFRP wrapping system effectively prevented steel tube buckling locally.

¢ Failure mode transformed from brittle fracture to ductile compression behavior.

¢ Load-strain curves showed improved ductility and energy absorption capacity.

e CFRP layers optimized the strength-to-weight ratio for structural applications.

Keywords: carbon fiber reinforced polymer; concrete-filled steel tube columns; confinement;
strengthening; ultimate loads

1. Introduction

Concrete-filled steel tube (CFST) columns emerged as a viable structural element in civil
engineering owing to their superior strength, flexibility, and fire resistance. These columns consist of
a steel tube encasing concrete. The steel imparts significant tensile strength to the concrete,
maintaining its position, while the concrete core sustains compressive loads and prevents local
buckling of the steel tube. This synergy improves structural efficiency, especially in compression
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members, making CFST columns increasingly used in high-rise buildings, bridges, and various
infrastructure projects.

Contemporary structural systems frequently utilize CFST columns. The concrete core prevents
the steel tube from buckling inward; outward inelastic local buckling may compromise the steel's
confinement, strength, and flexibility [1-3] offered supplementary transverse confinement external
to the steel tube to mitigate its outward buckling. This alteration, referred to as a confined concrete-
filled steel tube column, has garnered interest, especially in using fiber composite materials. These
materials are recognized for their superior strength-to-weight ratio, corrosion resistance, and
flexibility, rendering them optimal for improving the performance of CFST columns. They conducted
experiments to observe the effects of variations in unconfined compressive strength [4,5], corner
radius, aspect ratio, and the quantity of fiber-reinforced polymer (FRP) utilized to bond the concrete
prisms. Their findings indicated that plastic strain diminished with increased unconfined concrete
strength. [6] conducted experiments on twenty-six circular double-skin steel tubular short columns
filled with polymer concrete and subjected to axial compression. Investigating concerns of local
instability and fortification enhancement. The research indicated that the columns demonstrated
ultimate axial strengths 10-30% greater than the aggregate strengths of the individual components.
The confinement effect enhanced both strength and ductility.

The volumetric strain can be reduced by encasing specimens in FRP. This prevents the
specimens from expanding during axial compression tests.[7] developed a formula that precisely
predicted the stress-strain behavior of FRP-confined concrete cylinders for samples from the same
research region. This study employed several materials and configurations to verify the load capacity
of circular FRP-confined CFST columns. Nevertheless, it failed to consider these columns' dynamic
or seismic responses. Structural design and safety evaluations must comprehend the nonlinear
behavior of FRP-confined CFST columns. This differs from steel confinement, which sustains steady
pressure post-yielding. The FRP material enhances confining pressure as the concrete core expands
under load [8]. The uniaxial compressive strength and strain of FRP-confined concrete are markedly
superior to those of unconfined concrete. The stress-strain curve for FRP-wrapped concrete generally
exhibits a bi-linear pattern, with the ultimate compressive strength and the associated strain
improved with adequate application of FRP. Insufficient FRP may lead to a declining post-peak curve
[7].

Additional investigations on FRP-confined CFST columns have been undertaken to assess
correlations, including axial load and axial shortening. These connections encompass axial load-axial
strain and axial load-hoop strain. Research has investigated the influence of these characteristics on
ultimate load and axial shortening capacity. The study additionally examines the efficacy of FRP
wraps and the characteristics of restricted concrete. The steel casing of CFST columns functions as
both longitudinal and transverse reinforcement. Applying restricting pressure on the concrete to
avert inward buckling. This reinforcement enhances the stability and strength of the column as a
system. The ultimate strength of CFST columns is affected by material characteristics, including
concrete compressive strength and steel yield strength. Furthermore, geometric characteristics,
including the cross-sectional shape, significantly influence the width-to-thickness ratio. Furthermore,
consider the spacing and diameter of the reinforcing ties.[9,10] Noted that optimal confinement is
achieved when the fibers are oriented in the direction of hoop stresses. This approach enhances two
critical aspects of CFST performance: the wrap's confinement significantly strengthens the concrete
core, and it prevents the steel tube from bowing outward. This method prolongs the linear segment
of the load-deformation curve. Their findings demonstrated substantial enhancements in ultimate
compressive strength and failure strain.[11] examined the behavior of fiber-composite-restricted
concrete-filled steel tube columns with circular and square cross-sections under compression. It was
observed that in circular columns, the load capacity was augmented with an increase in the number
of carbon fiber-reinforced polymer layers despite a reduction in ductility. To address this issue in the
study, we utilized silica fume (SF) and polypropylene fibers (PP) to enhance the ductility of concrete.
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Concrete with silica fume is recognized for its superior strength and durability [12]. The specific
surface area of silica fume (SF) affects the workability of concrete. Research demonstrates that
augmenting silica fume (SF) diminishes the slump of concrete, with a reduction from 85 mm to 65
mm noted as SF content escalates from 0% to 6% [13]. The particle size distribution of SF substantially
influences workability [14-16] investigated the tensile strength of steel-fiber-reinforced concrete and
determined that the incorporation of fibers markedly improved the concrete's tensile strength. The
utilization of SF diminishes permeability, water absorption, voids, long-term cracking, freeze-thaw
cycles, and temperature fluctuations while enhancing durability, strength, stiffness, flexibility, and
tensile strength. The incorporation of SF and high-performance fibrillated polypropylene fibers into
concrete may alter its viscosity, eccentricity, dilation angle, and (k) factor, all of which are indicators
of the concrete's flexibility. Polypropylene fibers enhance the toughness and ductility of concrete,
enabling greater deformation before fracture. Generally, the incorporation of steel fibers and
polypropylene fibers enhances the mechanical qualities of concrete, including its compressive
strength and ductility. [17] investigated the influence of SF concentration on concrete absorption at
28 and 180 days. A marginal decrease in absorption was observed with the rise in SF content. They
also discovered that SF significantly influenced the porosity of concrete [18]. In conclusion,
employing SF with reduced particle sizes may minimize concrete absorption and improve durability.
The carbon fiber-reinforced polymer jacketing, the thickness of the steel tubes, and the strength of the
concrete are related to the ultimate load and ductility of the CFST short columns. It also contrasts the
ductility of steel tube columns filled with plain concrete against those filled with concrete with silica
fumes and polypropylene fibers. The experimental and analytical results on the load-bearing capacity
of the composite columns were assessed. The study's findings were presented and discussed in a
comparative manner. This paper presents an experimental study aimed at gaining a further
understanding of the compressive behavior of FRP-confined concrete-filled steel tube columns.

2. Methodology

2.1. Test Specimens

Seventy-two specimens were subjected to axial loading tests. The assembly comprised eighteen
CEST columns and fifty-four CFRP-CFST columns constructed from carbon fiber-reinforced polymer-
confined concrete-filled steel tubes. In the investigation, the number of FRP layers (nf) was
established at 0, 1, 2, and 3; the thickness of the steel tubes was determined to be 1.8, 2.8, and 3.8 mm;
and the nominal compressive strength of the concrete was designated as 20, 30, and 40 MPa. Every
specimen exhibited a length-to-diameter ratio (L/D) of 2. The characteristics of the columns are
detailed in Tables 1-3. The designation of the specimen is provided in the first column of the tables.
The abbreviation "CF" denotes CFST specimens, which are succeeded by several FRP layers. The letter
"t" and the subsequent numeral indicate the steel tube and its thickness in millimeters. The
designations "C" and "CF" represent infilled concrete with and without silica slurry and
polypropylene fibers, respectively, while the subsequent number indicates the nominal concrete
strength in MPa. CF0t1.8C20 denotes CFST columns constructed from 1.8 mm steel tubes and
concrete with a nominal strength of 20 MPa. CF1t1.8CFS20 denotes CFST columns composed of silica
fume and polypropylene fiber in concrete with a nominal strength of 20 MPa.

Table 1. Mix proportions of concrete mixes.

Mix proportion (kg/m?).
Admixture
Fine C lastici pol e 1 g
ne Cemens stici polypropyle ater
Gravel Sand ' HPErPasHPoyP Py fume w/c Concret
sand t zer ne PP Fiber (kg/m3 _ |
(kg/m3) (kg/m3) (kg/m Ratio e class
(kg/m3) (kg/m?) (SP)%lceme (kg/m?) 5 )
nt
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545.88 22745 119791 272.02  2.72024 0 0 11424 042 C20
545.88 23250 1142.31 332.67  3.32678 0 0 10645 032 C30
551.40 242.61 1093.61 389.65  3.89656 0 0 10520 0.27 C40

545.88 22745 119791 272.02  2.72024 3.0327 3.03 11424 042 CF20
545.88 232.50 1142.31 332.67  3.32678 3.0327 3.03 106.45 032 CF30
551.40 242.61 1093.61 389.65  3.89656 3.0327 3.03 10520 0.27 CF40

Table 2. Details of the specimen’s group 1.

Specimens L D FRP ne ts te fy fe
(mm) | (mm) (mm) | (mm) | (MPa) | (MPa)
CF0t1.8C20 220 110 CFRP 0 1.8 0 307 19.3

CF1t1.8C20 220 110 CEFRP 1 1.8 0.34 307 19.3

CF2t1.8C20 220 110 CEFRP 2 1.8 0.34 307 19.3

CF3t1.8C20 220 110 CEFRP 3 1.8 0.34 307 19.3

CF0t2.8C20 218 109 CEFRP 0 2.8 0 307 19.3

CF1t2.8C20 218 109 CERP 1 2.8 0.34 307 19.3

CF2t2.8C20 218 109 CERP 2 2.8 0.34 307 19.3

CF3t2.8C20 218 109 CERP 3 2.8 0.34 307 19.3

CF0t3.8C20 214 107 CERP 0 3.8 0 307 19.3

CF1t3.8C20 214 107 CERP 1 3.8 0.34 307 19.3

CF2t3.8C20 214 107 CERP 2 3.8 0.34 307 19.3

CF3t3.8C20 214 107 CFRP 3 3.8 0.34 307 19.3

CFO0t1.8CFS20 220 110 CFRP 0 1.8 0 307 221

CF1t1.8CFS20 220 110 CFRP 1 1.8 0.34 307 221

CF2t1.8CFS20 220 110 CFRP 2 1.8 0.34 307 221

CF3t1.8CFS20 220 110 CFRP 3 1.8 0.34 307 221

CF0t2.8CFS20 218 109 CFRP 0 2.8 0 307 221

CF1t2.8CFS20 218 109 CFRP 1 2.8 0.34 307 22.1

CF2t2.8CFS20 218 109 CFRP 2 2.8 0.34 307 22.1

CF3t2.8CFS520 218 109 CFRP 3 2.8 0.34 307 22.1

CF0t3.8CFS20 214 107 CEFRP 0 3.8 0 307 221
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CF1t3.8CF520 214 107 CERP 1 3.8 0.34 307 221

CF2t3.8CF520 214 107 CERP 2 3.8 0.34 307 221

CF3t3.8CF520 214 107 CERP 3 3.8 0.34 307 221

Table 3. Details of the specimen’s group 2.

Specimens L D FRP ne ts te fy fe
(mm) | (mm) (mm) | (mm) | (MPa) | (MPa)
CF0t1.8C30 220 110 CFRP 0 1.8 0 307 26.8

CF1t1.8C30 220 110 CERP 1 1.8 0.34 307 26.8

CF2t1.8C30 220 110 CERP 2 1.8 0.34 307 26.8

CF3t1.8C30 220 110 CERP 3 1.8 0.34 307 26.8

CF0t2.8C30 218 109 CERP 0 2.8 0 307 26.8

CF1t2.8C30 218 109 CERP 1 2.8 0.34 307 26.8

CF2t2.8C30 218 109 CFRP 2 2.8 0.34 307 26.8

CF3t2.8C30 218 109 CFRP 3 2.8 0.34 307 26.8

CFO0t3.8C30 214 107 CFRP 0 3.8 0 307 26.8

CF1t3.8C30 214 107 CFRP 1 3.8 0.34 307 26.8

CF2t3.8C30 214 107 CFRP 2 3.8 0.34 307 26.8

CF3t3.8C30 214 107 CFRP 3 3.8 0.34 307 26.8

CF0t1.8CFS30 220 110 CEFRP 0 1.8 0 307 30.1

CF1t1.8CFS30 220 110 CFRP 1 1.8 0.34 307 30.1

CF2t1.8CFS30 220 110 CFRP 2 1.8 0.34 307 30.1

CF3t1.8CFS30 220 110 CFRP 3 1.8 0.34 307 30.1

CF0t2.8CFS30 218 109 CEFRP 0 2.8 0 307 30.1

CF1t2.8CFS30 218 109 CFRP 1 2.8 0.34 307 30.1

CF2t2.8CFS30 | 218 109 CEFRP 2 2.8 0.34 307 30.1

CF3t2.8CFS30 | 218 109 CEFRP 3 2.8 0.34 307 30.1

CFOt3.8CFS30 | 214 107 CEFRP 0 3.8 0 307 30.1

CF1t3.8CFS30 | 214 107 CEFRP 1 3.8 0.34 307 30.1
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CF2t3.8CFS30 214 107 CERP 2 3.8 0.34 307 30.1

CF3t3.8CFS30 | 214 107 CERP 3 3.8 0.34 307 30.1

2.2. Material Properties

The columns were cast using three different concrete mixtures as given in Table 1. The nominal
concrete compressive strength was shown in Table 1 as 20, 30, and 40 MPa. The columns were
constructed using six concrete combinations, both with and without polypropylene fiber and silica
slurry. The specified nominal concrete compressive strengths were 20, 30, and 40 MPa. For each
mixture, three concrete cylinder specimens were evaluated to ascertain the actual compressive
strength of the concrete. The average compressive strength (fc) of the concrete for different column
specimens is displayed in Tables 2—4. This study utilized well-graded crushed coarse aggregates. The
highest particle size was 25 mm, and the fineness modulus was 4.93. The fine aggregate utilized in
this investigation was river sand, with a maximum particle size of 4.75 mm and a fineness modulus
of 3.46. The cement utilized is Ordinary Portland Cement (OPC CEM/I 42.5R). A specific type of
polypropylene fiber was utilized. The material possesses a specific gravity of 0.9, a tensile strength
ranging from 137 to 689 MPa, and a Young's modulus between 3.4 and 4.8 GPa. The dark gray silica
fume slurry utilized had a density of 1.30 gm/m?® and a solid concentration of 50%.

Table 4. Details of the specimen’s group 3.

Specimens L D FRP ne ts te fy fe
(mm) | (mm) (mm) | (mm) | (MPa) | (MPa)
CF0t1.8C40 220 110 CFRP 0 1.8 0 307 35.8

CF1t1.8C40 220 110 CFRP 1 1.8 0.34 307 35.8

CF2t1.8C40 220 110 CFRP 2 1.8 0.34 307 35.8

CF3t1.8C40 220 110 CFRP 3 1.8 0.34 307 35.8

CFO0t2.8C40 218 109 CFRP 0 2.8 0 307 35.8

CF1t2.8C40 218 109 CEFRP 1 2.8 0.34 307 35.8

CF2t2.8C40 218 109 CEFRP 2 2.8 0.34 307 35.8

CF3t2.8C40 218 109 CEFRP 3 2.8 0.34 307 35.8

CF0t3.8C40 214 107 CEFRP 0 3.8 0 307 35.8

CF1t3.8C40 214 107 CEFRP 1 3.8 0.34 307 35.8

CF2t3.8C40 214 107 CEFRP 2 3.8 0.34 307 35.8

CF3t3.8C40 214 107 CEFRP 3 3.8 0.34 307 35.8

CFO0t1.8CF540 | 220 110 CEFRP 0 1.8 0 307 39.8

CF1t1.8CF540 | 220 110 CEFRP 1 1.8 0.34 307 39.8

CF2t1.8CF540 | 220 110 CEFRP 2 1.8 0.34 307 39.8
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CF3t1.8CF540 | 220 110 CERP 3 1.8 0.34 307 39.8

CFOt2.8CF540 | 218 109 CERP 0 2.8 0 307 39.8

CF1t2.8CF540 218 109 CERP 1 2.8 0.34 307 39.8

CF2t2.8CF540 218 109 CFRP 2 2.8 0.34 307 39.8

CF3t2.8CF540 | 218 109 CFRP 3 2.8 0.34 307 39.8

CFO0t3.8CFS40 | 214 107 CFRP 0 3.8 0 307 39.8

CF1t3.8CF540 214 107 CFRP 1 3.8 0.34 307 39.8

CF2t3.8CF540 214 107 CFRP 2 3.8 0.34 307 39.8

CF3t3.8CFS40 | 214 107 CFRP 3 3.8 0.34 307 39.8

Seamless steel tubes were used in this study as the steel formwork for all the columns. Different
diameter-to-thickness ratios were obtained using steel tubes of 1.8, 2.8, and 3.8 mm in thickness. The
original 3.8 mm seamless steel tube was machined to create the 1.8 mm and 2.8 mm tubes. Coupon
testing was used to evaluate the steel tube's properties. The steel tube's yield strength (fy) and elastic
modulus (Es) were found to be 307 MPa and 230 GPa, respectively. The columns were reinforced
with carbon fiber. To ascertain the tensile characteristics of carbon fiber,[19] performed tensile tests
on flat coupons. Elastic modulus (Ef) was 230 GPa, the ultimate strain (efu) was 2.1%, the tensile
strength (ft) was 4900 MPa, and nominal thickness (tf) was 0.34 mm. The epoxy resin used in this
investigation came from a solvent-free, two-component composition. Components A (resin) and B
(hardener) have a 4:1 weight ratio. According to the manufacturer, the epoxy resins elastic modulus,
tensile strength, and shear strength were 15 GPa, 35 MPa, and 13 MPa, respectively.

2.3. Preparation of Specimens

To get the desired length, the round steel tubes were carefully chopped and machined. To get
rid of any remaining oil and grease, the tubes' interior surfaces were wire-brushed. Each steel tube
had a robust end cap attached to the base that was 10 mm thick. A poker vibrator was used to
consolidate the layers of concrete that had been placed. Before the CFRP wrapping was applied, the
samples were left in the lab for 28 days to cure. Fibers were orientated in the direction of the hoop
when the FRP wrap was placed using the wet lay-up process. After first cleaning the steel tube's
surface with alcohol, a single continuous fiber sheet was applied and wrapped around the tube to
produce the required number of piles. The fiber sheet's terminal end was 150 mm longer than its
initial end. To provide uniform bond thickness and remove air bubbles, a paddler roller was used.
Before testing, a wire brush was used to abrade the top surface of the concrete core. The prepared
surface was then covered with a thin layer of high-strength cement. The goal of this strategy was to
lessen the effects of concrete shrinkage. allowing the concrete core and steel tube to be loaded
simultaneously during testing.

2.4. Test Setup and Instrumentation

The tests were conducted using a global testing apparatus with a 4000 kN capability. The test
setup for the specimens is shown in Figure 1. Until the maximum load was reached, the load
progressively increased at 50-kN intervals, with each interval lasting two to three minutes. To
investigate the post-peak behavior of the columns, the load was applied gradually up to and beyond
the maximum load. A dial gauge was used to measure displacement and axial shortening. To
guarantee uniformity of compression, preliminary tests were carried out within the elastic range. Dial
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gauges on the testing apparatus were used to carefully calibrate the specimen's position to obtain

J

measurements.

steel tube

\

Concrete infil

Load cell

LVDT
FRP confinad CFST specimen

CFRP

N

Figure 1. Schematic view of the experimental test instrument.
3. Results and Discussion

3.1. General Studies

In addition to the localized outward buckling of the steel tube at its ends, the CFST specimen
showed continuous expansion in the mid-height region. CFST specimens are shown in Figure 2. As
seen in Figure 3a, the specimen showed notable axial shortenings. All the FRP-CFST specimens failed
because the lateral expansion of the concrete caused the FRP wrap to burst in the mid-height area.
Figure 3b shows the distinct failure modes of the FRP-CFST specimens. Compared to the CFST
specimens, the FRP-CFST specimens showed reduced localized buckling of the steel tube and
volumetric expansion of the concrete.

The results indicated that steel tube columns filled with a blend of polypropylene fiber and silica
slurry outperformed those filled with standard concrete. These steel tube columns demonstrated
performance comparable to those with increased steel tube thickness. Achieving ductile behavior
requires a tube with either high strength or a low diameter-to-thickness ratio, hence escalating
building costs. Enhancing the performance of the concrete core offers a cost-effective method for
improving the behavior of concrete-filled steel tube columns. The use of fibers in conventional
concrete has proven effective in diminishing its inherent brittleness.

Integrating fibers into concrete columns improves their performance more cost-effectively than
addressing local buckling in the steel tubes of CFST columns. This outcome is logical as the concrete
core substantially enhances the load-bearing capacity of CFST columns, particularly those with
slender tubes. The experiments revealed the advantageous impacts of improved tensile and flexural
strengths, together with increased stiffness, relative to conventional concrete. Columns in high-rise
structures with a low story height typically have a diminished length-to-diameter ratio, and those
made with high-strength concrete are more liable to brittle shear failure under axial load [20].
Experiments were performed to assess the influence of fiber-reinforced polymer (FRP) on short steel
tube columns filled with concrete.

Seventy-two specimens underwent axial loading tests. The test included eighteen specimens
with steel tubes and fifty-four specimens with FRP-CFST. This study explores the impact of concrete
strength, steel tube thickness, and fiber-reinforced polymer confinement on the ultimate load capacity
and ductility of FRP-CFST columns. Additionally, it compares the ductility of steel tube columns
filled with plain concrete to those filled with fiber-reinforced polymer concrete.
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Figure 3. Typical failure modes of the specimens.

3.2. Axial Load-Axial Shortening Behavior

The link between axial stress and axial shortening till the specimens reach their ultimate state is
displayed and examined. For FRP-CFST specimens, the ultimate load is the peak load. The ultimate
condition for the CFST specimens was specified as the moment at which the load reached its
maximum. The integration of FRP confinement resulted in improved load-bearing and axial
deformation capacity, as anticipated. Figure 4 illustrates the axial performance of the FRP-CFST
specimens relative to the related CFST specimens. The CFST and FRP-CFST specimens behaved
similarly until the steel tube collapsed. Following the deformation of the steel tube, the FRP-CFST's
axial load increased linearly. This is ascribed to the FRP wrap, which provided containment for both
the steel tube and the concrete, delaying the reduction in the rigidity of the CFST columns after
yielding. The experiments depicted in Figure 4 exhibited the ultimate loads of failure modes, and the
correlations among axial load, axial shortening, and restricted concrete strength were established
from empirical findings.
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Figure 4. Examples of axial load vs. axial shortening curves for CFST specimens having different FRP layers
(tube thickness of 3.8 mm and infill concrete strength of a) 30 MPa and b) 40 MPa).

3.2.1. Effect of Fiber-Reinforced Polymer (FRP) Confinement

The difference in axial strength between FRP-CFST specimens and CFST specimens of the same
dimensions is shown in Figure 4 and Table 4. When the steel tube reached its yield strength, the CFST
and FRP-CFST specimens behaved similarly. However, the steel tube's behavior changed once it
reached full yield strength. The FRP-CFST specimens showed a linear increase in axial load. The FRP
wrap, which provides containment to the steel tube and concrete post-yielding, is responsible for this
behavior. Consequently, the CFST columns' reduction in stiffness was delayed. As a result, the overall
axial load-bearing capability was increased. Despite showing similar axial shortening at the yielding
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load, the FRP-CFST specimens showed a higher yielding load. For the FRP-CFST specimens, axial
shortening increased in phase with the number of FRP layers.

3.2.2. Effect of the Thickness of the Steel Tube

Figure 4 and Table 4 show how different steel tube thicknesses affect the performance of axially
loaded FRP-CFST specimens. The ultimate load capacity of the steel tube grew proportionally with
its thickness. However, the thickness of the steel tube had no effect on the axial shortening at the
ultimate stress. During the early ascent phase, columns made from thicker steel tubes demonstrated
a steeper gradient on their load-displacement curve, signifying more stiffness. In the subsequent
ascending phase, the directions of all columns aligned parallelly. The increase in axial load mostly
resulted from the FRP wrap's ability to preserve structural integrity following the failure of the steel
tube, owing to its linear elastic characteristics. Currently, the confinement offered by the FRP wrap
mostly governs the column's performance. The thickness of the steel tube affects its stiffness, which
escalates with an increase in thickness. Under the same longitudinal strain, specimens with thick steel
tubes have a higher load capacity than those with thin steel tubes.

3.2.3. Effect of Concrete Strength

The effect of concrete strength on the compressive performance of the FRP-CFST specimens is
shown in Figure 4 and Table 4. The increase in concrete strength caused a slight increase in axial
shortening at the ultimate load as well as an increase in the ultimate load. Concrete's strength has a
significant impact on its stiffness, flexibility, failure characteristics, and load-bearing capability in
nonlinear analysis. This is particularly pertinent to steel tube columns that are FRP-confined and
filled with concrete. The interplay between stressed concrete and the FRP jacket markedly affects the
column's behavior. Assessing the strength of concrete is essential for accurate modeling and
performance prediction. The ultimate state of both stress and axial strain can be markedly improved
with FRP confinement.

3.2.4. Effect of FRP Layer

The ultimate loads and the axial shortening at the ultimate load improved as the number of FRP
layers increased, as demonstrated in Figures 5 and 6. The ultimate load and axial shortening were
both improved by the supplementary CFRP confinement at the ultimate load. The quantity of FRP
layers in a CFST column is pivotal in augmenting its strength, stiffness, and ductility. Incorporating
additional layers strengthens confinement, augments axial load capacity, improves energy
dissipation, and elevates overall performance. Nonetheless, the advantages reach a saturation point,
and practical factors like cost and material economy must inform the design process. Conducting
precise nonlinear analysis is essential to evaluate the influence of the FRP layers on the column's
response and failure mechanisms. The extent of enhancement escalated with the quantity of FRP
layers for both FRP-CFST specimens.
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Figure 5. Effect of the number of FRP layers on the maximum axial load capacity of CFST having different steel
tube thickness and concrete strength (without silica slurry and polypropylene fiber).
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Figure 6. Effect of the number of FRP layers on the maximum axial load capacity of CFST having different steel
tube thickness and concrete strength (with silica slurry and polypropylene fiber).

3.3. Prediction of Load-Carrying Capacity

The equations presented by [21] and [22] were utilized to compare the projected axial load-
carrying capacity (Nu, pre) of FRP-CFST columns with the experimental values obtained in this work
(Nu,exp). Table 5 presents a summary of the formulations provided by [21] and [22]. [21] formulated
the model. The composite activity of FRP-confined CFST is primarily examined. [22] present two
models: The first adheres to the guidelines of ACI 440 and [23], while the second is based on a
simplified restricted concrete model proposed by [24].and [25].

Table 5. Ultimate axial load of CFST columns.

Specimens Nu (kN) Specimens Nu (kN) Specimens Nu (kN)
CF0t1.8C20 570 CF0t1.8C30 617 CF0t1.8C40 646
CF1t1.8C20 627 CF1t1.8C30 779 CF1t1.8C40 807
CF2t1.8C20 760 CF2t1.8C30 912 CF2t1.8C40 940
CF3t1.8C20 855 CF3t1.8C30 969 CF3t1.8C40 988
CF0t2.8C20 709 CFO0t2.8C30 728 CF0t2.8C40 821
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CF1t2.8C20 802 CF1t2.8C30 858 CF1t2.8C40 905

CF2t2.8C20 839 CF2t2.8C30 1045 CF2t2.8C40 1073
CF3t2.8C20 951 CF3t2.8C30 1082 CF3t2.8C40 1101
CF0t3.8C20 773 CF0t3.8C30 863 CF0t3.8C40 1025
CF1t3.8C20 809 CF1t3.8C30 935 CF1t3.8C40 1132
CF2t3.8C20 872 CF2t3.8C30 1034 CF2t3.8C40 1168
CF3t3.8C20 953 CF3t3.8C30 1169 CF3t3.8C40 1240

CF0t1.8CFS20 617 CF0t1.8CFS30 665 CF0t1.8CFS40 674

CF1t1.8CFS20 665 CF1t1.8CFS30 817 CF1t1.8CFS540 845

CF2t1.8CFS20 798 CF2t1.8CFS30 959 CF2t1.8CFS540 978

CF3t1.8CFS20 893 CF3t1.8CFS30 1016 CF3t1.8CFS40 1035

CF0t2.8CFS20 746 CF0t2.8CFS30 765 CF0t2.8CF540 867

CF1t2.8CFS20 821 CF1t2.8CFS30 989 CF1t2.8CF540 1026

CF2t2.8CFS20 877 CF2t2.8CFS30 1091 CF2t2.8CF540 1119

CF3t2.8CFS20 998 CF3t2.8CFS30 1129 CF3t2.8CF540 1157

CFO0t3.8CFS20 809 CFO0t3.8CFS30 908 CFO0t3.8CFS40 1052

CF1t3.8CFS20 854 CF1t3.8CFS30 962 CF1t3.8CFS40 1159

CF2t3.8CFS20 899 CF2t3.8CFS30 1070 CF2t3.8CFS40 1204

CF3t3.8CFS20 989 CF3t3.8CFS30 1195 CF3t3.8CFS40 1276

Table 6 illustrates the ratio of the axial load-carrying capacity forecasted by several models to
the actual values obtained from the testing. The predictive performance of current models was
inconsistent. The ratio for the Wei et al. model ranged from 1.5 to 3.4, but the ratios for the Park et al.
model-1 and model-2 varied from 1.4 to 2.9 and 0.7 to 1.5, respectively. The relative mean values were
calculated as 2.4, 2.1, and 1.1. The standard deviation of the Wei et al. model was around 0.56, whereas
the standard deviation of the Park et al. models 1 and 2 were approximately 0.42 and 0.19,
respectively. The coefficient of variation was determined to be 0.24, 0.21, and 0.18 for the models
proposed by [21] and [22]. Statistical metrics unequivocally demonstrated that Park et al.'s Model-2
forecasted experimental results with superior accuracy compared to the other models. Conversely,
the model developed by Wei et al. produced the most diverse outcomes in predicting the axial load
capacity of FRP-CFST columns.

Table 6. The formulations suggested by the researchers.

Source Proposed model
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Nu = .fc:f Acqf'

where

& =1+1.27¢ + 1.28§f

c

Wei et al. 2014

Park et al. 2011 N,=Af,+A4085f,

where

f.=f2254 1+7.94i{—2if,_1,254

c 4

N, =Af,+Af.,

where
Feiiih

Note: Nu: Axial load-carrying capacity; fesr : Nominal compressive strength; Acss: Total cross-sectional area of the

£ £

FRP-confined CFST column; “ ¢: Compressive strength of standard concrete cylinders ($150x300 mm);

Confinement factor of CFST; §f : Confinement factor of FRP jacket; As: Cross-sectional area of steel; f: Yield

strength of steel; Ac: Cross-sectional area of concrete; ¥ ¢ : Compressive strength of the confined concrete; fi:

Lateral confinement pressure of FRP reinforced CFST column; k: Confinement effectiveness coefficient.

Table 7. Prediction performance of existing models against experimental results.

Wei et al. model Park et al. model-1 Park et al. model-2
Specimens
Nu,pre/Nu,exp
CF1t1.8C20 1.96 1.85 1.23
CF2t1.8C20 2.66 2.39 0.96
CF3t1.8C20 3.30 2.88 0.70
CF1t2.8C20 1.74 1.66 1.04
CF2t2.8C20 2.64 2.34 0.92
CF3t2.8C20 3.20 2.73 0.66
CF1t3.8C20 1.93 1.81 1.09
CF2t3.8C20 2.75 2.38 0.91
CF3t3.8C20 341 2.82 0.68
CF1t1.8CFS20 1.89 1.78 1.27
CF2t1.8CFS20 2.57 2.30 1.04
CF3t1.8CFS20 3.19 2.78 0.81
CF1t2.8CFS20 1.74 1.64 1.12
CF2t2.8CFS20 2.56 2.26 1.00
CF3t2.8CFS20 3.07 2.62 0.76
CF1t3.8CFS20 1.86 1.74 1.12
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CF2t3.8CFS20 2.70 2.33 1.00
CF3t3.8CFS20 3.31 2.73 0.78
CF1t1.8C30 1.67 1.56 1.24
CF2t1.8C30 2.30 2.05 1.09
CF3t1.8C30 2.99 2.60 0.96
CF1t2.8C30 1.71 1.61 1.21
CF2t2.8C30 2.19 1.93 0.99
CF3t2.8C30 2.88 2.44 0.88
CF1t3.8C30 1.74 1.62 1.16
CF2t3.8C30 2.39 2.05 1.02
CF3t3.8C30 2.83 2.34 0.82
CF1t1.8CFS30 1.63 1.52 1.28
CF2t1.8CFS30 222 1.97 1.15
CF3t1.8CFS30 2.88 2.50 1.04
CF1t2.8CFS30 1.52 1.42 1.13
CF2t2.8CFS30 2.13 1.87 1.05
CF3t2.8CFS30 2.78 2.36 0.96
CF1t3.8CFS30 1.73 1.60 1.21
CF2t3.8CFS30 2.34 2.00 1.08
CF3t3.8CFS30 2.80 2.30 0.90
CF1t1.8C40 1.72 1.59 1.44
CF2t1.8C40 2.32 2.06 1.34
CF3t1.8C40 3.02 2.62 1.27
CF1t2.8C40 1.72 1.59 1.37
CF2t2.8C40 2.21 1.93 1.22
CF3t2.8C40 2.90 2.46 1.16
CF1t3.8C40 1.51 1.39 1.14
CF2t3.8C40 2.18 1.87 1.13
CF3t3.8C40 2.74 2.25 1.03
CF1t1.8CFS40 1.68 1.55 1.47
CF2t1.8CFS40 2.27 2.01 1.40
CF3t1.8CFS40 292 2.53 1.34
CF1t2.8CFS540 1.55 1.43 1.29
CF2t2.8CFS40 2.15 1.88 1.27
CF3t2.8CFS40 2.79 2.36 1.22
CF1t3.8CFS40 1.51 1.38 1.18
CF2t3.8CFS40 2.15 1.83 1.19
CF3t3.8CFS40 2.69 2.21 1.10

4. Conclusions

Based on the experimental findings, the following key conclusions were drawn:
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Applying an FRP wrap to a CFST column significantly enhances its load-bearing capacity and
axial deformation characteristics. All specimens ultimately succumb to explosive rupture of the FRP
in the mid-height region. The lateral expansion of the concrete precipitates this catastrophe.

The confined column exhibits reduced axial deformation relative to the unconfined column
when subjected to an equivalent load.

The collapse of the restricted columns triggers deformation in the steel sheet at both the upper
and lower sections of the column. Upon the application of the ultimate load, deformation commences
in the central region.

Wrapping concrete-filled steel tube columns in FRP enhances their strength and capacity to
withstand both load and axial deformation. Due to the lateral expansion of the concrete, the FRP in
the mid-height region exploded, causing all specimens to fail.

The efficiency of CFRP rises with an increase in the number of CFRP layers but diminishes with
an increase in concrete strength.

The FRP wrap in the CFST column mitigates the outward buckling of the steel tube and inhibits
lateral expansion of concrete. The increased confinement provided by the FRP wrap improves the
strength and strain capacity of the concrete.

Incorporating polypropylene fibers into the concrete core hardly affects the failure mechanisms
of CFST columns, although it significantly mitigates local buckling. The shear-frictional resistance of
the fibers facilitates the transfer of shear pressures across the fractured planes, resulting in this delay.

Polypropylene fiber-reinforced CFST columns demonstrate marginally superior ultimate load
capabilities relative to their plain concrete-filled equivalents. The incorporation of fiber develops the
composite interaction between the steel tube and the concrete core.

This results in a substantial enhancement of the concrete's strength. FRP confinement markedly
elevates the axial load-bearing capability of the columns. The integration of concrete cores, steel
tubes, and FRP confinement enhances the column's strength and flexibility.

A principal advantage of FRP confinement is the enhancement of column ductility. The FRP
coverings safeguard the concrete core against premature failure. This enables the column to sustain
more deformations while maintaining its load-bearing capacity. This enhances energy dissipation
and increases the columns' resistance to seismic forces and dynamic loads.

The material qualities of the FRP, including tensile strength, stiffness, and strain capacity, are
pivotal to the performance of the restricted column. Higher-strength FRP materials generally lead to
a more significant improvement in the strength and ductility of the column. The quantity of FRP
layers and the specific type of FRP material (e.g., carbon, glass, or aramid) considerably influence the
total performance.

The failure mechanisms of FRP-CFST columns are affected by multiple aspects. The criteria
encompass the loading type, confinement level, and material interaction. Failure generally transpires
when the FRP wraps fracture, the concrete core suffers crushing, or the steel tube undergoes plastic
buckling.

Among the current equations for forecasting the load-bearing capacity of FRP-CFST, Park et al.'s
Model-2 demonstrated significantly superior accuracy in predicting experimental outcomes, whereas
Wei et al.'s model produced the most disparate findings.
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