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ABSTRACT

This study delves into the utilization of advanced materials to enhance the mechanical characteristics and
longevity of concrete structures, with a specific focus on the performance and design of beams composed of
light gauge steel hollow sections (LGSHS) filled with steel fiber-reinforced concrete (SFRC) under flexural
conditions. SFRC, known for its exceptional fire resistance, emerges as a promising alternative to Ordinary
Portland Cement (OPC) in elevating concrete properties. The experimental and numerical findings consistently
demonstrated a noteworthy 12% increase in maximum loading capacity, exhibiting a consistent curved trend at
the moment against mid-span displacement when employing the composite material. Finite Element Analysis
(FEA) modeling was used to scrutinize core concrete failure patterns, residual displacements of external metal
during the load-carrying process, and load distribution patterns throughout the structural element. The infusion of
SFRC into light gauge steel sections was found to enhance load-carrying capacity, ductility, and toughness. This
paper scrutinizes the mechanical properties and structural behavior of LGSHS filled with SFRC, encompassing
steel and concrete properties, member geometry, and response to fire exposure. The primary objective is to assess
the load-deformation characteristics of rectangular hollow beams formed by concrete-filled steel tubes (CFST)
filled with SFRC. The investigation aims to determine load-carrying capacity, strain, deformation capacity,
ductility, and failure characteristics under ambient and elevated temperatures.

Keywords: CFST Beams; Steel Fibers; Steel Fiber-Reinforced Concrete (SFRC); Finite element analysis
(FEA); Ambient and elevated temperatures.

1. INTRODUCTION

In contemporary construction projects, builders have increasingly incorporated composite components such as
Concrete-Filled Steel Tubes (CFST) in structures and roadways [1, 2]. Research has shown that these composite
structural members (CFSTs) exhibit greater strength and flexibility than traditional steel tubing elements with
similar forms and material properties [3, 4]. The enhanced performance is attributed to the concrete filling, which
effectively minimizes or delays lateral deformation in elevated zones of the hollow members [1]. Moreover, CFST
components have become more cost-effective by reducing labor and craftsmanship requirements, facilitating
faster production, and contributing to overall cost reductions [5]. CFST components may undergo retrofitting
or refurbishing like other structural elements for various reasons. This could involve upgrades to accommodate
heavier loads or repairs due to aging, fire damage, or stress-related issues. Recent research investigations have
explored the effectiveness of using polymer concrete and CFST hollow sections to enhance structural steel [6].
These studies have delved into different strengthening methods, load distribution, and the bonded behavior
between steel substrates and Fiber-Reinforced Polymer (FRP) composites. Notably, experiments, including those
cited in references [7—15], have consistently demonstrated the feasibility and advantages of employing CFST
components to withstand various loads [16-22]. This growing body of research underscores the significance
of CFSTs in contemporary construction practices, emphasizing their structural benefits, cost-effectiveness, and
versatility in addressing different engineering challenges.

The absence of data on fire safety precautions for composite construction utilizing Concrete-Filled Steel
Tube (CFST) components has been identified through both experimental studies [10, 11] and numerical analyses
conducted by researchers [12]. While CFST components are widely recognized for their high fire resistance,
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concerns arising from the adverse impact of the Kobe earthquake in 1995 on steel and concrete matrix com-
posites, have led some scholars to question the use of conventional concrete as the infill material in steel tubes.

In response to these concerns and the need for a deeper understanding of the behavior of CFST rectangular
beams filled with steel fiber-reinforced concrete under high temperatures, research initiatives have been initiated
[23-25]. These investigations aim to shed light on the performance of CFST components in fire conditions,
addressing the gap in knowledge and ensuring that appropriate fire safety precautions can be implemented in
composite constructions involving CFST elements. The outcomes of such studies are crucial for establishing
guidelines and best practices in the design and construction of CFST-based structures, particularly in the context
of fire resilience.

Incorporating fibers into regular concrete has proven to be an effective method for enhancing its inherent
fracture toughness. Fiber-reinforced concrete exhibits superior post-crack performance compared to plain
concrete, as the fibers act to bridge fissures in the matrix and transmit impact stress to the substrate. For example,
the presence of steel fibers across shear failure surfaces in steel fiber-reinforced concrete enhances shear internal
friction when diagonal tension cracks appear. This improves shear transmission across fault planes, leading to a
finer decline in axial load [26].

The addition of fibers enhances post-crack performance and increases load-bearing capacity, flexibility,
and tensile strength [27]. Various parameters, including matrix strength, fiber volume, and fiber surface support
and interaction, influence these characteristic improvements [28, 29]. Recent research has focused on confirming
the efficacy of fiber reinforcement in improving fire resistance [30-34]. 1% of Steel fibers are commonly
incorporated into contemporary construction methods, often in conjunction with conventional reinforcement
bars or rolled steel profiles. Incorporating steel fibers into the concrete mix augments the tensile, compressive,
and ductile strengths of concrete at ambient temperatures. Many research endeavors have investigated the
behavior of fiber-reinforced concrete (FRC) when exposed to elevated temperatures. This underscores the
paramount importance of evaluating fire resistance in structural components.

In the context of light gauge steel beams, studies have investigated the flexural behavior of beams filled
with steel fiber-reinforced concrete. Findings indicate that such beams exhibit improved flexural strength and
stiffness compared to conventional concrete-filled beams [35-37]. The amount of steel fiber content in the
concrete infill has been identified as a critical factor influencing the flexural strength and stiffness of light gauge
steel beams. Additionally, under static and dynamic loading conditions, light gauge steel beams filled with
steel fiber-reinforced concrete have demonstrated superior performance, stiffness, and ductility compared to
conventional concrete-filled beams [38—41]. Moreover, the use of steel fiber-reinforced concrete as infill material
in light gauge steel beams has been found to enhance their fire resistance, leading to longer fire resistance times
[42]. Performing a strain gauge test on a beam involves attaching strain gauges to the surface of the beam
to measure the strain induced by applied loads. This type of testing provides valuable information about the
structural behavior and performance of the beam under different conditions.

While Concrete-Filled Steel Tube (CFST) sections are commonly used in composite construction,
existing design requirements lack coverage of the fire resistance of these sections and related safety precautions.
Following the Kobe earthquake 1995, questions have arisen about using steel tubes despite their considerable
fire resistance. This research aims to investigate the underlying behavior of post-fire CFST rectangular beams
filled with Steel Fiber-Reinforced Concrete (SFRC) of different grades (M20, M30, and M40) in both service
load and ultimate state conditions. Theoretical strength values were determined using the American Standard
Code of Practice. The primary goal is to contribute to enhancing fire safety measures in structures incorporating
CFST components.Top of Form

2. MATERIALS AND METHODS

2.1. Materials properties

The CFST beams in this study were constructed using hollow steel tubes with rectangular cross-sections. For
each tube form, three samples were cut and processed for the flexural test by ASTM-E8/E8 M-09 standards
[43]. The characteristics of the steel tubes were evaluated by examining samples, with the mean findings of
three specimens presented for each tube form in Table 1. The primary objective of the study was to assess the
load-deformation of hollow section beams made of CFST Infilled with steel fiber-reinforced concrete (SFRC)
of different concrete grades, namely M20, M30, and M40 [44]. The material properties of the rectangular steel
tubes are provided in Table 2, offering key insights into the components used in constructing the CFST beams.
The experimental setup, conducted in accordance with ASTM standards, ensures reliable and standardized
testing procedures for the evaluation of the beams’ flexural behavior and load-deformation characteristics.
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Table 1: Descriptions of the beam specimens.

BEAM ID DESCRIPTION
AT- AMBIENT TEMPERATURE
B-AT Ambient temperature hollow beam
B-M20-CC-AT1 Concrete at ambient temperature and a standard M20 grade infill beam
B-M20-SFRC-AT2 M20 grade steel fiber reinforced concrete infill beam at ambient temperature
B-M30-CC-AT1 M30 grade conventional infill beam, ambient temperature concrete
B-M30-SFRC-AT2 At ambient temperature, M30 grade steel fiber reinforced concrete infill beam
B-M40-CC-AT1 Conventional concrete infill beams of M40 grade at room temperature
B -M40-SFRC-AT2 A beam made of M40-grade steel fiber reinforced concrete is kept at ambient temperature.
ET- ELEVATED TEMPERATURE
B-ET Beam hollow at elevated temperatures
B-M20-CC-ET1 Standard M20 grade concrete infill beam at elevated temperatures
B-M20-SFRC-ET2 At elevated temperatures, M20 grade steel fiber reinforced concrete infill beam
B-M30-CC-ET1 Conventional concrete infill beams of M30 grade at elevated temperatures
B-M30-SFRC-ET2 At elevated temperatures, M30 grade steel fiber reinforced concrete infill beam
B-M40-CC-ET1 Conventional concrete infill beams of M40 grade at elevated temperatures
B-M40-SFRC-ET2 At elevated temperatures, M40 grade steel fiber reinforced concrete infill beam

Table 2: Material properties of rectangular steel tubes.

MATERIAL PROPERTIES RECTANGULAR LIGHT GAUGE STEEL TUBES
Size (mm) Size = 100 x 50, Length = 750, thickness = 2
Elastic limit f (MPa) 450
Maximum strength f (MPa) 489
Elongation (%) 15.4
Poisson’s ratio 0.27
Modulus of Elasticity E_(N/mm?) 210,000

2.2. Steel and steel fibre properties

This investigation used crimped steel fibers that conform to ASTM A820-01 [45]. Table 3 shows the properties
of steel fibers used in the present study.

In the investigation mentioned, crimped steel fibers were employed. Crimped fibers have a wavy or
zigzag shape, contributing to improved bonding between the fibers and the concrete matrix. This enhanced bond
is instrumental in further elevating the mechanical properties of the concrete. The crimped shape allows for
better interlocking between the fibers and the surrounding concrete, providing additional reinforcement. A 1%
of steel fibers are used for the grades and 24.55 kg/m? of steel fiber quantity was estimated.

Notably, deformed fibers, such as crimped ones, typically come in bundles and exhibit a more intricate
shape than round or rectangular fibers. This complexity in shape contributes to a more effective distribution of
stress within the concrete matrix, ultimately leading to improved tensile strength, ductility, and crack control.
The choice of fiber shape and type is often tailored to the specific requirements of the concrete application and
the desired performance characteristics of the structure.

In all cases, steel tubes were cold-produced from steel plates through press bends and joint welding.
Tensile testing was conducted on steel coupons extracted from the standard tubes. The 0.2% elastic stress was
employed, as indicated in the literature for cold-formed and hot-formed steel tubes. Figures 1a and 1b illustrate
the steel fibers and the ISO-834 fire curve, conforming to the relevant code or standards. These tests and analyses
provide valuable insights into the mechanical properties of the steel tubes, aiding in assessing their structural
performance and suitability for specific applications.
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Table 3: Properties of steel fibre.

PROPERTIES ROUND CRIMPED STEEL FIBRE
Density 7680 kg/m?
Tensile strength 1100 (MPa)
Elastic modulus 2.1 x 10° N/mm?
Specific gravity 7.9
Length of steel fibre 30 mm
Diameter of steel fibre 0.50 mm
Aspect ratio of steel fibre 60
ASTM specs ASTM A820 M04 [TYPE-I]
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Figure 1: (a) Steel fibers; (b) furnace temperature vs. [ISO-834.

2.3. Preparation of specimen

CFST is typically made up of hollow steel tubes, the strength of concrete, super softener or other alloying
elements, and moisture, among other things, with the concrete hollow section being the two most important
components. Average-strength concrete is used in most CFSTs. The materials and mechanical qualities of CFST
made from the above-mentioned concretes can be improved further when subjected to higher temperatures. The
increased strength of concrete greatly increases the stiffness, stress capacity, or current capabilities of CFST
beams.

2.4. Preparation of concrete

In the investigation, OPC 53-grade cement was utilized as the binding material. This type of cement, categorized
as Ordinary Portland Cement (OPC), is distinguished by its elevated compressive strength compared to other
OPC varieties [46—48]. The cement’s loss of ignition value, measured at 0.98, denotes the proportion of volatile
materials lost during heating. Additionally, the specific gravity of 3.15 indicates the density of the Cement. For
fine aggregate, locally available river sand conforming to grading zone-II of IS: 383-2016 was employed. This
grading zone signifies that the sand possesses a particle size distribution suitable for concrete production. The
sand is finely textured and passes through a sieve with a 4.75 mm opening. The fineness modulus, with a value
of 2.57, provides information about the particle size distribution of the sand. A higher fineness modulus indicates
a coarser particle size distribution. The mix proportions for different grades of concrete are outlined in Table 4,
following the guidelines of IS 10262:2019. The specific gravity of the sand, measured at 2.71, signifies its
density relative to water. The chemical composition of the cement reveals a calcareous part of around 70% and
an argillaceous part of about 30%, indicating favorable mechanical properties. These material specifications
ensure the concrete mix is designed with appropriate ingredients to meet the desired performance and structural
requirements.

The coarse aggregate employed in the investigation is a well-graded angular granite stone with a
maximum/minimum size of 20 mm and 10 mm, conforming to the specifications outlined in IS: 383-1970 [47].
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This adherence to standards ensures that the stone possesses a particle size distribution suitable for concrete
production. The angular shape of the stone is advantageous as it can provide better interlocking and bonding
with the cement paste, thereby enhancing the strength and durability of the concrete.

The specific gravity of the granite stone, measured at 2.7, indicates its density relative to water. A higher
specific gravity value suggests the stone is denser, while a lower value indicates a lighter stone. In this case,
the specific gravity of 2.7 means a moderately dense stone. The fineness modulus, recorded at 7.2, provides
information about the particle size distribution of the coarse aggregate. A higher fineness modulus indicates a
coarser particle size distribution. The use of well-graded angular granite stone in the concrete mix contributes to
achieving the desired structural properties and overall performance of the concrete.

2.5. Light gauge steel sections

Figure 2 illustrates a 2 mm thick steel tube with a specified yield strength (fy) of Light Gauge Steel at 236.843 N/
mm? and an ultimate tensile strength (fu) of Light Gauge Steel at 388.053 N/mm?. Notably, the minimum yield
strength of Light Gauge Steel (fy) according to IS: 801-1975 is stipulated as 210 N/mm?.

The yield strength and tensile strength of the Concrete-Filled Steel Tube (CFST) were determined through
conventional tensile testing methods. These tests provide crucial information about the mechanical properties
of the steel tube, such as its ability to withstand loads and deformation. The measured values are compared
against industry standards and specifications, ensuring the steel tube meets the required strength criteria outlined
in relevant codes and guidelines. This rigorous testing process is essential for verifying the structural integrity
and performance of the CFST steel tube in various applications. The foil-type strain gauge used a resistance of
120 OHM and an active length of 5 mm.

2.6. Analytical techniques of steel tube

Predicated on the dimensional properties of CFST, a 3-dimensional polyhedral aspect and a triangular-shaped
lowered shell component for concrete and a triangular-shaped first-order lowered shell component for pipe are
selected, respectively. Pinned conditions were given at the ends of the beam at the bottom of the steel tube. Steel
tube is loaded from the top. Figure 3 depicts the design parameters and geometry of the FEA modeling.

Table 4: Mix the composition of concrete.

TYPE OF GRADE C FA CA RATIO OF WATER TO CEMENT
M20 1 2.704 4.271 0.54
M30 1 1.807 3.529 0.43
M40 1 1.749 3.491 0.40

C-Cement; FA- Fine aggregate; CA-Coarse aggregate.

Figure 2: Light gauge steel tube and tensile coupon test.
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Figure 3: Boundary and mesh conditions.

3. RESULTS AND DISCUSSION

3.1. Mechanical properties

The Concrete-Filled Steel Tube (CFST) specimens in the investigation exhibit shear failure in the concrete,
as observed in the results presented in Figures 4, 5, and 6. Following the removal of the external hollow steel
specimen, clear evidence of maximum compressive, flexural, and split tensile tests in concrete is evident among
the thickenings.

Figure 4, which likely corresponds to the compressive test, shows the behavior of the concrete under axial
load. The emergence of the primary diagonal crack aids in the decrease of axial load. The principal mechanism
for sustaining resistance to imposed axial load in plain concrete involves force transmission through shear on
the broken surfaces.

Similarly, Figure 5, likely representing the flexural test, illustrates the concrete’s response to bending
forces. The visible patterns and characteristics provide insights into the flexural behavior of the concrete within
the CFST specimen.

Figure 6, corresponding to the split tensile test, captures the behavior of the concrete under tensile forces.
The observations from these tests collectively contribute to a comprehensive understanding of the mechanical
performance of the CFST specimens, especially in terms of compressive, flexural, and tensile strengths. These
findings are crucial for assessing the structural behavior and integrity of CFST elements in practical applications.

The results indicate that the compression, split tensile, and flexural strength of M20, M30, and M40
concrete containing steel fibers decreases as the temperature increases. The behavior of CFST (Concrete-Filled
Steel Tube) samples at elevated temperatures is similar to that observed in ambient temperature specimens. This
similarity in failure mode is attributed to the fundamental role of steel fibers in creating a shearing plane in the
structural frame.

The presence of steel fibers delays the development of bulging in the CFST specimens at elevated
temperatures. This delay results from the steel fibers restraining the movement across opposing slide planes,
alleviating the stresses on the external steel section due to cement expansion. Despite the elevated temperature,
CFST samples exhibit a milder reduction in axial stress. The maximum stress is the maximum pressure during
unloading, and the flexural strength of CFST samples tends to be in the middle to upper range. The effects of
challenging conditions and metal attributes on the maximum stress of CFST samples align with expectations. As
the ambient sample compressive strength increases, so does the final load. With increasing elevated temperature,
there is a corresponding increase in load capacity. However, the elevated temperature only slightly influences the
ultimate load of the CFST specimens. Comparing the standard CFST ambient samples with those subjected to
elevated temperatures (0.7%, 0.8%, and 1.3%), there is an improvement in ultimate load by 3.0-7.0%, 5.0-11%,
and 6.0—15.0%, respectively. This suggests that incorporating steel fibers in CFST specimens contributes to
enhanced performance, even under elevated temperature conditions, improving load-bearing capacity.

3.2. Load-carrying capacity of concrete at ambient and elevated temperatures

Figure 7 illustrates that the structural performance of a beam can vary significantly between ambient and elevated
temperatures. At ambient temperatures, the beam undergoes various loading conditions, such as bending and
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Figure 4: Compression strength of concrete at ambient and elevated temperatures.
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Figure 6: Flexural tensile strength of concrete at ambient and elevated temperatures.
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Figure 7: Load-carrying capacity of the CFST rectangular beam (ambient & elevated temperatures).

shear, and its performance is typically characterized by factors like strength, stiffness, and ductility. However,
when exposed to elevated temperatures, the structural behavior of the beam is influenced by factors including
thermal expansion, dehydration, and chemical changes. Elevated temperatures can substantially impact the
beam, potentially causing significant damage and reduced strength, stiffness, and ductility. The exposure to
elevated temperatures affects different types of beams, including hollow beams, conventional concrete-
filled beams, and steel fiber concrete-filled beams. Understanding how these beams respond under elevated
temperature conditions is crucial for ensuring the safety and reliability of structures in fire scenarios or other
situations involving high temperatures. The investigation in Figure 7 is likely presents data or graphs depicting
the comparative performance of these beams under different temperature conditions.

The load-carrying capacity reduction of concrete-filled beams with different grades and reinforcement

types when exposed to elevated temperatures. The percentage reductions in load-carrying capacity for other
grades are as follows:

1. M30 grade conventional concrete-filled beam: 11.85% reduction.

2. M40 grade conventional concrete-filled beam: 14.66% reduction.

3. M20 grade steel fibre reinforced concrete-filled beam: 7.98% reduction.
4. M30 grade steel fiber-reinforced concrete-filled beam: 9.4% reduction.

The load-carrying capacity values obtained experimentally for the beams were compared with theoretical
values proposed by various codes such as EC-EN 1994-1-2005, ANSI/AISC 360-16, A1J-97, and BS 5950-5-
2000.

This suggests that the experimental outcomes are better than the predictions made by these codes, indi-
cating that they are reliable for determining the load-carrying capacity of similar structural beams. However, it
is important to note that there may be variations in the results depending on the specific conditions and materials
used in the experiment.

3.3. Comparison of test results with standard codes

Experimental analysis and results for rectangular Concrete-Filled Steel Tube (CFST) beam specimens, catego-

rized into Group 1 (Ambient temperature) and Group 2 (Elevated temperature). The analysis involves a com-
parison of four major parameters based on different design codes: EC-EN 1994-1-2005, ANSI/AISC 360-16,
AlJ-97, and BS 5950-5-2000.
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Figure 8: CFST beams (ambient & elevated temperatures).

For each of the seven beam specimens, the loads are measured at yield and ultimate stages, recorded in
kilonewtons (kN), and deflections are measured in millimeters. Figure 8 provides a comparative representation
of the ultimate loads of each rectangular CFST beam specimen at both ambient and elevated temperatures.
The computed values are derived from the specified design codes, and the percentage difference is illustrated
compared to the experimental ultimate loads.

This comprehensive analysis and comparison allow for assessing how well the CFST beams perform
under different conditions, providing insights into their behavior and validating the experimental results against
established design codes. The percentage difference helps gauge the accuracy and reliability of the design codes
in predicting the ultimate loads of the CFST beams in both ambient and elevated temperature scenarios.

3.4. Load vs. deflection characteristics of the beam at ambient and elevated temperatures

At ambient and elevated temperatures, the load Vs. The deflection curve typically shows a linear region up to a
certain load, as shown in Figure 9, after which the deflection increases rapidly with a relatively constant load.
This indicates the onset of yield and plastic deformation of the beam. The load Vs. The deflection curve at
elevated temperatures may show a similar trend. Still, the onset of plastic deformation and failure may occur at
lower loads and deflections due to the effects of thermal degradation.

The load-deflection characteristics of the beam were investigated under both ambient and elevated
temperatures, as depicted in Figure 10. A deflectometer was utilized to measure deflection in both the x and y
directions. The load-deflection plots exhibited three distinct zones: a non-linear transition stage connecting two
linear stages (the first and third regions) and the second region.

In the load-deflection plots, the first section is primarily influenced by the behavior of the concrete
core, showcasing non-linear characteristics. The transition stage connects this non-linear region to the second
region, where the load-deflection relationship becomes more linear. In this second region, the load is distributed
between the concrete core and the steel tube.

The dominance of the steel tube characterizes the third region of the load-deflection plot, showcasing
its strength as the primary structural element. This three-zone behavior highlights the interaction between the
concrete and steel components of the beam under different loading conditions.
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Figure 10: Load vs. deflection at elevated temperature in beams.

Furthermore, a hollow beam’s load vs. strain characteristics in tensile loading were analyzed, as depicted

in Figure 11. This analysis provides insights into how the beam responds to tensile forces and the corresponding
strain development along its length.

At ambient temperature, these characteristics are linear up to the point of yielding, after which the curve
becomes non-linear. The strain exhibits exponential growth as the load increases until the beam fails. Similarly,
in compressive loading, the load vs. strain characteristics are linear up to yielding, and the curve becomes
non-linear. At elevated temperatures, the load vs. strain characteristics in both tensile and compressive loading
are influenced by the material’s thermal expansion, as depicted in Figure 12. The beam undergoes expansion,
causing the load vs. strain curve to shift upwards. Additionally, the material properties of the beam can change
at elevated temperatures, further impacting the load vs. strain characteristics. The strain behavior of the beam
specimen is examined after exposure to ambient and elevated temperatures. This analysis provides valuable

insights into the hollow beam’s thermal behavior and mechanical response under different loading conditions
and temperatures.
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3.5. Ductility ratio of concrete

The ductility ratio of a beam, as defined in reference [45], is calculated by taking the ratio of the deflection at the
ultimate limit state to the deflection at the breaking point. It serves as a measure of the beam’s ability to deform
without collapsing, providing insights into its ductile behavior. The ductility ratio is influenced by a range of
factors, including material properties, dimensions, boundary conditions, loading conditions, and temperature,
as noted in reference [49]. From the information presented in Table 5, it is evident that the ductility ratio of a
Concrete-Filled Steel Tube (CFST) concrete-filled beam is generally higher than that of a hollow beam. This
implies that the CFST concrete-filled beam exhibits better ductility than its hollow counterpart. The enhanced
ductility can be attributed to the interaction between the steel tube and the concrete core in CFST beams,
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contributing to a more robust and ductile structural response.
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Figure 12: Load vs. strain at elevated temperature in beams.
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Table 5: Ductility ratio of beams.

BEAM ID VALUES

B-AT 1.01
B-M20-CC-AT1 1.09
B-M20-SFRC-AT2 1.07
B-M30-CC-AT1 1.05
B-M30-SFRC-AT2 1.02
B-M40-CC-AT1 1.01
B-M40-SFRC-AT2 1.01
B-ET 1.10
B-M20-CC-ET1 1.11
B-M20-SFRC-ET2 1.09
B-M30-CC-ET1 1.08
B-M30-SFRC-ET2 1.06
B-M40-CC-ET1 1.07
B-M40-SFRC-ET2 1.09

3.6. Failure modes

The failure mode of a hollow beam at ambient temperature is typically bending, given the lower strength and
stiffness of the material, making it more susceptible to deformation. In elevated temperatures, the material’s
thermal expansion can cause the beam to bend or deform earlier, leading to failure. Additionally, the reduction
in the ultimate strength and stiffness of the material can contribute to failure, either in bending or shear, as
shown in Figure 13. The introduction of concrete provides additional confinement to the steel, enhancing both
the strength and stiffness of the beam. This additional confinement helps to mitigate the susceptibility to bending
or shear failure. However, it’s important to note that the failure mode of the beam can still occur in bending
or shear if the loading conditions exceed the capacity of the beam, even with the presence of concrete. At
elevated temperatures, the decrease in the strength and stiffness of the concrete can become a significant factor
contributing to the failure mode of the beam. The combination of thermal effects on both the steel and concrete
components influences the overall behavior of the hollow beam, making it essential to consider these aspects in
the design and assessment of structures exposed to elevated temperatures.

3.7. Numerical investigation

In the Finite Element Analysis (FEA) modeling described, a first-order lowered 3D hexahedral solid element
was chosen for concrete, and a triangular-shaped first-order lowered shell component was selected for steel
tubes in the rectangular Concrete-Filled Steel Tube (CFST). The composite parameters were applied to represent
the behavior of the CFST structure. Pinning initial conditions were specified near the end of the beam, just at the
bottom of the concrete tube. The force was transmitted to the top of the steel tube.

To assess the usual failure patterns under various load mechanisms, stresses were applied at the two end
parts of the bent region. This FEA modeling was validated using several beam tests described in reference [50].
The load against displacement curves, along with the failure mechanisms of the CFST samples, were compared
between experimental results and predictions.

Figure 14 likely illustrates the geometry or meshing of the first-order lowered 3D hexahedral solid
element used in the FEA analysis. The choice of appropriate elements and accurate modeling parameters is
crucial for obtaining reliable predictions and insights into the behavior of the CFST structure under different
loading conditions. The validation against experimental results enhances the confidence in the accuracy and
applicability of the FEA model in simulating the structural response of CFST beams.

3.8. Analysis of the beam behavior

The load of cementitious materials at tensile is greater than the strength of cracking of concrete described in [51]
and the initial breaking on the tensile side.
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Figure 13: (a) CFST tested samples (b) elevated temperature (c) failure of the beams (ambient and elevated temperature).

Figure 14: Mesh generation of beam.
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3.9. Failure mode

As shown in Figure 15, the empty steel hollow section fails because the hollow section beam is caused by the
compressive region (a). In the same period, as noted [52], in-filled cement, on the other hand, efficiently avoids
bending and localization of hollow steel portions in CFST beams. As demonstrated in Figure 16, the inner con-
crete supports the steel hollow portion to resist local longitudinal distortion (b). As a result, steel’s transverse
flexibility can be fully realized. Such extensive plasticity formation in a composite is crucial for the capacities
and flexibility of rectangle CFST beams.

Figure 17 depicts the evolution of the tensile deformation of the ductility of composite rectangular CFST
beam. It was found that at the moment in time, the maximum possible value of both elastic deformations is

S VaLFepd

Figure 15: Failure mode of beam.

Figure 16: Analysis of beam (a) deformation (b) maximum principal stress (¢) maximum elastic stress (d) maximum
deformation.
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around 0.0031 on the ductile side, which is expected to have some preliminary breakage of concrete. It may also
be shown that the mechanical stress in the ultimate bending segments at the tension side is distributed effectively
at this phase at the point of center, and the tensile stress of fundamental concrete perpetuates in the ultimate
bending segments, with the maximum value of 0.0057 occurring near the load locations at tension end.

The provided information compares experimental and numerical results for the load-carrying capacity
of different concrete-filled beams exposed to elevated temperatures (see Table 6). The percentage reductions in
load-carrying capacity are as follows:

* M30 grade conventional concrete-filled beam: Experimental reduction of 10%.
* M40 grade conventional concrete-filled beam: Experimental reduction of 15%.
*  M20 grade steel fiber-reinforced concrete-filled beam: Experimental reduction of 7%.
* M30 grade steel fiber-reinforced concrete-filled beam: Experimental reduction of 8%.
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Figure 17: Load vs. displacement in beams.

Table 6: Comparison of experimental and numerical results.

SAMPLE NAME EXPERIMENTAL RESULTS NUMERICAL RESULTS
MAXIMUM LOAD MAXIMUM MAXIMUM MAXIMUM

(kN) DEFLECTION (mm) LOAD (kN) DEFLECTION (mm)
B-AT 42.19 1.98 45.22 2.10
M20-CC-AT1 57.29 4.09 60.63 4.90
B-M20-SFRC-AT2 62.54 4.00 65.72 4.56
B-M30-CC-AT1 59.02 3.97 61.99 4.20
B-M30-SFRC-AT2 67.87 6.35 70.02 7.03
B-M40-CC-AT1 64.43 4.48 67.97 4.99
B-M40-SFRC-AT2 74.89 4.98 78.81 5.69
B-ET 41.34 1.90 43.80 2.02
B-M20-CC-ET1 52.49 3.56 56.56 434
B-M20-SFRC-ET2 59.57 4.48 63.76 5.34
B-M30-CC-ET1 57.31 3.89 60.97 4.56
B-M30-SFRC-ET2 65.34 4.99 68.54 6.28
B-M40-CC-ET1 62.76 4.8 65.34 5.04
B-M40-SFRC-ET2 71.51 4.49 73.71 5.45
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These reductions represent the decrease in load-carrying capacity observed in the experimental results

after exposure to elevated temperatures. It’s common to conduct numerical simulations to predict the behavior

of

structures under different conditions, and in this case, the numerical results are being compared to the

experimental findings.

4. CONCLUSIONS

The research objectives aimed to investigate the impact of steel fibers on the load behavior of hollow steel tube
beams filled with high-strength concrete. The key findings based on the test results are summarized as follows:

CFST beams with steel fibers significantly impacted the deformation behavior. Mechanical properties of
concrete were highly affected at an elevated temperature of 1050°C, with reductions in mechanical strength,
split tensile strength, and flexural strength. This reduction was attributed to the decomposition of calcium
hydroxide at elevated temperatures.

Compared to similar CFST beams without steel fibers, the beams with steel fibers exhibited slightly greater
ultimate loads. The inclusion of steel fibers improved the axial load transfer between the CFST hollow steel
section and the concrete-filled sections, resulting in increased concrete strength.

The load-bearing capacity of M20, M30, and M40 grade concrete-filled beams exhibited an increase at both
ambient and elevated temperatures, with improvements ranging from 22.5% to 32.5% at ambient temperature
and 22.6% to 32.56% at elevated temperature. In contrast, the mechanical properties of modified polymer
concrete-filled beams experienced a reduction ranging from 8.2% to 9.8%, while compression strength
decreased by 12.85% to 16.23%.

Furthermore, the experimental load-carrying capacity of the beams is closely aligned with values suggested
by various design codes, including EC-EN 1994-1-2005, ANSI/AISC 360-16, A1J-97, and BS 5950-5-2000.
Notably, the EC-EN 1994-1-2005 code demonstrated the highest level of accuracy, with a minimal deviation
of approximately 10%. The addition of steel fibers significantly improved the ductility of CFST beams. A
minimum of 1% steel fiber volume was found to achieve ductile behavior. This approach was deemed more
effective and cost-efficient than increasing the thickness and steel section to enhance the characteristics of
CFST beams.

The use of FEA modeling to investigate the structural capacity of rectangular CFST beams was proposed. The
results obtained from the FEA, including anticipated load and deflection, failure mechanisms, and bending
capabilities, showed good agreement with experimental findings.

These findings contribute valuable insights into the behavior and performance of CFST beams with steel
fibers, particularly under elevated temperatures, and highlight the effectiveness of steel fibers in enhancing
mechanical properties and ductility. The validation of code predictions and the proposed FEA modeling
further strengthen the robustness of the study.
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