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ABSTRACT
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Cold-formed thin-walled steel tubes (CTSP) find common use in light steel structures and solar panel brackets, yet they are
prone to collapse due to local instability and bending failure. To enhance the bending capacity of CTSP, this paper introduces
a new composite structure known as gypsum-reinforced cold-formed thin-walled steel tubes (GCTSP), aiming to preserve
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high stiffness, stability, and lightweight characteristics. The study proceeds in two main phases: Three types of GCTSP

(Section sizes of 80mmx40mm, 80mx60mm, 80mmx>80mm) undergo four-point bending experiments to determine
components’ ultimate bending capacity. Finite element (FE) models are established to investigate the influence of different
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aspect ratios (1.00, 1.14, 1.33, 1.60, 2.00) on the bending capacity of GCTSP. Gypsum has been shown to significantly

improve the bending capacity of CTSP. This study emphasizes considerable impact of changes in aspect ratio on GCTSP,
leading to an increase in bearing capacity between 22% and 90%. Additionally, a proposed calculation formula, accounting
for both gypsum reinforcement and aspect ratio effects, demonstrates excellent alignment with experimental data, yielding
an error rate below 4%. This study provides valuable insights for enhancing the flexural bearing capacity of GCTSP through

gypsum reinforcement, considering different aspect ratios.

Copyright © 2025 by The Hong Kong Institute of Steel Construction. All rights reserved.

CTSP;

Gypsum;

Four-point bending;
Composite structure;
Finite Element

1. Introduction

CTSP provide benefits including light weight, high strength, ease of
prefabrication, fast assembly, and recyclability. Their widespread use in steel
structure housing, factory buildings, sunrooms, and various engineering projects
and auxiliary structures has significantly contributed to the development of
lightweight assembled green buildings, showcasing broad application prospects
[1]. However, the inherent challenge of these tubes lies in their thin wall with
small thickness (1.5 mm-3.0 mm), resulting in issues such as low stiffness and
poor stability. These limitations restrict their spanning and bearing capacities. In
the face of strong wind loads, earthquakes, or snowstorms, these structures may
be susceptible to collapse due to local instability and bending failure of
components, leading to substantial property losses and potential casualties [2-4].

Researchers have thoroughly studied the mechanical properties of CTSP.
For instance, Yongbo Shao et al. [7] carried out a finite element analysis to
investigate the axial behavior of square steel tubes. Their calculations revealed
that the buckling coefficient closely resembles that of a simply supported thin
plate under axial compression, providing a valuable reference for the stability
calculation of square steel tubes. Paola Pannuzzo et al. [8] explored the bending
behavior of square and rectangular hollow CTSP after heat treatment through
three-point bending tests and numerical simulation studies. Noteworthy
references, such as the European standard [9] and AISC 360-16 [10], have
categorized cold-formed steel into different cross-sections and provided
calculation methods for the flexural ultimate of CTSP. More recently, Melina
Bosco et al. [11] have developed and studied formulas that consider parameters
such as slenderness ratio, shear length, and axial load. CTSP clearly show
limitations in both overall and local stability, as well as bending capacity, which
undermine structural reliability.

To enhance the bearing capacity of rectangular steel tubes, various studies
have explored the use of CFSTs and their mechanical capabilities. Lin Xiao et
al. [12] conducted a comprehensive review of the current research on concrete-
filled steel tubes in bridge structures. They highlighted potential areas for future
research, including bending capacity, spatial stress characteristics, dynamic
response, and local stress characteristics. Zijian Chen et al. [13] concentrated on
the axial compression capacity of steel-reinforced concrete short columns,
consolidating design formulas, material constitutive models, and experimental
research conclusions from various countries. This work provides a valuable
reference for further investigations into the axial compression capacity of steel-
reinforced concrete. Saifeng Wu et al. [14] developed CFSTs that inherit the
advantages of traditional reinforced concrete columns and have been utilized in
several super high-rise buildings. However, it is worth noting that current
scholarly attention is predominantly focused on the research of CFSTs, with
limited studies on the flexural capacity of steel tubes.

In addition to concrete, researchers have explored the use of lighter
materials, such as gypsum, to form composite thin-walled steel components. For

instance, Yifeng Xu [15] proposed and studied phosphogypsum-filled thin-
walled square steel short columns. Filling phosphogypsum into thin-walled
square steel tubes not only enhances their compressive capacity but also
preserves their "lightweight" characteristics. Yuan et al. [16] introduced a
composite steel tube filled with gypsum slurry and waste concrete blocks. This
tube exhibits early strength, fast hardening, and high bearing capacity, making
it suitable for use as temporary components in the construction of emergency
rescue and disaster relief houses. However, while the mentioned contributions
focus on the compressive capacities of gypsum-filled columns, there is still a
gap in research regarding the bending capacity of gypsum-filled beams.

This study aims to analyze the bending capacity of GCTSP. Section 2
outlines the experimental programs, including material preparation, test cases,
and device installation. Section 3 provides an in-depth analysis of the test results.
Section 4, numerical models are established for simulation, and the analysis of
the aspect ratio effect on mechanical capacity is presented. Section 5 introduces
a practical theoretical formula for calculating the flexural capacity, taking into
account the plastic development coefficient. While scholars have started to
recognize the lightweight and high-strength characteristics of steel tubes filled
with gypsum, research on gypsum-filled steel tubes remains limited, particularly
in terms of their bending capacity.

2. Experimental program
2.1. Materials preparation: steel tubes and gypsum

The gypsum manufacturer is produced by Shandong Taiyuan Gypsum
Technology Co., Ltd. As the setting final setting time of pure gypsum is too short
for specimen preparation, a 0.12 % dosage of retarder is added to prong its final
setting time (135 minutes). The retarder is wheat protein hydrolysate provided
by Beijing Longtengda Chemical Co., Ltd. Table 1 presents properties of

gypsum.

Table 1
Physical properties of gypsum
Initial Final Compressi ~ Measurem
R . Break off .
setting  setting ve ent of Whiteness
Name R R strength/
time/m  time/m MPa strength/ powders/ 1%
in in MPa %
Gypsu 5 10 35 16 0.01 50
m

The hollow galvanized square steel tubes are manufactured by Tianjin
Steel Co., Ltd. It is made of Q235 grade steel mechanical properties illustrates
in Table 2.
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Table 2
Material properties of Q235
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2.2. Test cases

As depicted in Table 3, each cross-sectional steel tube undergoes two

; . Weld . . .
Densi Tensile Yield Impact ing working conditions (hollow or fully filled by gypsum), and each working
Name ty strength/Mpa strength/ Elongation  ductility prope condition includes two similar members to obtain average test results. In total,
glem® MPa JAl 12 members are tested in this study. Q235, being a commonly used model in
023 engineering, was chosen for its combination of lightweight and high strength.
As a result of this property, the CTSP with a smaller cross-sectional size was
steel 785  370-500 235 > 25% 2730 better [OF tis property, T .2 rossT
tube selected to investigate its bending characteristics. The dimensions of three types
of Q235 CTSP are illustrated in Fig. 1.
i Y
80mm 80mm 80mm
L Y
A r4——G0mm 80mm
Fig. 1 Cold-formed thin-walled steel tubes and their section size
Table 3
Test cases
No. Test condition Cross section Aspect ratio Gypsum filling
1 80x40-k Yes
80mmx>40mm 2
2 80%40-s No
3 80x60-k No
80mmx>60mm 1.33
4 80x60-s yes
5 80x80-k No
80mmx>80mm 1
6 80%80-s yes

Note: k indicates that the steel tube is hollow, and s indicates that the steel tube is full filled with gypsum.

2.3. Test procedures

2.3.1. Preparation of GCTSP specimens

The CTSP has a length of 1500 mm and a thickness of 1.5 mm. To examine
the impact of aspect ratio on the filling effect, three cross-sectional types are
selected (80 mm x 40 mm, 80 mm x 60 mm, and 80 mm x 80 mm). After
weighing a certain quantity of gypsum, water, and retarder, mix them into a

(@)

Mixing _—

Pouring

uniform slurry, as shown in Fig. 2(a). Finally, pour the mixed gypsum slurry into
the empty tube using a funnel until the compactness is 100%, as depicted in Fig.
2(b). A one-week maintenance period is required for the gypsum to achieve the
maximum strength standard when poured into the three types of steel tubes, as
illustrated in Fig. 2 (c), for the three types of GCTSP sections with a filling rate
of 100%.

Fig. 2 The preparation process of GCTSP: (a) Mixing gypsum and retarder; (b) Pouring gypsum slurry; (b) Curing specimens
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2.3.2. Strain gauges

In Fig. 3, To monitor strain distribution, seven sensors are placed at the
central section of the specimen, with five (No. 1 to No. 5) arranged vertically
along its height. Additionally, two strain gauges (No.6 and No.7) are positioned
at the middle points of the top and bottom surfaces to measure tensile and
compressive strains on the surface.

2.3.3. Test loading

The four-point bending tests are conducted in the Civil Engineering
Laboratory of Jiangsu University. As illustrated in Fig. 4, the test system
comprises a 50T self-balanced structure vertical loading reaction system with a
separated hydraulic jack, simple supports at both ends, a universal compression
hinge, a pressure sensor, and strain and displacement gauges. Prior to the four-

|< 1500mm

Top

Bottom
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point bending test, adjustments are made to the distribution beam, loading hinge
point distance, and bearing position in the vertical loading reaction system of the
self-balanced structure.

After installing both the hollow and gypsum-reinforced cold-formed thin-
walled steel tubes, three displacement meters (dial indicators) are set up using
magnetic supports to record the specimen's displacement at midspan and two
ends [18]. The vertical force of the hydraulic jacks is distributed by the
distribution beam to two concentrated loads at the steel rollers with a distance
of 400 mm. Before the formal loading, a preload force with a value of 0.5kN is
applied to ensure that the loading rollers are in full contact with the specimen.
Subsequently, the load is unloaded to zero, and then continuously increased with
a step of 0.5kN until the tube is destroyed.

/— Loading plate >l

§ |
1
| Stress key point
+— Stress key point

1

)

Stress key point

Loading plate

400mm

Fig. 3 Arrangement of strain gauges at midspan section

Separated hydraulic
jack

Universal
compression hinge

Fig. 4 50T self-balancing vertical loading reaction system

3. Test results and discussion
3.1. Load—deflection behavior

At the beginning of the four-point bending tests, the entire component
undergoes slight bending deformation without any significant local changes.
Nevertheless, with the increase in loading value, the steel plate at loading point
slowly depresses, resulting in noticeable bulging protrusions on the front and

back sides of the steel tube. Finally, complete buckling failure occurs around the
loading points, leading to the component reaching its ultimate load capacity.
However, the failure patterns exhibit variations with changes in aspect ratios. As
illustrated in Fig. 5(a), local buckling in the 80>40-k tube is more pronounced
and localized, effectively highlighting the stress concentration phenomenon.
The degree of local failure of the 80>60-k and 80>80-k tubes is less than that of
the 80>40-k tube; however, it appears that local buckling expands along the
horizontal direction to a larger area (Fig. 5(b)-Fig. 5(c)).
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Fig. 5 Failure mode of the hollow steel tubes. (a) 80x40-k; (b) 80x60-k; (c) 80x80-k

During the four-point bending tests on GCTSP, none of the three types of
specimens (80x40-s, 80x60-s, 80%x80-s) produced noticeable sounds and
maintained load-bearing capacity until local buckling occurred at the midspan.
However, when compared with the corresponding hollow tubes, GCTSP
exhibited smaller localized deformation areas and reduced the crushing degree
of the upper surface at the loading points. Evidently, the infilled gypsum

provides support to the steel tubes, alleviating stress concentration and
enhancing overall bending capacity (Fig. 6(a)-Fig. 6(c)). However, due to the
smallest aspect ratio (1.0) of the 80x80-s steel tube, the constraint effect between
gypsum and steel panels is less than that of the 80x40-s and 80x60-s tubes. As
seen in Fig. 6(c), two local buckling zones occur symmetrically along 45° angles
below the loading points, indicating the shearing failure of the inner gypsum.

Fig. 6 local failure of different GCTSP. (a) 80x40-s; (b) 80x60-s; (c) 80%80-s

3.2. Flexural Capacity of Gypsum-Reinforced Steel Tubes

3.2.1. The improvement of bending bearing capacity

The load-deflection curves of both the hollow and gypsum-infused steel
tubes are illustrated in Fig. 7. In Fig. 7(a), for the steel tubes with a section size
of 80mmx40mm, the curves for both hollow and infused tubes are initially linear
and nearly coincident. However, as the loading process progresses, the slope of
the curve (representing bending stiffness) for the hollow tubes decreases
abruptly, reaching its ultimate load value quickly. In contrast, the infused tubes
exhibit significantly larger plastic deformation and better load-bearing capacity.

(@) (b)

Moving to Fig. 7(b), which represents steel tubes with a section size of 80
mm * 60 mm, the slope of the curve for the infused tubes is consistently larger
than that of the hollow tubes throughout the loading process, indicating superior
load-bearing capacity. Finally, in Fig. 7(c) for steel tubes with a section size of
80 mm x 80 mm, the stiffness and load-bearing capacity of the infused tubes
surpass those of the hollow tubes during the entire loading process. The larger
aspect ratio (1.33) of the 80x60-s specimen enhances the constraint effect
between the gypsum and steel panels, leading to an improved overall bending
capacity.

(©)
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Fig. 7 Load-deflection cures of hollow and gypsum infilled steel tubes
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Table 4
Bending capacity of hollow steel tubes
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Ultimate bearing

Ultimate bearing

Number . Average value/kN Number . Average value/ kN Increased proportion/%
capacity /kN capacity /kN

80x40-k1 9.4 80x40-s1 11.5

9.5 11.5 22
80x40-k2 9.5 80%40-s2 11.6
80%60-k1 11.0 80%60-s1 15.0

11.5 15.1 36
80x60-k2 11.9 80%60-s2 15.1
80x80-k1 6.9 80%80-s1 11.1

6.9 114 90
80x80-k2 6.9 80%80-s2 11.7

The experimental results, presented in Table 4, show the ultimate bending
capacity of both hollow and infilled steel tubes. The ultimate bending capacity
of GCTSP for the 80 mm % 40 mm, 80 mm x 60 mm, and 80 mm x 80 mm
sections are 11.5 kN, 15.1 kN, and 11.4 kN, respectively, representing increases
of 22%, 36%, and 90% compared to the corresponding hollow tubes. It is clear
that the aspect ratio plays a crucial role in determining the ultimate load-bearing
capacity and plastic deformation characteristics of GCTSP.

3.2.2. Stress-strain at mid span

Fig. 8 shows the variations in load and strain at the mid-section of square
steel tubes with different cross-sections. The y-axis shows the applied load,
while the x-axis depicts the corresponding axial strain.. Fig. 8(a) illustrates the
variation curve for the 80x40-k configuration, and Fig. 8(b) depicts the curve
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for the 80x40-s configuration. Both configurations demonstrate compliance
with the assumption of a flat cross-section. The interaction with gypsum
enhances the ductility of the steel tube, thereby increasing its restraint capacity,
leading to significant improvements in both maximum load and strain. (Fig. 8(c)
and Fig. 8(d)) The variation curves for the 80x60-k and 80%60-s configurations
are presented. Here, the influence of aspect ratio is apparent, with the GCTSP
performance optimal at this size, exhibiting the best flexural capacity among the
three sizes. Local strains of up to 2500p€ are observed. Lastly, Fig. 8(e) and Fig.
8(f) demonstrate the variation curves for the 80x80-k and 80x80-s
configurations, respectively. As the aspect ratio decreases, the steel tube's
constraint on the gypsum weakens, reducing the GCTSP's ductility and resulting
in smaller maximum strains at the tube's bottom, reaching only 1600 pe.
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Fig. 8 Stress-strain curves of components with different sizes. (a) 80x40-k; (b)80x40-s; (c) 80x60-k; (d) 80x60-s; () 80x80-k; (f) 80%80-s
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Fig. 9 Boundary conditions of GCTSP

4, Numerical simulation
4.1. FE model

4.1.1. Boundary conditions and grid division

In the experiment, one end of the GCTSP is a hinged support and the other
end is a sliding support. The two ends of the component are not limited by the
device to limit the displacement on both sides, so the degrees of freedom on both
sides are not limited in the simulation. We simplify the 50T self-balancing
vertical reaction loading system into two circular loading columns. One loading
point has only the degree of freedom of rotation, and the other is completely
constrained Fig. 9. The degree of freedom is set as a rigid body, including the
pad at the bottom.

GCTSP is modeled using C3D8R linear hexahedral elements and S4R linear
quadrilateral elements. This meshing approach reduces computation time while

&y Eu &

Fig. 10 Steel double broken line model

enhancing calculation accuracy. To guarantee the calculation's accuracy [20], it
is recommended that the aspect ratio of the element is below 2.0. The model
contains a total of 42563 nodes and 36496 elements.

The ' general static ' solver in Abaqus is used to solve the problem of GCTSP
material nonlinearity. The loading method is realized by displacement loading.
The advantage of this loading method is that the displacement control is used
instead of the load application to limit the degree of freedom to eliminate the
rigid body displacement to achieve a stable contact relationship.

4.1.2. Materials property

The CTSP in GCTSP adopts the double broken line model Fig. 10, and the
standard von mises yield surface and related fluidity laws and anisotropy are
used to define the properties of CTSP. The corresponding stress and plastic strain
are input in Abaqus. Gypsum [19] is an isotropic material, so the ideal elastic-
plastic model Fig. 11 can be used for numerical simulation.

fe

Fig. 11 Ideal elastic-plastic model of gypsum
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where aF; is the elastic modulus of steel in the strengthening stage, o is 0.01.
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where f. is ultimate compressive strength, ¢, is compressive strain.
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4.1.3. Contact interaction

Because there is no device to limit slip in the test, It is essential to account
for the effect on bond slip in the numerical simulation. The contact between
CTSP and gypsum is defined as surface to surface, and the tangential contact
needs to be defined as fiction formulation [20,21]. Penalty, friction coefficient
is 0.1, and normal contact is hard contact. The master-slave surface selection
assigns the stiffer surface as the master. Thus, the steel tube's internal surface is
the master, the gypsum-steel tube contact surface is the slave, and the steel tube
is modeled with shell elements. Thus, the steel tube thickness must be considered
during setup, with the shell thickness defined to extend 1.5 mm from the bottom
to prevent surface penetration.
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Fig. 12 The stress cloud diagram of different size components. (a) 80x40-k; (b) 80x40-s;(c) 80x60-k; (d) 80x60-s; () 80x80-k; (f) 80x80-s
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4.2. Result and analysis

4.2.1. Stress cloud

In Fig. 12(a)-(f), the stress-strain diagrams of the gypsum-reinforced cold-
formed thin-walled steel tubes with dimensions 80x40-s, 80x60-s, and 80%80-s
align with the experimental results. From the stress contour plots in Fig. 12
(a)-(f), it can be observed that the stress distribution aligns with the experimental
failure patterns. However, for the hollow steel tube, the stress concentration area
at the loading point is relatively small and accompanied by local instability and
failure. The corresponding maximum stress reaches 235 MPa, which is
equivalent to the ultimate strength of the selected steel material. In practice, the
steel in gypsum-filled steel tubes (GCTSP) near the loading point reaches its
ultimate stress of 235 MPa before the ultimate load is attained. After localized
failure occurs, the presence of gypsum facilitates stress redistribution in the

(@) (b)

61

composite beam, decreases the stress level in the steel. The ultimate load of
GCTSP exceeds that of conventional steel tubes (CTSP) due to the interaction
between the two materials (steel-gypsum) which maintains the overall load-
bearing capacity.As a result, the GCTSP beam lose its bearing capacity due to
collapse of infilled gypsum, and the ultimate stress in the steel reaches 200 MPa
according to simulation results.

Simulation of the experiment further demonstrates the enhancement effect
of GCTSP. Gypsum has weaker bending resistance but possesses certain
compressive strength, which synergizes well with CTSP. The steel tubes provide
confinement to the internal gypsum, thereby improving the overall bending
capacity of the components. Fig. 13(a) to Fig. 13(c) compare the displacement-
load curves of the experiment and simulation. From the figures, it can be
analyzed that the error is within 10%.
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Fig. 13 Comparison between experiment and numerical simulation. (a) 80x40; (b) 80x60; (c) 80x80

4.2.2. The influence of aspect ratio

Fig. 14(a) presents the numerical simulation results for five cases with
cross-sectional widths ranging from 40 to 80. The strength of each cross-section
is closely related to its height-to-width ratio. This observation highlights the
significant influence of the aspect ratio of the section [17]. This trend aligns with
the findings in this paper on GCTSP. Specifically, the aspect ratio of
80mmx*40mm is 2.0, 80mmx50mm is 1.6, 80mmx60mm is 1.33, 80mmx70mm
is 1.14, and 80mmx=80mm is 1.0. In Fig. 14(b), as the width decreases from 80
mm (1.0) to 50 mm (1.6), the bearing capacity gradually increases. However,
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when the width is reduced to 40 mm (2.0), the bearing capacity decreases. The
aspect ratio exerts a pronounced constraint effect on the gypsum filling material
within a specific range. In gypsum-reinforced steel tubes, the aspect ratio
influences the constraint effect of the steel tube on the internal gypsum,
subjecting the gypsum to three-dimensional compression and improving its
compressive strength. The gypsum inside the steel tube effectively prevents
local buckling, while the optimal aspect ratio enables both materials to utilize
their respective properties, thereby improving the overall bending capacity of
the component .
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—=— Ultimate bearing capacity

16
~
7z
|
~ 4t
]
=
=
-

12 F

10 1 1 ' 1

0.5 1.0 1.5 2.0 28 3.0

Aspect ratio

Fig. 14 (a) The ultimate bearing capacity of different size components; (b) Height-width ratio and bearing capacity curve

5. Bearing capacity calculation formula
5.1. Bending capacity calculation
Presently, composite members involving steel tube filling materials

primarily focus on concrete-filled steel tubes, with theoretical calculations often
considering the compressive capacity of the filled concrete. Building upon the

principles of concrete-filled members, this paper incorporates considerations for
the steel tube's yield capacity, local damage, gypsum compressive strength, and
aspect ratio.

Han et al. [22] has proposed a semi-empirical theoretical formula for
calculating the ultimate bending bending capacity of the CSTS, as shown in Eq.3.

M, = ymVsty» 3)
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where W is the sectional bending modulus, ¥, is the calculation coefficient,

and , is the axial compression yield limit j =—0.2428£ +1_4103\/E ,
é = ( fy AS) / ( fCk AC) is the constraint effect coefficient, 4, and A, are the cross-

sectional area of steel tube and concrete respectively, fe is the standard value of
concrete compressive strength. Further, Li Liming et al. [23,24] introduced the
plastic development coefficient of steel on the basis of considering the constraint
effect.

My, = (1+ aWsfy, “

where a = Ag/A_is the steel ratio of concrete filled steel tube section, (1+a) is
the plastic development coefficient of steel.

Due to the calculation theories of Eq.3 and Eq.4 both designed for concrete-
filled steel tubes, significant discrepancies are observed when applied to GCTSP.
The errors in the calculations by Eq.3 range from a minimum of 100% to a
maximum of 338%, while those by Eq.4 exhibit errors ranging from 158% to
432%. These results highlight the incompatibility of concrete-filled steel tube
theories with GCTSP calculations, necessitating the introduction of new
coefficients and theories for more accurate optimization.

As concrete and gypsum are both cementitious materials, they have similar
characteristics in some mechanical properties. However, concrete has higher
compressive strength and forms a stronger bond with CTSP. In contrast, the bond
between gypsum and CTSP is weaker compared to concrete. Therefore, the
constraint effect of the steel tube will be weakened, and the plastic development
of the steel tube and the influence of the aspect ratio should also be considered.
The following assumptions are made for GCTSP: (i) Considering the influence
of aspect ratio P.(ii) Considering the constraint effect and the plastic
development of steel, the correction is made by using f.

Under the above assumptions, formulas (5) and (6) are proposed to calculate
the bending capacity of GCTSP.

M = EpWify, (%)
B =2.15x — 0.68x% — 1.2, (©6)

in the formula: M for the bending bearing capacity of the component; W, is the
section bending modulus of the rectangular steel tube; f, for the yield strength of
the steel material; £ is the plastic development coefficient of steel considering
the influence of aspect ratio; x is aspect ratio. § = ( fyAS) / ( fgkAg ) , Asand A4,

are the cross-sectional area of steel tube and gypsum respectively, f indicates
is the standard value of gypsum compressive strength.

The analysis of the aspect ratio's influence on bending capacity reveals a
direct relationship between the aspect ratio and the ultimate bending capacity.
Additionally, when inversely calculating the plastic development coefficient, the
obtained value of " f " aligns with the trend of the bearing capacity. Therefore,
the plastic development coefficient is determined through curve fitting. The
fitting curve is illustrated in Fig. 15. Utilizing the formulas (5) and (6), the
corresponding findings are provided in Table 5.
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Fig. 15 Fitting curve of aspect ratio and coefficient
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Table 5
Theory and experimental results

Number Specimens Mu/kN Mu/kN | My- M2 |/ Mu

Number

1 80%40-s 11.5 11.1 3%

2 80%50-s 16.0 16.6 4%

3 80%60-s 15.1 15.4 2%

4 80%70-s 12.8 12.3 4%

5 80%80-s 11.4 11.3 1%

From the calculated results and experimental results, it can be observed that
they are in good agreement, with an error of approximately 4%. The reason for
the lower theoretical value is that it does not consider the enhanced effect of the
lateral confinement of the steel tube during the actual loading process. Although
this semi-empirical formula has certain practical value, its accuracy and scope
of application have certain limitations, so careful evaluation and proper
correction are needed in practical engineering.

6. Conclusion

This study comprehensively investigated the bending capacity of GCTSP
through a combination of experimental, numerical simulation, and theoretical
analyses. The key findings are summarized as follows:

® Flexural Behavior of Hollow Steel Tubes: Four-point bending
experiments were performed on CTSP with 3 different cross-sectional
dimensions  (80mmx40mm, 80mmx60mm, 80mmx80mm). The results
indicated that these tubes experienced local compression failure or warping at
the loading point, leading to an ultimate flexural bearing capacity of 9.5kN,
11.5kN, and 6.9kN, respectively.

® Effect of Gypsum Infusion on Bending Capacity: Four-point bending tests
were performed on GCTSP with the same three different section sizes after
filling them with building gypsum. Gypsum filling effectively delayed local
failure and significantly enhanced the ultimate bending capacity, resulting in
capacities of 11.5kN, 15.1kN, and 11.4kN for the respective cross-sections.
Compared to hollow tubes, the ultimate bending capacity increased by 22%,
36%, and 90%.

® Aspect Ratio Influence on Gypsum Effect: The effect of gypsum on
flexural capacity was found to be related to the aspect ratio of the beam section.
The aspect ratios of the tested sections were 2.0, 1.33, and 1, respectively, and
additional aspect ratios of 1.6 and 1.14 were considered. The study revealed that,
with a constant height of the steel tube (80mm), the flexural bearing capacity
gradually increased with the aspect ratio. It reached a maximum at an aspect
ratio of 1.6 and then decreased when the aspect ratio was reduced to 2.0. This is
attributed to the dimensions of the height-to-width ratio enhancing the gypsum's
constraining ability, thereby achieving the optimal coordination between the two
materials.

® Numerical Simulation Validity: A 3D numerical model for the four-point
bending test was created using Abaqus. Numerical simulation results closely
matched experimental findings, with an agreement of about 10%.

® Semi-Empirical Formula and Correction Factor: A semi-empirical
formula was developed for calculating the maximum bending capacity of
GCTSP. A new correction factor () was introduced to consider the influence of
the aspect ratio on the constraint effect. The proposed formulas demonstrated
good reliability, with errors between theoretical and experimental results for
ultimate load below 4%.

Overall, the study offers valuable insights into the flexural behavior of
GCTSP, providing a thorough understanding through experimental, numerical,
and theoretical methods.
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