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Abstract: Composite structures are increasingly being utilized in modern construction. This
computational analysis focuses on the structural performance of composite beams formed
by thin-walled, cold-formed steel channel sections strengthened with concrete. The primary
objective of this research was to enhance the strength and stability of composite cold-formed
steel beams. In this study, back-to-back C-channel sections and concrete slabs with various
stiffener configurations were analyzed. The key parameters considered include stiffener
spacing, type, and thickness. Additionally, different beam cross-sections, such as C-channel
and sigma sections, were investigated. A finite element analysis was conducted using
the ABAQUS program, incorporating both geometric and material nonlinearities. The
developed models were validated against experimental results from previous research
and existing design guidelines. Three beam specimens were examined in this study to
assess their structural behavior under static loading conditions. A novel aspect of this
research is the investigation of composite cold-formed steel beams under a combination of
ultra-high-performance concrete (UHPC) and negative moment effects. The load-deflection
behavior of all beam specimens was analyzed, considering variations in cross-sectional
dimensions and span lengths. Additionally, the study highlights key material properties,
including the maximum compressive strength of concrete, the yield strength of cold-
formed steel channels, and the cross-sectional area of the steel components for each beam
specimen. This research provides valuable insights for structural engineers, contributing to
the optimization of composite cold-formed steel beam design for enhanced performance in
practical applications.

Keywords: composite beams; channel back-to-back; sigma beam; stiffener; shear connector;
static load; finite element analysis; UHPC

1. Introduction

The new composite system using thin-walled cold-formed steel (CFS) beams as a
substitute for hot-rolled steel beams has seen increased use in recent years [1-3]. The
new composite system has been widely used in building construction and various types
of structural systems to provide lighter weight [4,5]. Several new types of shear con-
nectors have also been proposed for this purpose [6-9]. The function of CFS soffits in
composite beams is similar to that of cold-formed steel panels in composite floor decking
systems [10-12]. The installation and removal of formwork and shoring are necessary
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during the construction of cast-in-place concrete beams, which adds significantly to their
cost [13-15]. However, the cost of construction as mentioned above may greatly decrease if
the standard steel reinforcing bar is replaced with a thin-walled CFS channel section during
the construction phase. These forms are used to transport wet concrete and composite
reinforced concrete beams for reinforcement [16]. In low-rise commercial and industrial
building construction, the use of light-gauge steel (LGS) framing has significantly increased
in recent years. The wall framing in such a construction is comprised of a set of CFS studs
that are kept in place by top and bottom CFS tracks [17-19].

CFS is a type of steel that is produced using a cold-forming process. CFS items are
produced by treating the sheet steel with stamping, rolling, or pressing to distort the sheet
into a useful product [20]. The thickness of the sheet utilized ranges between 1 and 8
mm. Cold-formed steel sections are used in vehicle bodywork, railway coaches, various
types of equipment, storage racks, grain bins, gearbox towers, gearbox poles, and other
applications. However, it has made only limited progress in building construction. For steel
constructions subjected to mild and medium stresses, the use of hot-rolled steel sections
becomes uneconomical [21-23]. CFS has several advantages including price stability,
lightweight, uniform quality, high strength and stiffness, ease of prefabrication and mass
production, economy in transportation and handling, fast and easy erection and installation,
non-combustibility, and termite and rot resistance [24-27]. Purlins, girts, roof trusses,
and all framing of one- and two-story residential, commercial, and industrial structures
subjected to light loads may be adequately constructed using CFS components [28-30].
CEFS sections such as channel, Z sections, I sections, T sections, angles hat sections, and
tubular members are frequently used as flexure members in the roof and wall systems for
purlins and grit [31,32]. The literature on theoretical research has developed a suitable
methodology for design. Finite element analysis using FE programs such as ANSYS [33],
LSDYNA [34,35], or ABAQUS [36] can reliably predict global and local deformations due
to loads. Therefore, numerical models are an ideal alternative due to cost and testing time.

However, limited research has been conducted on the strengthening of composite
cold-formed steel beams subjected to static loads. Therefore, this study aims to enhance
the structural performance of such beams using various strengthening techniques. A finite
element analysis (FEA) was carried out to examine the behavior of two section types—
channel and Sigma shapes—both configured as back-to-back sections under four-point
loading. The finite element model (FEM) was validated against experimental results.
Additionally, comprehensive parametric studies were performed, investigating the effects
of different parameters, including stiffener types, thickness, and spacing, as well as the
behavior of unstiffened beams under both positive and negative loading conditions.

2. Finite Element Modeling

Finite element analysis (FEA) was utilized to develop accurate and reliable mod-
els that simulate the behavior of composite CFS beams, based on experimental results.
ABAQUS/CAE [36] was used to generate two models: the “detailed model” and “basic
model”. The developed numerical simulations adopted geometric nonlinearity, boundary
conditions, and dynamic material nonlinearity.

2.1. Material Properties

The FEM model simulated the steel material of the CFS beams and shear connectors
using a bilinear stress—strain curve to simulate the material nonlinearity. The Poisson’s ratio
of steel material was 0.3. To characterize the damage and failure mechanisms of concrete
materials, the finite element model employed the concrete damage plasticity (CDP) model
available in ABAQUS (version 6.7). This model incorporates two primary failure modes:
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tensile cracking and compressive crushing of concrete elements. The parameters for the
concrete damage plasticity model are shown in Table 1.

Table 1. The concrete plasticity properties.

Dilation Angle Eccentricity Parameter Viscosity
(¥) (c) (opoloco) k u

56 0.1 1.16 0.667 0

Equations (1)—(5) were used to establish the nonlinear stress—strain behavior of con-

LG )

ventional concrete [37,38].

oy = P &« ] ()
- : €10 < €
1.25(%71) -
fe
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Here, f. and ¢ represent the ultimate stress and strain in compression, respectively,
while o and ¢, represent the concrete stress and strain, respectively.
The following factors can be used to establish concrete damage criteria [38—40]:

Oc
d.=1—=>= 4
2 (4)
dtzl—% (5)

where the damage parameters in compression and tension are symbolized by d. and d;,
respectively.

2.2. Elements, Loading, and Boundary Conditions

Eight-node linear brick elements with reduced integration (C3D8R) was used to
simulate the concrete slabs. This element is capable of cracking in tension and crushing in
compression. It can easily represent the nonlinear behavior of concrete. The CFS beam:s,
stiffeners, and L-shaped shear connectors were modeled using a four-node doubly curved
shell element with reduced integration, finite membrane strains, and hourglass control
(S4R) [41,42]. Two-node linear 3D truss elements were used to model the reinforcing rebars
(T3D2). The coupling option in ABAQUS/CAE was used to apply loads to the concrete
slab’s top. With one end of the beam fixed as a hinge and the other end supported by a
roller, displacement control was used to simulate the applied loadings. Figure 1 illustrates
the assembled model after meshing.
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Figure 1. Meshing of the assembled model in ABAQUS.

2.3. FE Meshing, Interaction, and Analysis Method

To obtain accurate results, mesh with different sizes were investigated using three
distinct mesh sizes of 50 mm, 20 mm, and 10 mm. The load-deformation responses were
used as the factor in choosing the more reasonable mesh size. The mesh was considered
to have converged when an increase in mesh density had no impact on the outcomes.
The convergence investigation demonstrated that both the 20 mm and 10 mm mesh sizes
converged as shown in Figure 2. By considering the amount of computing time, 20 mm
mesh size was chosen. Noteworthy, finer mesh sizes were used at the round corners.
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Figure 2. Mesh size investigation.

Surface-to-surface contact was implemented between the concrete slab and the CFS
beam to simulate the interaction between the adjoining components. Embedded constraints
were applied for the steel rebars, shear connectors, and concrete slabs. To simulate these
connections, surface-to-surface contact was first established between the web of each
channel in the CFS beams and the adjoining surface of the angle shear connectors. Then,
the fastener tool available in ABAQUS was employed to model the bolts connecting the two
channels and the angle shear connectors. The implicit solver in ABAQUS was employed to
analyze the finite element models as a quasi-static analysis.
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2.4. FE Verifications

The CFS beams (specimens VA1, VA2, and VA3) tested by Malite et al. [43] were
used to verify the FE results. Each CFS beam consisted of two channels back-to-back with
cross-section dimensions of 250 mm X 75 mm X 3.75 mm and a total length of 4000 mm
long, as shown in Figure 3. Specimens VAl and VA2 were firstly tested steel only (without
the concrete slab), as shown in Figure 4a,b. These two specimens were simply supported
with two concentrated and distributed loading schemes. Specimen VM3, as shown in
Figure 3a, was attached compositely to concrete slabs using embedded shear connectors.
These connectors were steel angles with dimensions of 50 mm x 50 mm X 4.75 mm and a
length of 100 mm, as shown in Figure 3b. The loading scheme was two concentrated loads.
The supports were positioned at a distance of 100 mm from both edges. The tested beams
were simply supported with a hinge support at the left end and a roller support at the right
end. Lateral supports were provided to prevent lateral buckling of the tested beams at the
mid-span, loading points, and ends.

800mm
£
S 100mm 50mm ¢
— E
: . = = ho
2 - = S ~
LM L
-
75mm . 75mm ™
(a) (b)

Figure 3. Dimensions of the tested beams by Malite [43]. (a) Cross-section of the composite beam;
(b) Shear connector dimensions.

v 4200mm .
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(b)

¥ 4200mm &
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Figure 4. Loading schemes of the tested beams by Malite [43]. (a) Specimen VA1; (b) Specimen VA2;
(c) Specimen VA3.
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Table 2 displays the average values of the concrete mechanical properties based on
compression tests (with cylindrical specimens). The specified modulus of elasticity, yield
stress, and ultimate strength of the CFS beams and shear connectors are listed in Table 3.

Table 2. Mechanical properties of concrete.

Specimen Compressive Strength (MPa)  Modulus of Elasticity (MPa)
VA1 31.9 36,844
VA2 29.6 33,467
VA3 28.1 33,172

Table 3. Mechanical properties of steel material.

Element fy (MPa) fu (MPa) E (MPa) A (%)
CFS beams 377 543 203,000 29.2
Shear connectors 246 360 203,000 39.8

fy = yield strength, fu = tensile strength, E = modulus of elasticity, A = elongation (in 50 mm).

The numerical results in terms of deflection, strains, and modes of failure of the
analyzed beams were verified against the experimental results, as shown in Figures 5-7.
Figure 5 presents comparisons between the FE and experimental results for the load versus
mid-span deflection of specimens VA1, VA2, and VM3. The experimental curve shows
slightly lower load values than the FE predictions for the same deflection. The FE and
experimental results initially matched well but diverged at larger deflections. The FE model
predicted a slightly higher load-carrying capacity compared to the experiment. Idealized
material properties, slight variations in supports and loading, and imperfections could
explain this difference in behavior.

Figure 6 presents a comparison of load-strain curves between experimental results
and FE simulations for beam specimens VM1 and VM2 at different flange locations. The
FE strains tend to predict a stiffer response at lower strain levels but diverge from the
experimental data as strain increases. In all cases, the FE model underestimates deformation
at the early stages but overestimates stiffness at later stages. This suggests that the numerical
model may not fully capture material nonlinearities, residual stresses, or imperfections
present in the real specimens. Moreover, the material properties, boundary conditions, and
element discretization could explain this difference in behavior. The disappearance of FE
data in the final stage of the load—strain curves (Figure 6) is due to numerical convergence
issues in ABAQUS.

Figure 7 presents another validation of the FE results, focusing on local buckling in
the compression flange and web of the CFS beam under loading points. The physical test
showed clear signs of local buckling in the compression flange and web. Deformations
were concentrated under the loading points, suggesting that these regions experience the
highest compressive stresses. The FE results captured the buckling behavior well, with
similar deformation patterns as seen in the experiment. Based on these comparisons, the
FE model provides a reasonable approximation of the experimental results. Therefore, the
developed FE models were utilized to further investigate the parameters influencing the
behavior of CFS composite beams.
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Figure 5. Comparisons in terms of the load—deflection curves for the experimental and FE results.

= = Finite Element

500 1000 1500 2000 2500 3000 3500 4000 4500
Average Strain-bottom flangex10°

(a) Specimen VM1 (bottom flange)

Figure 6. Cont.

120

100

Load (kN/m)
(=) (o]
(=} (=)

=
(=]

o
(=]

Experimental

= == Finite Element

200 400 600 800
Average Strain-bottom flangex10°

(b) Specimen VM1 (top flange)



J. Compos. Sci. 2025, 9, 209

8 of 21

120

100

80

Load (kN/m)
D
(=}
~

Experimental

= = Finite Element

0 200 400 600 800
Average Strain-top flangex106

(c) Specimen VM2 (top flange)

Figure 6. Comparisons in terms of the load-strain curves for the experimental and FE results.
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Figure 7. Local buckling in the compression flange and web under loading points.

3. Parametric Study

The verified FE model would be a suitable choice to save money and time to investigate
further parameters that affect the CFS composite beams. All parameters that may affect the
behavior of the composite CFS beams are summarized in Tables 4 and 5. The studied cases
can be classified into two groups: sagging moment and hogging moment loadings.

In the first group of the parametric study, various parameters, including concrete
strength, CFS beam type and dimensions, and stiffener type and spacing, were considered
under sagging moment loadings, as listed in Table 4. To facilitate clear identification and
organization of each analyzed beam, a specific notation system was implemented. Each
model was assigned a unique identifier in the format (A-B-C-D-E) as listed in Table 4
as follows: CH, channel cross-section; BTB, back-to-back double channels; OC, ordinary
concrete; S, sigma section; SPL, CFS section with stiffeners; NS, unstiffened section; L,
L-shape stiffeners; T, back-to-back L-shape stiffeners; U, U-hat stiffeners; TR, trapezoidal
stiffeners; UHPC, ultra-high-performance concrete. In the second group, the effect of the
hogging moment loadings, ultra-high-performance concrete, and lipped and unlipped
sections were investigated.
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Table 4. Groups and parameters of the analyzed beams.

Group Loading Parameter Beam ID Concrete Stiffeners
(CH-BTB-OC-fc,30) feu =30 2pl
Conerete strength (CH-BTB-OC-fc,35) fu =35 2pl
(CH-BTB-OC-fc,40) foy = 40 2pl
(CH-BTB-OC-fc,50) feu =50 2pl
(CH1.5-BTB-OCQ) oC 2PL
(CH2.0-BTB-OC) oC 2PL
CFS beam
dimensions (CH3.0-BTB-OC) oC 2PL
(CH3.5-BTB-OC) oC 2PL
(CH3.75-BTB-OC) oC 2PL
With and without (CH-BTB-OC-SPL) OC 2PL
stiffeners (CH- BTB-OC-NS) ocC -
. (CH-BTB-OC-4PL) oC 4PL
o CFS beam type
g (S-BTB-OC-4PL) oC 4PL
g (CH-BTB-OC-2PL) oC 2PL
1 £ (CH-BTB-OC-6L) oC 6L-stiffener
g Stiffener type (CH-BTB-OC-6U) ocC 6U-HAT
go (CH-BTB-OC-6T) oC 6T-stiffener
e (CH-BTB-OC-6TR) oC 6TR-stiffener
A (CH-BTB-OC-6T) oC 6T-stiffener
Stiffener spacing (CH-BTB-OC-12T) oC 12T-stiffener
(CH-BTB-OC-6TR) oC 6TR-stiffener
(CH-BTB-OC-12TR) oC 12TR-stiffener
(CH-BTB-OC-T1) OoC T-stiffener
(CH-BTB-OC-T2) OoC T-stiffener
(CH-BTB-OC-T3) oC T-stiffener
Stiffener thickness (CH-BTB-OC-T4) OoC T-stiffener
(CH-BTB-OC-TR1) oC TR-stiffener
(CH-BTB-OC-TR2) oC TR-stiffener
(CH-BTB-OC-TR3) oC TR-stiffener
(CH-BTB-OC-6TR) oC TR-stiffener
"é (CH- BTB-OCQ) oC TR-stiffener
g (CH-BTB-OC-4PL)-lipped ~ OC 4PL
5 ;D?% (CH-BTB-UHPC-PL) o APL
B unlipped
%" (CH-BTB-UHPC-4PL) UHPC JPL

lipped
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Table 5. Details of the investigated parameters.

Py -

- E £ E

-~ £ > . g g g E g

E 0z 2 2 g 2 g g et

) 4 > 0 = Q

Specimen ID ::1 »E o 2§ é g s = é £,

= ‘2 [ g ~ = o 1 % = B‘ = [92]

(=] LL' (7)) (9] = -— o 7]

) 9 4 = o = s - 5

-l B o o = o o T":‘. =

o %) K & 9] =

73 = )
CH-BTB-OC-4PL 4200 75 250 3.75 800 100 Angel-L 475 1333
CH-BTB-OC-2PL 4200 75 250 3.75 800 100 Angel-L 475 4000
S-BTB-OC-4PL 4200 75 250 3.75 800 100 Angel-L 475 1333
CH-BTB-OC-6L 4200 75 250 3.75 800 100 Angel-L. 475 750
CH-BTB-OC-6U 4200 75 250 3.75 800 100 Angel-L. 475 750
CH-BTB-OC-6T 4200 75 250 3.75 800 100 Angel-L 475 750
CH-BTB-OC-6TR 4200 75 250 3.75 800 100 Angel-L  4.75 750
CH-BTB-OC-12T 4200 75 250 3.75 800 100 Angel-L. 475 375
CH-BTB-OC-12TR 4200 75 250 3.75 800 100 Angel-L 475 375
CH-BTB-OC-T1 4200 75 250 3.75 800 100 Angel-L  2.00 750
CH-BTB-OC-T2 4200 75 250 3.75 800 100 Angel-L.  3.00 750
CH-BTB-OC-T3 4200 75 250 3.75 800 100 Angel-L 475 750
CH-BTB-OC-TR1 4200 75 250 3.75 800 100 Angel-L  2.00 750
CH-BTB-OC-TR2 4200 75 250 3.75 800 100 Angel-L  3.00 750
CH-BTB-OC-TR3 4200 75 250 3.75 800 100 Angel-L. 475 750
CH-BTB-OC-PL)-lipped 2200 50 200 3.75 500 100 Angel-L.  2.00 665
CH-BTB-OC-PL)-unlipped 2200 50 200 3.75 500 100 Angel-L.  2.00 665
CH-BTB-UHPC-PL)-lipped 2200 50 200 3.75 500 100 Angel-L  2.00 665

3.1. Section Geometry

C-channel, omega, and sigma cross-sections, as shown in Figure 8, with identical
depths, areas, and lengths were investigated to capture the capacity and behavior of
composite beams with different CFS sections.

75 i 75
S A ~ H QW25 - H
& ‘ivlzs 3 T y SOL J Vivas
H75

HZ6

V280 v V280 v V250 v

<

H75
J_ﬁi_ V50rj WV s

b :TVIQ V25
— P 75
(a) C-channel (b) Omega (c) Sigma

Figure 8. Details of the C-channel, omega, and sigma cross-sections.
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3.2. Concrete Compressive Strength

Different compressive strength values of concrete—f, values of 30, 35, 40, and
50 MPa—were used in the models to examine the impact of varying strength on crack
formation and stress distribution in accurately embedded parts within the concrete slab.
UHPC was modeled in Group 2 of the parametric study, where composite CFS beams were
subjected to negative loading. The mechanical properties of UHPC were incorporated
using the CDP model available in ABAQUS, which captures both compressive crushing
(120 MPa) and tensile cracking (10 MPa).

3.3. Type and Configurations of Proposed Stiffeners

To capture the effect of type and configurations of the stiffeners, different types of
stiffeners, as shown in Figure 9, were examined. Trapezoidal, L-shape, U-hat, and T-shape
stiffeners were investigated.

H75
75 Pf“ .75 - 75

. . - = 278
4.75 -
75 V75 v
4.754.75
T 475
H H H

H25 H2s

<

A

Figure 9. Dimensions and details of the trapezoidal, L-shape, U-hat, and T-shape stiffeners.

3.4. Shear Connectors

Two different configurations of shear connectors were used to investigate the effect of
the interaction between the concrete slab and CFS beams, as shown in Figure 10. Group
1 sheer connectors, which include L-shaped shear connectors with 4.75 mm thickness,
50 x 50 mm cross-section dimensions, and 100 mm length, were positioned on the upper
flange of the CFS beams. Group 2 sheer connectors, which include L-shaped shear connec-
tors with 2.00 mm thickness, 170 x 100 mm cross-section dimensions, and 100 mm length,
were investigated.

o
100mm 50mm e
| — 1= —_— -
“ZI 4.75mm
| I

Figure 10. Details and dimensions of the investigated shear connectors.

50mm

50mm

4. FE Results and Discussions

Table 6 presents a numerical summary of the FE analysis results for different beam
configurations. The key parameters include the number of stiffeners, stiffener spacing,
thickness, first peak load, deflection at peak, maximum deflection, and percentage increase
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in load capacity. Beam CH-BTB-OC served as the control with no strength enhancement

(NS). It has a first peak load of 108.088 kN, significantly lower than other configurations.

Increasing the number of stiffeners improved load capacity. For example, beam CH-BTB-

OC-PL with six stiffeners at 750 mm spacing reached 161 kN (49% improvement). Similarly,
beams CH-BTB-OC-6T and CH-BTB-OC-L showed around 53% strength increase. Reducing
stiffener spacing in beam CH-BTB-OC-12T (12 stiffeners, 375 mm spacing) achieved a 55%
strength increase, indicating that denser stiffener distribution contributes to higher load

capacity. The impact of transverse reinforcement (TR configurations) in beam CH-BTB-
OC-TR4 (12 stiffeners, 375 mm spacing, 7.5 mm thickness) exhibited the highest strength
increase (63.7%). TR configurations (e.g., CH-BTB-OC-TR1, TR2, TR3) showed consistent

improvements (ranging from 54% to 58.8%).

Table 6. Summary of the FE results for the analyzed beams of Group 1.

- — :
@« = g R = 13}
y ¥ g £ e 3 £ &
e 5 % =
o = & i,q ';f’ - § '%3 = .§ §
3 . b= Nn'E = = A~ S Bl @
g g 2 BE SE 4 L . S o0
O @ k) g = = 5 3 ] G £
S & g A~ B = a '@
Z b= b= ? K 5 X o
W - ovmi 1] = < 3]
CH-BTB-OC 2 - 4.7 108.088 107.01 94.07 197.33 NS
CH-BTB-OC-PL 4 1333 4.75 153.3 235.67 153.3 235.67 29.7%
CH-BTB-OC-PL 6 750 4.75 153.37 103.5 139.43 139.98 NS
S-BTB-OC-PL 6 750 4.75 146.65 97.1844 146.65 97.1844 42%
CH-BTB-OC-PL 6 750 4.75 161 176.9 49%
CH-BTB-OC-L 6 750 4.75 165.323 174.559 164.69 198.277 53%
CH-BTB-OC-U 6 750 4.75 158.60 169.9 153.7 231.36 57.4%
CH-BTB-OC-T 6 750 4.75 165.3 173.24 164.7 198.27 53%
CH-BTB-OC-TR 6 750 4.75 167.60 165.26 166.36 242.36 55%
CH-BTB-OC-6T 6 750 4.75 165.323 174.5 165 198.27 53%
G-1 CH-BTB-OC-12T 12 375 mm 4.75 167.56 168.1 166.5 194.342 55%
CH-BTB-OC-6TR 6 750 mm 4.75 167.60 162.25 166.36 242.36 55%
CH-BTB-OC-12TR 12 375 mm 4.75 171.679 154.17 167.1 236.4 58.8%
CH-BTB-OC-T1 12 375 mm 2.00 165.7 177 165.6 178.6 53.4%
CH-BTB-OC-T2 12 375 mm 3.00 166.8 174.8 166.6 176.62 53.7%
CH-BTB-OC-T3 12 375 mm 4.75 167.562 168 166.5 194.34 55%
CH-BTB-OC-T4 12 375 mm 7.5 176.841 147.7 167.75 236.5 63.7%
CH-BTB-OC-TR1 12 375 mm 2.00 155.4 166.6 155.46 166.6 54.25%
CH-BTB-OC-TR2 12 375 mm 3.00 170.2 161.5 165.9 234.3 57.6%
CH-BTB-OC-TR3 12 375 mm 4.75 171.6 154.1 167.1 236.4 58.8%
CH-BTB-OC-2PL-lipped 2 6666  2.00 94 3.49 64 3.39 NS
CH-BTB-OC-4PL-lipped 4 666.6  2.00 119 24.24 92 447 26.5%
G-2 . 40.4%
CH-BTB-OC-4PLunlipped 4 666.6 2.00 56 1.998 21 42.7 D
ecrease
CH-BTB-UHPC-4PL lipped 4 666.6 2.00 165 19.96 144 33.2 75.5%
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4.1. Load—Deflection Relationships

Load-deflection curves were generated for all analyzed models to assess the influence
of various parameters on the peak load and the corresponding deflection at peak loading.
Figure 11 presents the effect of CFS beam cross-section and concrete compressive strength
on the load—deflection behavior. The load-deflection curves show that different cross-
sectional shapes (discussed in Figure 8) significantly influence the peak load capacity and
deflection. The omega section beam exhibited the highest load-carrying capacity and
stiffness, reaching a peak load of nearly 1900 kN before softening. The sigma-section beam
performed better than the C-section beam, which had the lowest peak load and deflection.
This confirmed that the omega section provided superior structural performance, likely due
to its higher moment of inertia and resistance to buckling. The curves in Figure 11b compare
different concrete compressive strengths (f. = 30, 35, 40, and 50 MPa). Higher compressive
strength generally increased the peak load capacity. The specimen with f. = 40 MPa reached
the highest peak load, indicating that increasing concrete strength improves load-bearing
performance. However, beyond 40 MPa, the improvement was marginal, as seen with
f. = 50 MPa, which did not show a significant increase. This means that after a certain
strength threshold, the contribution of higher concrete strength diminishes, possibly due to
local buckling of the CFS section.
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(a) (b)

Figure 11. Effect of the CFS beam cross-section and concrete compressive strength. (a) Effect of the
CFS beam cross-section (C, omega, and sigma cross-sections); (b) Effect of the concrete compres-
sive strength.

Figure 12 presents the effect of different design parameters on the structural perfor-
mance of the composite CFS beams. The parameters studied included stiffened versus
unstiffened concrete, C-channel thickness, and stiffener thickness (T section and TR section).
The stiffened beam exhibited significantly higher peak load capacity and stiffness com-
pared to the unstiffened one (see Figure 12a). The unstiffened beam experienced greater
mid-span deflection at lower loads, indicating lower resistance to bending. Stiffening the
beams enhanced the structural integrity by improving load distribution and minimizing
excessive deformations.



J. Compos. Sci. 2025, 9, 209

14 of 21

200
180
200
160
180
160 140
_______________
140 ,—’ 120
’
120 1 100
= / —_
guwo K 2 »
T g0 °
/ ®
3 e | ! 3 ®
!
! 4
© )
20 |f 20
0 0
0 4 80 120 160 200 240 0 40 80 120 160 200 240
Mid-span deflection(mm) Mid-span deflection(mm)
CH-BTB-OC-UNstiffned = = = « CH-BTB-OC-stiffned CH1.5-BTB-OC CH2.0-BTB-OC
CH3.00-8T8-0C CH3.5-8T8-0C
o= o= = = CH3.75-BTB-OC
(a) (b)
240 2480
200 200
e 0| == mmmEee=="
160 g | W0} =T
i o=
- g
420 7 X 12
-] / ] pomm——- -
= |/ 8 o
@0 [/ 80
o 1]
= ] ’
) ’
a0 |/ a0
0 0
0 40 80 120 160 200 240 o 4 & 120 160 200 240
Mid-span deflection(mm) Mid-span deflection(mm)
CH-BTB-OC-T3 CH-BTB-OC-T2 ~ =em-e- CH-BTB-OC-TR1 CH-BTB-OC-TR2
----- CH-BTB-OC-T1 CH-BTB-OC CH-BTB-OC-TR3 = ===~ CH-BTB-OC
(c) (d)

Figure 12. The load—deflection curves analyzing the effect of different design parameters on structural
performance. (a) Effect of stiffened and unstiffened CFS sections; (b) Effect of the C-channel thickness;
(c) Effect of thickness of the T-section stiffener; (d) Effect of thickness of the TR-section stiffener.

The effect of different C-channel thicknesses are represented in Figure 12b. Thicker
C-channels (CH3.75-BTB-OC and CH3.5-BTB-OC) exhibited higher peak loads and stiff-
ness. As thickness decreased (CH2.0-BTB-OC and CH1.5-BTB-OC), the beams experienced
lower peak loads and increased deflection. This indicated that increasing the thickness
of the C-channel enhanced load-bearing capacity, likely due to improved flexural and
buckling resistance.

Different T-section stiffener thicknesses are analyzed in Figure 12¢c. Thicker stiffeners
showed improved load capacity and deflection. Proper stiffener thickness is crucial for
improving beam strength and delaying buckling failure. Similar to T-section stiffeners,
thicker TR-section stiffeners demonstrated higher load capacity as well as ductility, as
shown in Figure 12d. The thin stiffener (TR1) failed at a lower load, highlighting its
reduced effectiveness. This confirms that stiffener thickness significantly impacts structural
performance and that using thicker stiffeners enhances beam resistance and ductility.

Figure 13 presents load—deflection curves analyzing the influence of stiffener spacing
for T-section stiffeners and TR-section stiffeners. The beams CH-OC-BTB-T,375 and CH-OC-
BTB-T,750 corresponded to different stiffener spacings (375 mm and 750 mm, respectively).
Both stiffened models exhibited higher load capacities and reduced deflections compared
to the unstiffened beam (beam CH-OC-BTB). The 375 mm T-section stiffener spacing
showed a slightly higher peak load and stiffness than the 750 mm spacing (see Figure 13a),
suggesting that closer stiffener spacing enhances beam performance by providing better
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local reinforcement. A similar behavior was observed with TR-section stiffeners with 375
mm and 750 mm spacing, as shown in Figure 13b. Both stiffened models outperformed
the unstiffened beam (CH-OC-BTB), confirming the effectiveness of stiffeners in enhancing
load capacity and reducing deflection.

240 240

200 200

160

-
-
-

[
N
o
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N,

8

Load(kn)

0 40 80 120 160 200

Mid-span deflection(mm)

240

Load(KN)

40

80

120

160

200

Mid-span deflection(mm)

240

----- CH-OC-BTB-T,375 CH-OC-BTB-T,750 == === CH-OC-BTB-TR, 750
CH-OC-BTB CH-OC-BTB

(a) (b)

Figure 13. Load-deflection curves showing the effect of stiffener spacing. (a) T-section stiffeners;
(b) TR-section stiffeners.

CH-OC-BTB-TR,375

Figures 14 and 15 compare the structural performance of CFS composite beams under
negative loading conditions. Figure 14 presents a load versus mid-span deflection curve
for two types of CFS beams: unstiffened and stiffened. The stiffened beam (CH-OC-BTB-
TR-750-Negative) exhibited a higher load-carrying capacity and greater ductility compared
to the unstiffened beam (CH-OC-BTB-Negative). The load increased steadily for both cases,
but the stiffened beam maintained higher resistance before experiencing a reduction in
load capacity. The results suggest that stiffening enhances strength and deflection capacity
under negative loading. Figure 15 illustrates force versus deflection curves for different
CFS cross-sections with UHPC and OC. The specimen CH-BTB-UHPC-LIPPED showed the
highest force resistance, demonstrating that using UHPC with lipped sections significantly
enhances performance. The beam CH-BTB-OC-LIPPED represented a lipped section with
OC, which performed better than the beam CH-BTB-OC-UNLIPPED, but lower than UHPC.
The unlipped section exhibited the lowest load capacity and failed at a lower deflection,
indicating that lipping enhanced strength and ductility.

Load(KN)

o 5 10 15 20 25 30 35 40
Mid-span deflection(mm)

----- CH-OC-BTB-Negative CH-OC-BTB-TR,750-Negative

Figure 14. Effect of unstiffened and stiffened CFS beams under negative loadings.
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force(kn)
]
o

0 5 10 15 20 25 30 35 40 45 50
deflection(mm)

== CH-BTB-OC-LIPPED
= CH-BTB-UHPC-LIPPED
e CH-BTB-OC-UNLIPPED

Figure 15. Effect of lipped and unlipped CFS cross-sections in the cases of UHPC and OC under
negative loadings.

Figure 16 presents the relative increase (%) in load capacities of various analyzed
beams from Group 1. The beam CH-BTB-OC beam served as the reference (0% increase).
The beams CH-BTB-OC-PL, S-BTB-OC-PL, and other variations exhibited significant im-
provements. The beam CH-BTB-OC-TR4 showed the highest enhancement (64% increase).
Most configurations achieved a greater than 50% increase, indicating effective reinforce-
ment strategies. Beams with TR tend to have higher increases. Variations like OC-L, OC-U,
and OC-T exhibited similar performance, around 53-57%. The smallest increase was seen
in the S-BTB-OC-PL configuration at 30%.

70%
64%

59%
60% >7% 55% 55% 55% ’ 55% , ok 38%
53% 53% " 53% ° ° 53% 54% 0 54%

50% 49%

0

2%
40%
30%
30%
20%
10%
0%
0%
c; U L ¢ «

L& LSS R
N A A A % o""\ o“{\ o“:\
& & of NP AR P
QAPPSR MR AR
& & &

Relative increase (%)

Figure 16. Enhancements in the load capacities of the analyzed beams of Group 1.

Figure 17 presents the load capacities of different analyzed beams in Group 2. CH-
BTB-OC-2PL-lipped shows a 0% relative increase. This specimen was designated as the
baseline reference for the comparison in Group 2. CH-BTB-OC-4PL-lipped exhibited a 27%
increase in load capacity compared to the reference, indicating that the additional stiffeners
contributed positively to structural performance. CH-BTB-OC-4PL-unlipped experienced a
40% decrease in load capacity. Beam CH-BTB-UHPC-4PL-lipped demonstrated the highest
improvement with a 76% increase in load capacity, implying that the use of UHPC in
combination with 4PL stiffeners enhanced beam strength.
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100%
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60%

40%
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Figure 17. Changes in the load capacities of the analyzed beams of group 2.

4.2. Modes of Failure

Figure 18 illustrates the failure modes of the CH-BTB-OC-4PL beams under different
concrete compressive strengths (f., values of 30, 35, 40, and 50 MPa). The results in terms
of von Mises stress distribution highlight regions of high stress concentration and potential
buckling failure. The stress concentration was highest in the compression flange and web,
leading to local buckling in these regions. As f, increased, the stress distribution shifts,
and failure became more localized. For a concrete strength of 300 MPa, a more distributed
stress pattern with moderate stress in the compression flange was exhibited. Slightly higher
stress concentrations appeared in the compression zone in the case of f., = 350 MPa. Local
buckling became more pronounced in the cases of f., =400 and 500 MPa, indicating that
increasing f., led to a more brittle failure mode. The stress intensity in the flange and
web increased.

S, Mises S, Mises
SNEG, (fraction = -1.0) SNEG, {fraction = -1.0)
{Avg: 75%) (Avg: 75%)

411 424

378 389

Jd4 354

2

5i5 549

174 179

140 144

106 109

F2 74

38 39

4 4

(a) CH-BTB-OC-4PL-fc,30 (b) CH-BTB-OC-4PL-fc,35

Figure 18. Cont.
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5, Mises
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(c) CH-BTB-OC-4PL-fc,40

S, Mises
SNEG, (fraction = -1.0)
{Avg: 75%)

(d) CH-BTB-OC-4PL-fcu,50

Figure 18. Failure modes for CH-BTB-OC-4PL beams under different concrete compressive strengths

(feq values of 30, 35, 40, and 50 MPa).

Figure 19 presents various failure modes of beams under different conditions, labeled

from (a) to (f). The results emphasized the critical role of local buckling in structural

performance, particularly in beams subjected to high compressive forces. Understanding

these failure modes is essential for improving beam design, reinforcing weak points, and

preventing premature failure in real-world applications.

5, Mises
SNEG, [fraction = -1.0}
[Avg: 75%}

503
482
421
37
338
297
256
214
173
132
0
492
8

5, Mises
SNEG, [fraction = -1.0}
[Avg: 754%)

459
458
anz
378
335
254
253
212
171
130
ag
a8
7

5, Mises
SNEG, [fraction = -1.0}
[Avg: 75%)

492
452
412
371
331
290
250
210
169
129
88
a8
3

(a) CH1.50-BTB-OC-4PL
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(Avg: 75%}
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Figure 19. Failure modes of beams under different conditions (local buckling in the compression

flange and at the compression portion of the web).

5. Conclusions

The primary objective of this research was to enhance the strength and stability of com-

posite cold-formed steel beams. In this study, back-to-back C-channel sections and concrete
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slabs with various stiffener configurations were analyzed. The key parameters considered
include stiffener spacing, type, and thickness. Additionally, different beam cross-sections,
such as C-channel and sigma sections, were investigated. A finite element analysis was
conducted using the ABAQUS program, incorporating both geometric and material nonlin-
earities. The developed models were validated against experimental results from previous
research and existing design guidelines. The results came to the following conclusions:

1. The efficiency of the CSF with UHPC in negative loading enhances load capacity
compared to CFS with ordinary concrete, achieving the highest first peak loads of
165.3 kN and 116.5 kN, respectively.

2. Using a sigma CFS beam increased strength by 42% compared to a standard C-channel
beam.

3.  Increasing the thickness of the C-channel as well as stiffener of CFS beam enhanced
load-bearing capacity, likely due to improved flexural and buckling resistance.

4. Local buckling became more pronounced in the cases of f., = 400 and 500 MPa,
indicating that increasing f., led to a more brittle failure mode. The stress intensity in
the flange and web increased.
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