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Abstract: This study investigates the toughness and load capacity of various innovative
beam configurations of cold-formed steel beams (CFSB) using both ordinary concrete
slabs and engineered cementitious composite (ECC) slabs. A finite element analysis with
ABAQUS 20 was conducted on double-channel, sigma, G, and omega sections, both with
and without inverted lips, as well as the effects of L, channel, and trapezoidal stiffeners
and length-to-depth ratios. The double-omega section with ordinary concrete achieved
the highest first peak load of 365.2 kN and a toughness increase of 181.1%. Inverted lips
enhanced toughness in the double-G and sigma sections, with increases of 156.9% and
158.3%, respectively. Among ECC configurations, the double-omega section with ECC3 slab
reached 387.4 kN and a toughness increase of 199.5%. Thinner ordinary concrete sections
(70 mm and 90 mm) negatively impacted toughness, emphasizing the need for adequate
thickness. Trapezoidal stiffeners also improved toughness. These findings highlight the
importance of geometrical design and material selection in optimizing CFSB performance,
offering valuable insights for future design practices.

Keywords: cold-formed steel; composite beam; engineered cementitious composites;
omega section; sigma section; toughness

1. Introduction

Cold-formed steel sections play a significant role in promoting sustainable and eco-
friendly construction. The light weight of cold-formed beams makes them more economical
than hot-rolled ones [1].
distortional, and lateral torsional buckling. Using the cold-formed section in composite

Conversely, their thickness makes them susceptible to local,

structures with concrete combines the compressive strength of concrete and the tensile
strength of steel through effective connectors between these two materials [2]. The first
use of composite steel-concrete structures was in 1920 [3]. Composite cold-formed beams
(CCFSBs) were studied in much research. Composite cold-formed steel C sections as floor
joists under the effect of compressive load were studied to calculate the ultimate capac-
ity [3,4]. Innovative shear connectors (BTTST) (bent-up triangular tab shear transfer) were
studied in a push-out test [5]. The BTTST was also used in CFS—concrete composite beam
specimens [6]. The ductility and strength capacity of a new innovative shear connector
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for composite cold-formed beams were studied through push-out tests. These connec-
tors were also applied to composite cold-formed steel beams [7,8]. Load-bearing capacity,
deformation, flexural stiffness, and failure modes of a composite beam consisting of a
lightweight concrete slab connected to a CFS built-up beam using bolted shear studs were
obtained from experimental and numerical tests [9]. Experimental studies were conducted
on composite cold-formed steel beams using lightweight concrete slabs and bolted shear
connectors to examine the structural behavior of these innovative beams under both ambi-
ent and elevated temperatures [10]. Additionally, a numerical analysis was performed on
these beams, considering various parameters such as section configurations, two grades of
concrete, three slab thicknesses, and four heights of CFS sections, to inform the design of
CFS-LWC composite beams [11]. Another experimental study focused on the construction
of cold-formed steel lightweight concrete (CFS-LWC) composite beams with bolted shear
connectors to evaluate their load-bearing capacity, deformation characteristics, and failure
modes. This study also assessed the validity of the design predictions in accordance with
EN 1994-1-1 for the CFS-LWC composite beams [12]. Innovative bolted shear connectors in
demountable concrete were studied [13]. Numerical tests were conducted on a new type of
demountable composite cold-formed steel beams using profiled steel sheets [14]. Finite ele-
ment modeling was performed on a novel composite connection of bolted shear connectors
embedded in grout. Single-t-composite cold-formed steel beams with concrete slabs were
tested experimentally and numerically [15]. An experimental investigation of a composite
beam with a new cold-formed U-shaped steel section and concrete was produced [16].
Numerical and analytical studies have explored the bending behavior of cold-formed steel-
concrete composite beams [17]. A specific numerical investigation focused on bolted shear
connections in these composite beams, examining various web configurations of the steel
beam [18]. Additionally, a floor system comprising cold-formed steel, a corrugated steel
deck, a concrete slab, and a furring channel as a novel shear connector was tested numeri-
cally to assess its structural behavior [19]. Both experimental and numerical studies have
examined the structural performance of composite beams made from cold-formed steel
(CFS) paired with a Ferro-cement slab [20]. Research involving push-out tests investigated
the structural behavior of new shear connectors created by cutting rectangular sections
from the top flange and web of the beam and bending them upward. The performance of
composite cold-formed steel beams was evaluated experimentally and numerically using
these innovative shear connector designs [21,22]. A comprehensive overview of advanced
spot-welding techniques and innovative cold-formed steel-concrete composite solutions
was also presented [23]. Furthermore, a numerical study was conducted on cold-formed
steel lightweight concrete (CFS-LWC) composite beams with a corrugated web, focusing
on two types of shear connectors: bolts and dowel rib connectors [24]. An experimental
investigation was carried out on a composite floor system made up of thin-walled CFS
trusses, a partially precast concrete slab, and innovative TWC shear connectors [25].

Using sigma cross sections for short beam-column increases the strength by 42% com-
pared to the lipped channel sections [26]. The total load-carrying capacities of the lipped
channel section to the sigma section for columns is 0.892 [27]. New omega, G, and sigma
sections can improve the behavior of cold-formed steel beams against lateral torsional
buckling [28]. The ultimate moment resistance of a continuous cold-formed sigma beam
was calculated through a numerical study [29,30]. The moment capacity and failure modes
of closed built-up beams made of two sigma sections were investigated numerically and
experimentally [9,31]. The load capacity of the supported cold-formed sigma beam could
be increased by adding glued steel tape [32]. Eight built-up cold-formed steel I-beams were
tested experimentally to investigate the flexural capacity of such beams, which strengthened
in the hollow web with different material [33].
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While significant advancements have been made in the study of composite cold-
formed beams (CCFSBs) under static loads, there remains a critical gap in understand-
ing their full static resistance, particularly when utilizing innovative cold-formed steel
(CFS) configurations in combination with engineered cementitious composite (ECC) slabs.
Previous research has extensively explored various aspects of CCFSBs, including their
load-bearing capacities and failure modes, but the integration of new CFS configurations
and ECC materials has not been fully addressed.

This paper aims to bridge this gap by conducting a quasi-static numerical study of
CCFSBs employing ECC slabs and new CFS configurations. Utilizing ABAQUS 20, an ex-
tensive parametric study was performed on various geometrical designs, including double
channel, sigma, G, and omega sections, both with and without inverted lips. Additionally,
the impact of L, channel, and trapezoidal stiffeners, along with length-to-depth ratios,
was examined.

The novelty of this research lies in its focus on enhancing the full static responses
of CCFSBs under severe loading conditions. By investigating the interplay between in-
novative configurations and materials, this study seeks to promote not only the strength
and ductility of these beams but also their ability to sustain significant deformations with-
out failure. The findings are expected to contribute valuable insights into the design
and ap-plication of CCFSBs in sustainable construction, ultimately advancing the field of
compo-site structural systems.

2. FE Modeling and Verification
2.1. Development of Numerical Verification Models

Finite element analysis (FEA) was conducted to create dependable models derived
from experimental results [8], allowing for the simulation of the behavior of compos-
ite cold-formed beams. Three FE models were developed using ABAQUS/CAE [34].
ABAQUS/CAE software is the complete solution for finite element modeling for different
structures under the effect of different loads. ABAQUS/CAE has tools so that you can
create, edit, monitor, diagnose, and visualize simulations using advanced analyses.

2.2. Material Properties

The material of the cold-formed steel beams (CFSB) used in the finite element models
of the proposed composite beams [8] has a yield strength of 518.4 MPa, an ultimate strength
of 558.4 MPa, a Poisson’s ratio of 0.3, and a Young’s modulus of 187.4 GPa. A bilinear
stress—strain model for (CFSB) was employed in the finite element study, as shown in
Figure 1. The thickness of the steel beams is 2.3 mm.

stress in MPa

Finy

A

fy

5 g, Strain

Figure 1. Bilinear stress—strain model of steel.
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To accurately represent the behavior of the steel reinforcement within the slabs, a yield
strength of 641 MPa, an ultimate strength of 676.9 MPa, and a Poisson’s ratio of 0.3 were
assigned. Furthermore, the elastic—plastic model with hardening was chosen to represent
their behavior, in accordance with Eurocode 3, Eurocode 3, and [24,35-39].

To characterize the damage and failure mechanisms of concrete materials, the finite el-
ement model employed the concrete damage plasticity (CDP) model available in ABAQUS.
This model incorporates two primary failure modes: tensile cracking and compressive
crushing of concrete elements. Table 1 presents the parameters for the concrete damage
plasticity model. The cylindrical compressive strength of the concrete is 23 MPa, with a
Young’s modulus (Ec) of 20,600 MPa and a Poisson’s ratio (v) of 0.15 [8].

Table 1. The concrete plasticity properties.

Dilation Eccentricit Parameter
Angle y (ob0/0c0) k Viscosity
(¢)
() n
56 0.05 1.16 0.667 0

To effectively represent the non-linear stress—strain behavior of ordinary concrete,
established material models were utilized [40,41], as shown in Equations (1)—(5).

B(s)

— 3 (1)
po1+ ()’

Uc:fc

fi [1.2*(;;0) —0.2(;;0)6] 0<e <ep

O = ec (2)
-t e < P
ft l 1.25(%_1)2_% ‘| t0 > ¢t

B= 3]2% 4 T 155 ?3)

where 0. and ¢, are the concrete stress and strain, respectively, and f. and ¢ are the
ultimate stress and strain in compression.
Damage parameters for concrete [35,42] can be determined by the following:

Oc
de=1—— 4
7 4)
dtzl—% 5)

where d. is the damage parameter in compression and d; is the damage parameter in tension.

2.3. Geometry, Loading, and Boundary Condition

Full-scale beams [8] were modeled in ABAQUS software. The steel beam consists
of two back-to-back lipped C-channels with a depth of 250 mm, and a concrete slab
perpendicular to the steel beam axis was formed by applying a profile metal deck. To build
a durable composite beam, see Figure 2. Three different kinds of shear connectors (SBSC,
DBSC, and HPSC), as in Figure 2¢, were placed between the slab and the beam. The shear
connectors length 100 mm, width 78 mm, and depth 190 mm. Each beam was 4360 mm
long and the span was 4000 mm. The concrete slabs were 1000 mm wide and 110 mm.
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Figure 2. Configuration of the verified numerical models and the shear connectors used, dimensions
in mm.

The three verified models are composite beam with single angle (SBSC) as shear con-
nectors (FSSBSC250-23), composite beam with plate as shear connectors (FSHPSC250-23)
and non-composite beam (FSSC250-23). All beams had a 2.3 mm thickness, but the shear
connector thickness was 1.5 mm for all types [8].

The beam and shear connectors are modeled with shell elements, while the concrete
slab, which has a thickness of 110 mm and a width of 1000 mm, is modeled using solid
elements. The reinforcing bars, with a diameter of 6 mm, are represented by truss elements.
Loads were applied to the top of the concrete slab using the coupling option available
in ABAQUS/CAE. Displacement control was employed to simulate a four-point loading
system for the simply supported beams, with one end of the beam fixed as a hinge and the
other end supported by a roller.
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2.4. FE Meshing, Interaction, and Analysis Method

A sensitivity study was conducted to evaluate mesh element sizes of 50 mm, 20 mm,
10 mm, and 5 mm for steel, and 100 mm, 50 mm, and 20 mm for concrete, until no significant
changes in the results were observed. Figure 3 illustrates the peak load for the different
mesh sizes. Ultimately, a mesh size of 50 mm for concrete and 10 mm for steel was selected.
A two-node linear 3D truss was used to model the reinforcing bars. Truss elements were
employed for representing the reinforcement bars [40,43—47]. The steel beam and shear
connectors were modeled using a four-node doubly curved shell element with reduced
integration, hourglass control, and finite membrane strains (S4R). For the concrete slab, an
eight-node linear brick element with reduced integration and hourglass control (C3D8R)
was used.

350

o selected
250
200

150

peak load in kN

50

ml m2 m3 m4 mS m6 m7 m8 m9
(100,50) (100,20) (100,10) (50,50) (50,20) (20,20) (50,10) (50,5) (20,10)

mesh number

Figure 3. Convergence study for the composite cold-formed beam (FSSBSC250-23).

Surface-to-surface contact was implemented between the concrete slab and the steel
beam to simulate the interaction between the adjoining components. Embedded constraints
were applied for the reinforcing bars, shear connectors, and concrete slabs. The angle shear
connectors and the two channels were bolted together using two M16 (8.8) bolts at each
shear connector during the experimental test. To simulate these connections, surface-to-
surface contact was first established between the web of each channel and the adjoining
surface of the angle shear connector. 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. Figure 4 illustrates the assembled model after meshing.

Figure 4. Meshing of the assembled model in ABAQUS.
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2.5. Results of Verified Models

Three finite element (FE) models were developed and validated against the experimen-
tal results presented by S. O. Bamaga et al. [8]. Two of these models represent composite
cold-formed steel (CFS) beams with a concrete slab and shear connectors, referred to
as FSSBSC250-23 and FSHPSC250-23. The third model is a non-composite CFS beam,
designated FSSC250-23.

Load-deflection curves for both the numerical and experimental results of the three
specimens are listed in Table 2 and plotted in Figure 5. The failure mode for the composite
beams involved web failure beneath the point loads and cracks in the concrete slab, as
shown in Figures 6 and 7. To visualize cracks, a mesh size of 20 was used. Reducing the
mesh size of the concrete only did not result in any changes to the peak load and deflection
results. Figure 8 illustrates the failure mode of the non-composite beam. Overall, there was
a good correlation between the FE and experimental results.

Table 2. Comparison of the experimental and finite element findings.

Peak Load Deflection at Peak Maximum Deflection
Modal (kN) (mm) (mm)
Annotation EXP. FE  Diff. %  EXP. FE  Diff. %  EXP. FE  Diff. %
FSSBSC250-23 187.7 215.8 14.9 34.2 30.7 —10.2 37.1 50.4 35.8
FSHPSC250-23 194.07 225.1 15.9 38.4 34.6 —-9.8 40.2 40.5 0.74
FSSC250-23 71 75.2 5.9 20 20.5 2.5 20 20.5 2.5
250 . T 250 T T
200 |- - 200 - -
E 150 = - E 150 - —
3
S o - S o -
ol T 50| e
-+—+- Experimental -+—+ Experimental
. \ Numerical | Numerical

0 20 40 60

Mid-Span Deflection (mm) 0 2 ‘0 &

Deflection at mid span (mm)

(a) FSSBSC250-23 (b) FSHPSC250-23
Numerical
-+—+ Experimental

0 20 40 60
Mid-Span Deflection (mm)

(c) FSSC250-23

Figure 5. Load-deflection curves for verified beams.
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Local buckling in the compression flange and web under loads.

S, Mises

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

- +5.584e+02
+5.119e+02
+4.655¢+02
- +4.190e+02
+3.725e+02
- +3.260e+02
+2.795e+02
+2.331e+02
+1.866e+02
- +1.401e+02
+9.364e¢+01
+4.716e+01
+6.819e-01

(a) (b)

Figure 6. Experimental (FSSBSC250-23 and FSHPSC250-23) and numerical model (failure modes of
CFSB). (a) Experimental [8]. (b) Numerical model.

Transverse cracks in the concrete slab.

Max: 8 x 103

(a) (b)

Figure 7. Experimental and numerical model (failure mode of the concrete slab). (a) Experimental [8].
(b) Numerical model.

(a) (b)

Figure 8. Experimental (FSSC250-23) and numerical model (failure mode of the non-composite beam).
(a) Experimental, [8]. (b) Numerical model.
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The FE model generally predicts higher load capacities than the experimental results
across all test cases. The differences range was from 5.9% to 15.9%. The FE model predicts
lower deflections than the experimental results for the first two test cases (FSSBSC250-23
and FSHPSC250-23), indicating that the model may be underestimating the deflection
behavior of the structures under peak load.

In contrast, for the FSSC250-23 test case, the FE model predicts a slightly higher
deflection (20.5 mm) compared to the experimental result (20 mm), suggesting better
alignment in this specific scenario.

3. Parametric Study

Three main stages define the entire static resistance: the bending zone, the softening
phase, and the tension-membrane phase, as illustrated in Figure 9. Within this behavior,
two critical limit points are identified: the snap-through point and the failure point. An
extensive parametric study was conducted to explore the factors that influence the overall
static resistance of composite cold-formed steel beams (CCFSBs), shown in Figure 2. This
study considered several parameters, including the effects of using new sections (sigma,
omega, G, G with inverted lips, and sigma with inverted lips), Figure 10, for the CCFSB,
incorporating engineered cementitious composite (ECC), and stiffening the CCFSB with
different cross sections at various spacings. Additionally, it examined the thickness of the
stiffeners and shear connectors, and the thickness of the concrete slab. These parameters
were categorized as the first group of the parametric study. The second group focused on
varying the length-to-depth ratio of the CFSB. Thus, the cases studied can be divided into
two groups: group one and group two.

Load (KN)
A
Limit Point ‘
Bundl‘ﬂﬂzy
J
o@
, Limit Point

Tension Membrane-Zone
Softening Zone

e
>

Displacement
(mm)

Figure 9. General profile for static resistance response of CCFSBs.

3.1. Group One

In the first group of the parametric study, various parameters were considered, as
previously mentioned. To facilitate clear identification and organization of each model, a
specific notation system was implemented. Each model is assigned a unique identifier in
the format (A-B-C-D-E) as in Table 3 where

“A “represents the type of cross section of the steel beam.

e  DC series (double channels BTB);
e DS series (double sigma BTB);

e DO series (double omega BTB);

e DG series (double G BTB);
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e DGi series (double G BTB with inverted lips);
e  DSi series (double sigma BTB with inverted lips).

“B” indicates the incorporation of the type of the used concrete.

e  OC is ordinary concrete followed by its thickness;
e ECC1, 2 and 3 are engineering cementitious composites.

“C” refers to the thickness of the concrete slab.
e  Thicknesses of 70, 90, 110, 130, 150, and 200 mm were studied.
“D” refers to the type of stiffener followed by its number along the web.

e L6 and L11 are L-shaped stiffeners at 650 mm and 325 mm spacing, respectively;

e Tr6 and Trll are trapezoidal-shaped stiffeners at 650 mm and 325 mm spacing, respec-
tively;

e C6and C11 are channel-shaped stiffeners at 650 mm and 325 mm spacing, respectively;

e  SHI1 is an extended shear connector as a stiffener at 325 mm spacing.

“E” specifies the thickness of the used stiffener in mm.

] 20 ] I 20
78 | 65 | 50 172 |
—15
250 250 250 120
d
9
| 20 3 20 >0 | 20
| 78 | | 65 | | 72 |
2-DC b-DG ¢-DS
] 20 J 20 ] 20
78 o 50
15
250 250 250 120
15
o
- ——— 50 g —
] 20 ] 20 ] 20
| 78 | | 65 | | 72 |
d-DO e-DGi f-DSi
Figure 10. Dimensions of different CFSB cross sections in mm.
Table 3. The parameters of the first group of parametric study.
No. Model Notation No. Model Notation
1 DS-OC-110 17 DC-OC-130
2 DO-0OC-110 18 DC-OC-150
3 DG-OC-110 19 DC-OC-200
4 DGi-OC-110 20 DC-OC-110-L6-2.3
5 DSi-OC-110 21 DC-OC-110-L11-2.3
6 DC-OC-110 22 DC-OC-110-C6-2.3




J. Compos. Sci. 2025, 9, 24 11 of 26

Table 3. Cont.

No. Model Notation No. Model Notation
DC-ECC1-110 23 DC-OC-110-C11-2.3
DC-ECC2-110 24 DC-OC-110-TR6-2.3
DC-ECC3-110 25 DC-OC-110-TR11-2.3
10 DS-ECC3-110 26 DC-OC-110-TR11-1
11 DG-ECC3-110 27 DC-OC-110-TR11-2
12 DO-ECC3-110 27 DC-OC-110-TR11-3
13 DGi-ECC3-110 29 DC-OC-110-SH11-1.5
14 DSi-ECC3-110 30 DC-OC-110-SH11-1
15 DC-0OC-70 31 DC-OC-110-SH11-2
16 DC-0OC-90 32 DC-OC-110-SH11-3

3.1.1. Section Geometry

Channel, sigma, omega, G, G with inverted lips, and sigma with inverted lips cross
sections were used, each having the same volume, depth, area, and length of lip, as
shown in Figure 10. The dimensions and configurations of these sections are detailed
in Figure 10. Channel, omega, sigma, inverted sigma, G, and inverted G sections weigh
7.88,7.88,7.97,7.97, 8.05, and 8.05 kg/m. All sections have almost the same volume per
meter. The dimensions of the sigma section were based on the work of L. Laim et al. and
R. Rahnavard et al. [26,48]. Embedded constraint available in ABAQUS was implemented
to simulate the interaction between the inverted lips and the concrete slab. To select the
embedded accurate parts in the concrete slab, the inverted lips were partitioned matching
the concrete slab geometry.

3.1.2. Concrete Type and Thickness

Four types of concrete were used in the models: ordinary concrete for the main
reference model and engineered cementitious composite (ECC) for three additional models.
The properties of ECC were obtained from the work of X. Nie et al. [49-54]. Table 4 presents
the maximum tensile and compressive strengths of the ECC used. Six different cold-formed
steel (CFS) cross sections were applied to the ECC3 slab. Additionally, six thicknesses—
70 mm, 90 mm, 110 mm, 130 mm, 150 mm, and 200 mm—were studied for the concrete
slab. The stress—strain relationship of ECC in compression and tension was developed by
Equations (6) and (7) [55].

Ep e ec < 04ecp ©
g, =
T ) Epec (1 — 030858 4 0.124) 0.decy < &0 < ecp
- %St 0 <& <ege ”
t= _
Otc + % (et —€1c) €1 < &t

where ¢, represents the compressive strain at the peak stress f, Ey is the elastic modulus,
0t and g are the stress and strain, in tension, at crack initiation, and ¢4, and ¢, are the
ultimate tensile stress and its corresponding strain, respectively.
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Table 4. ECC properties, stresses in MPa.

Maximum Compressive Strength Maximum Tensile Strength

ECC1 28 4
ECC2 28 8
ECC3 55.8 42

3.1.3. Type and Configurations of Proposed Stiffeners

To enhance the strength of the double channel composite cold-formed steel beam
(CCEFSB), three types of stiffeners were employed: L section, C section, and trapezoidal
section, as illustrated in Figure 11a,b. The stiffeners were designed with a depth equal to
that of the web of the CFSB, a uniform thickness of 2.3 mm for all types, and a width of
100 mm for both the L and C sections. The dimensions of the trapezoidal section were
derived from the research of M. Divya et al. [56]. In ABAQUS, the stiffeners were modeled
using four-node doubly curved shell elements with reduced integration, hourglass control,
and finite membrane strains (54R), matching the beam’s mesh size of 10 mm. These
stiffeners were connected to the webs of each channel of the beam using fasteners, as
illustrated in Figure 11c. Each type of stiffener was arranged at two different spacings:
325 mm and 650 mm along the web. Additionally, to investigate the effect of thickness,
three variations—1 mm, 2 mm, and 3 mm—were examined for the trapezoidal section.

3.1.4. Shear Connectors

1.5 mm L-shaped shear connectors were installed between the two back-to-back CFS
channels to ensure full interaction between the concrete slab and the steel beams, as shown
in Figure 12. To evaluate their effectiveness in stiffening the steel beam, the thickness of the
shear connectors was varied. Three thicknesses—1 mm, 2 mm, and 3 mm—were modeled,
and the results were compared to those of the main model, which utilized a thickness of
1.5 mm.

3.2. Group Two

In the second group of the parametric study, three spans (3000 mm, 4000 mm, and
6000 mm) with varying depths were analyzed to evaluate the effect of the span-to-depth
ratio for the CCFSB with a back-to-back double-channel section with a thickness of 2.3 mm.
The span and depth of the steel beams were determined in accordance with the North
American specifications for the design of cold-formed steel members [57]. Each model is
designated with a notation (A-B-C), as detailed in Table 5.

Table 5. Parameters of the second group.

Group Two
CFSB
NO .
Model Notation Span-to-Depth Length Depth

Ratio (L/D) mm mm
1 DC-3-8 3000 375
2 DC-4-8 8 4000 500
3 DC-6-8 6000 750
4 DC-3-10 3000 300
5 DC-4-10 10 4000 400
6 DC-6-10 6000 600
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Table 5. Cont.
Group Two
NO . CFSB
Model Notation Span-to-Depth Length Depth

Ratio (L/D) mm mm

DC-3-16 3000 187.5

DC-4-16 16 4000 250

DC-6-16 6000 375

10 DC-3-20 3000 150
11 DC-4-20 20 4000 200
12 DC-6-20 6000 300

Where “A” refers to the type of cross section of the steel beam DC series (double channels BTB). “B” refers to the
length of the steel beam in m. “C” refers to the length-to-depth ratio of the CFSB.

11

a) 3D FE of trapezoidal, C-section, and L-section stiffeners.

o U o w =
+ + + +
+ 0 + +
250 250 250
+ + + +
+ + + +
3050 100 [50[30 | 100 | | 100
i-TR ii-L ii-C

(b) Dimensions of trapezoidal, L-section, and C-section stiffeners in mm

i-L

(c) Arrangement of fasteners in ABAQUS

Figure 11. Types and configurations of proposed stiffeners.

ii-TR
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(a) Finite element configuration of the shear connectors

| 78 |
I 118

190 1 | - 190 | M16(8.8)

25 | © T
| 100 |
SBSC

(b) Dimensions of the shear connectors in mm.

Figure 12. Lipped angles as shear connectors between the two channels, 1.5 mm thickness.

4. FE Results and Discussion
4.1. Failure Criteria

The failure criteria for composite cold-formed steel beams (CCFSBs) vary based on the
stiffening strategies employed. In the first group of specimens, the predominant failure
mode was local buckling in the compression flange and at the compression portion of the
webs, as illustrated in Figure 13. In contrast, the failure modes for sections with inverted
lips (omega, G, and sigma) differed from those without inverted lips. For these sections,
failure was characterized by yielding in the tension flange and some distortion in the web,
as shown in Figure 14. Embedding the lips within the concrete slab effectively reduces or
prevents local buckling in the flanges; however, it may exacerbate cracking in the concrete
slab. Notably, the use of engineered cementitious composite (ECC) mitigates slab cracking
in models with inverted lips, demonstrating its beneficial impact on overall performance.

Concrete thicknesses of 70 mm, 90 mm, 110 mm, 130 mm, 150 mm, and 200 mm were
investigated. As the thickness of the concrete increased, the failure modes transitioned
from local buckling in the compression flange for thicknesses of 70 mm, 90 mm, 110 mm,
and 130 mm, see Figure 15a, to distortion in the same flange for thicknesses of 150 mm and
200 mm, see Figure 15b. Using stiffeners causes more distortion in the compression flanges
under loads, as in Figure 16.
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

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

(a) DC-OC-110 (b) DG-OC-110

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

(¢) DS-OC-110

Figure 13. Failure modes for DC-OC-110, DG-OC-110, and DS-OC-110 (local buckling in the com-

pression flange and at the compression portion of the web).

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
542.838
498.428
454.017
409.607
365.197
320.786
276.376
231.966
187.555
143,145
98.734
54.324
9.914

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

554.977

509.755

464,534

419.313

(a) DO-OC-110 (b) DGi-OC-110

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

(c) DSi-OC-110

Figure 14. Failure modes for different section geometry with inverted lips (yielding in the tension

flange and some distortion in the web).

S, Mises S, Mises

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

(Avg: 75%)
558.400
512.041
465.681
419.322
372.962
326.603

Figure 15. Failure modes for the concrete slabs with thicknesses of 70, 90, 110, 130 mm, 150 mm,

and 200 mm. (a) Local buckling in the compression flange for thicknesses of 70, 90,110 and 130 mm;

(b) distortion in the compression flange for thicknesses of 150 and 200 mm.
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S, Mizes
S, Mises 3% = SNEG, (fraction = -1.0)
SHEG, (fraction = -1.0) - (Avg: 75%)

(Avg: 75%) W 558.400
$58.400 .
512.022

- 465,643
419.265
372.887
326.509
280.130
233.752
187.374
140.996
94 g

(a) DC-OC-110-TR11-2.3 (b) DC-OC-110-L11-2.3

Figure 16. Failure modes for DC-OC-110-TR11-2.3and DC-OC-110-L11-2.3 (distortion in the compres-
sion flanges under loads).

In the second group, the failure criteria for specimens with a span-to-depth ratio of 20
or 16 were characterized by local buckling in the compression flange and web, as shown in
Figures 17 and 18. In contrast, models with a span-to-depth ratio of 10 or 8 exhibited failure
modes of distortional buckling in the flanges or shear buckling in the web, as illustrated in
Figures 19 and 20.

S, Mises S Mises S, Mises

SNEG, (fraction = -1.0) SNEG, (fraction = -1.0) SHEG, (fraction = -1.0)
(Avg: 75%) (Avg: 75%) (Avg: 75%)
558,170 557.700 523000 -
511.758 511,304 784
5.346 464.908 392'493
418,934 418.512 348.999
372.522 372.116 305,499
326.110 325.720 261,908
279.698 279.324 2i6.298
233,286 232,928 174998
186.874 186.532 131.498
140.462 .136
94.050 93.740 44,457
47.638 47.344 0.997
226 0.948

Figure 17. Failure modes for models with span-to-depth ratio of 20 (local buckling in the compression
flange and web).

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

(a) span 3 m (b) span4 m (c) span 6 m

Figure 18. Failure modes for models with span-to-depth ratio of 16 (local buckling in the compression
flange and web).

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

s, Mises
SNEG, (fraction = -1.0)

5, ises
(Avg: 75%) SHEG, (frocton = -1.0)

(a) span 3 m (b) span 4 m (c) span 6 m

Figure 19. Failure modes for models with span-to-depth ratio of 10 (distortional buckling in the
flanges or shear buckling in the web).
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

S, Mises . s, Mises
SNEG, (fraction = -1.0) = SNEG, (fraction = -1.0)
)

(Avg: 75%)

(a) span 3 m (b) span4 m (c) span 6 m

Figure 20. Failure modes for models with span-to-depth ratio of 8 (distortional buckling in the flanges
or shear buckling in the web).

4.2. Load Deflection Relationship

To investigate the effects of various parameters on the peak load and the corresponding
deflection at this peak load, load-deflection curves were plotted for all models analyzed
using the finite element (FE) method, as shown in Figures 21-25.

400 T T T T T T T T T T T
350 - -
300 - -
_ 20} -
=z
X
o 200} -
@
L :
b DC-0C-110
1/ /4 PR DG-0C-110
- — -— DSOC-10
] — — DO-0C-110
; —-==— DGIi-0OC-110
; =——===— DSi-0C-110
50 - DSI-ECC3-110
~—— DS-ECC3-110
DG-ECC3-110
0 I 1 ] L1 L

0 10 20 30 40 50 60 70 80 90 100 110 120
Deflection at mid span (mm)

Figure 21. Load-deflection curves showing the effect of using the different CFS cross sections (sigma,
omega, G, Gi, and Si).

4.2.1. Effect of Different CFS Configurations with Ordinary Concrete and ECC Slabs
(110 mm)

The analysis of these results highlights the performance differences between different
beams with the various beam configurations with ordinary concrete slabs and ECC slabs,
as seen in Figures 21 and 22.

The double-G section with an inverted lip and ECC3 slab exhibited the highest peak
load of 400.7 kN, closely followed by the double-omega section with ECC3 slab at 387.4 kN.
These results suggest that incorporating inverted lips and utilizing ECC3 significantly
enhances load-carrying capacity.

The double-sigma section with inverted lips and ECC3 slab also performed well,
reaching 384 kN. In contrast, the configurations with ordinary concrete slabs, such as the
double-channel section (221.3 kN) and the double-sigma section (251.5 kN), demonstrate
significantly lower peak loads, highlighting the advantages of ECC.

The deflection at peak load varied across the specimens, with the double-G section
with inverted lips and ECC3 slab showing the highest deflection of 77.8 mm. This indicates
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that while this configuration can handle substantial loads, it also experiences significant
deflection under loading and consequently significant resilience.
In contrast, sections with ordinary concrete, like the double-channel and double-G

sections, exhibited lower deflections

at peak loads (e.g., 33.3 mm and 33.6 mm, respectively).

In summary, the introduction of ECC slabs generally resulted in improved load-

carrying capacities across various beam configurations. Also, the presence of inverted

lips in sections like the double G
load-carrying capacity.

and double sigma significantly contributed to their
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Figure 22. Load-deflection curves showing the effect of using the different concrete types and thicknesses.

bl T T T T

150

Load (kN)

0 1 1 1 1

0 40

Deflection at mid span (mm)

50

U]

60

— 0 ———T—T—T—T— T B e s m e
Y
i 250 |- P B 250 [ p—— -
—————————— - s ~ = ————— o — o~
- | 200 | ,/ - 200 // <
- o 150 ,/ g = 150 ,/ B
] 3
g H
5 K /
4 100 4 00| // e
/
—— DCOoC110 ok DC.OC-110 50 —/
------ DC-OC110462.3 ---=-= DCOCA1041123 / ——— DCOC-1IO-TRILL
— — DCOCA10.C623 — — DCOC10-C1123 <=ss== DCOCIOTRIL
—--— DC-OC-110-TR6-2.3 === DC-OC-110-TR11-2.3 == = DC-OC-110-TR11-3
0 ! N L ! ) o T R T N R S|
0 8 % 10 0 100 0 10 20 30 40 50 6 70 8 % 10 10 120

0 40 50 60

(ii)

Deflection at mid span (mm)

0 80 %

Difflection at Mid Span in mm

(iii)

Figure 23. Load-deflection curves showing the effect of using the different types of stiffeners at
different spacings. (i) Stiffeners were arranged at a spacing of 650 mm; their numbers are 6 along the

web. (ii) Stiffeners were arranged at a
stiffeners’ thickness.

spacing of 325 mm, their numbers are 11. (iii) Effect of the
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Figure 24. Load-deflection curves showing the effect of shear connectors’ thickness.
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Figure 25. Load-deflection curves for the second group.
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4.2.2. Effect of the Thickness of Ordinary Concrete Slabs

Six thicknesses—70 mm, 90 mm, 110 mm, 130 mm, 150 mm, and 200 mm—were
studied to find the maximum load and deflection for the double-channel composite cold-
formed steel beam with OC slabs, see Figure 22. The first peak load increases with the
increase in the concrete slab thickness. The lowest load capacity is observed in the 70 mm
thickness model at 187.6 kN, while the highest peak load of 332.5 kN is achieved with the
200 mm thickness. This trend indicates a direct correlation between slab thickness and load
capacity, suggesting that thicker concrete slabs provide greater resistance to applied loads.
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4.2.3. Effect of the Configurations of Proposed Stiffeners

The provided results detail the performance of double-channel sections with ordi-
nary concrete (OC) slabs, focusing on various stiffener configurations (L, channel, and
trapezoidal) and their influence on structural performance, see Figure 23.

The introduction of stiffeners generally increases the first peak load across all config-
urations. The highest first peak load is observed in the double-channel section with the
trapezoidal stiffener at 325 mm, reaching 263.5 kN. Both types of channel stiffeners exhibit
a notable increase in peak load compared to the L stiffeners, with the channel stiffener at
325 mm showing a peak load of 262.6 kN, indicating that the geometry of the stiffener can
significantly enhance load capacity.

4.2.4. Effect of the Thickness of Shear Connectors

Four thicknesses—1 mm, 1.5 mm, 2 mm, and 3 mm—were studied to find the maxi-
mum load and deflection for the double-channel composite cold-formed steel beam with
OC slabs, see Figure 24. The first peak load increases with the increase in the shear con-
nectors thickness. The lowest load capacity is observed in the 1 mm thickness model at
218.9 kN, while the highest peak load of 290.7 kN is achieved with the 3 mm thickness. This
trend indicates a direct correlation between shear connector thickness and load capacity.

4.2.5. Effect of the Span-to-Depth Ratio

Three spans (3000 mm, 4000 mm, and 6000 mm) with varying depths were analyzed
to evaluate the effect of the span-to-depth ratio for the CCFSB with a back-to-back double-
channel section with a thickness of 2.3 mm, see Figure 25.

The first peak load generally decreases as the span increases and the span-to-depth
ratio increases. For a 3 m span with a ratio of 8, the peak load is 327.3 kN, while for a 4 m
span with the same ratio, it rises to 362.4 kN. However, the 6 m span with a ratio of 8 shows
a decrease to 320 kNN.

For a span-to-depth ratio of 10, the peak loads are lower overall compared to a ratio of
8, with the highest being 355.7 kN for the 6 m span. This suggests that as the span length
increases, structural performance may be affected by the ratio, particularly for larger spans.

In contrast, for the span ratios of 16 and 20, the peak loads drop significantly, with
the 3 m span at a ratio of 20 yielding only 158.2 kN. This indicates that higher span-to-
depth ratios lead to reduced load-carrying capacity, likely due to increased flexibility and
reduced stiffness.

4.3. Toughness

Toughness is defined as the ability of a material to absorb energy and deform plas-
tically without fracturing. The area under the load-deflection curve represents the total
energy absorbed by the composite cold-formed steel beams (CCFSBs) during the loading
process. This area quantitatively reflects the CCFSBs’ capacity to withstand deforma-
tion and dissipate energy before failure, making it a critical measure for evaluating the
structural performance and energy absorption capacity of CCFSBs. The region under the
load-deflection curve is the definition of toughness. The results for all the groups are
listed in Table 6. Using new geometry, such as sigma, omega, and G sections having the
same volumes can increase toughness by different ratios. The double-channel section with
ordinary concrete slab serves as the baseline with a toughness of 0%. This allows for a clear
comparison with other configurations that either enhance or diminish toughness.
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Table 6. Results of the tested parameters.

Percentage of

Beams First Peak Load Deflection Max Deflection Toughness Increase or Decrese
(kN) at Peak (mm) (mm) (kN-mm) .
in Toughness
DC-OC-110 2213 33.3 68.1 11,153.5 0
DS-OC-110 251.5 56.5 83.1 17,462 56.6
DG-0C-110 226 33.6 72.8 12,613.8 13.1
DO-0C-110 365.2 75.3 101.6 31,351.8 181.1
DGi-OC-110 380.3 80 100 28,652 156.9
DSi-OC-110 339.5 514 100.4 28,812.8 158.3
DC-ECC1-110 224.3 33.7 68.2 11,542.1 3.5
DC-ECC2-110 222.7 327 73.4 12,567.7 12.7
DC-ECC3-110 227.5 34.5 77.2 13,600.74 22
DS-ECC3-110 262 46.1 82.9 17,991.5 61.4
DG-ECC3-110 229.3 34.1 73 12,991.14 16.5
DO-ECC3-110 387.4 74.4 102 33,399.8 199.5
DGi-ECC3-110 400.7 77.8 100.1 32,449.6 191
DSi-ECC3-110 384 79.8 101 32,752.2 193.7
DC-OC-70 187.6 314 50.3 5938.1 —46.8
DC-OC-90 216.7 34.0 50.6 7707.9 -30.9
DC-OC-110 2213 333 68.1 11,153.5 0
DC-OC-130 229.6 35.7 68.2 11,806.5 5.8
DC-OC-150 258.9 34.6 75.3 15,460.63 38.6
DC-0OC-200 3325 34.03 752 20,690.6 85.5
DC-OC-110-L6-2.3 236.6 39.5 71 12,323 10.5
DC-OC-110-L11-2.3 236.7 38.8 73.2 12,981.2 16.4
DC-OC-110-C6-2.3 262.6 52.6 78.8 15,181.8 36.1
DC-OC-110-C11-2.3 260.1 49.8 79 15,600.9 39.9
DC-OC-110-TR6-2.3 260.5 52.3 93.5 19,384.4 73.8
DC-OC-110-TR11-2.3 263.5 53.1 94.7 19,866.6 78.1
DC-OC-110-TR11-1 263.5 53.1 121.1 15,250.5 36.7
DC-OC-110-TR11-2 237.4 50.1 142.1 16,888.0 51.4
DC-OC-110-TR11-3 264.1 529 99.8 21,223.7 90.2
DC-OC-110-SH11-1 218.9 33.9 71.1 6237.9 —44
DC-OC-110-SH11-1.5 151.8 323 58.7 11,153.5 0
DC-OC-110-SH11-2 247.1 329 779 15,060.5 35
DC-OC-110-SH11-3 290.7 40.6 77.2 18,247.3 63.6
DC-3-8 327.3 10.1 18.5 4609.8 -
DC-4-8 362.4 16.3 35.8 10,426.6 -
DC-6-8 320 16.7 16.7 3197.3 -
DC-3-10 269.5 10.8 44.1 8609.8 -
DC-4-10 249.0 14.6 36.4 7187.8 -
DC-6-10 355.7 31.5 315 7130.7 -
DC-3-16 199.6 239 52.2 7818.0 -
DC-4-16 221.3 33.3 68.1 11,153.5 -
DC-6-16 221.7 43.4 441 6084 -
DC-3-20 158.2 30.8 104.8 7895.8 -
DC-4-20 153.8 42.2 84 9707.9 -
DC-6-20 190.1 64.1 65.3 7951.6 -

4.3.1. Effect of Different CFS Configurations with Ordinary Concrete and ECC Slabs
(110 mm)

The analysis of these results highlights the toughness performance of the different
beams with the various beam configurations and with ordinary concrete slabs and ECC
slabs, as seen in Figures 26 and 27.
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Figure 26. Effect of section geometry and ECC together on the relative toughness (110 mm thickness).
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Figure 27. Percentage of increase in toughness for the first group of parametric study.

The double-omega section with ordinary concrete slab exhibits the most substantial
increase in toughness at 181.1%. This suggests that the omega design significantly enhances
the beam’s ability to absorb energy and resist cracking under load. The double-G section
with inverted lips and the double-sigma section with inverted lips also show remarkable
increases in toughness, with 156.9% and 158.3%, respectively. These results indicate that
the inverted-lip feature enhances load distribution and overall resistance to deformation.

The introduction of engineered cementitious composite (ECC) slabs leads to varying
increases in toughness. The double-omega section with ECC3 slab achieves an impressive
199.5% increase, highlighting the effectiveness of ECC in enhancing toughness. Other
ECC configurations, such as the double-sigma section with ECC3 (61.4%) and the double-
G section with ECC3 (16.5%), also show improvements but not as pronounced as the
omega section. This underscores the potential of ECC materials in improving structural
performance. The findings emphasize the importance of both geometry and material
selection in optimizing toughness.
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4.3.2. Effect of the Configurations of Proposed Stiffeners

The provided results describe the toughness of double-channel sections with ordi-
nary concrete (OC) slabs, focusing on various stiffener configurations (L, channel, and
trapezoidal) and their influence on structural performance, see Figure 27.

Trapezoidal stiffeners show the greatest increase in toughness (73.8%), suggesting they
should be prioritized in design for applications requiring high structural integrity. Channel
stiffeners provide moderate improvements (39.9%), significantly better than L stiffeners
(16.4%) but not as effective as trapezoidal designs.

4.3.3. Effect of the Thickness of Ordinary Concrete Slabs

Six thicknesses—70 mm, 90 mm, 110 mm, 130 mm, 150 mm, and 200 mm—were
studied to find the toughness for the double-channel composite cold-formed steel beam
with OC slabs, see Figure 27. Thicknesses of 150 mm and 200 mm show an increase
in toughness of 38.6% and 85.5%, respectively, which indicates a clear improvement in
toughness with the increase in thickness.

4.3.4. Effect of the Span to Depth Ratio

Three spans (3000 mm, 4000 mm, and 6000 mm) with varying depths were analyzed
to evaluate the effect of the span-to-depth ratio for CCFSBs with a back-to-back double-
channel section with a thickness of 2.3 mm on their toughness, see Figure 28. The toughness
values vary significantly with changes in span and span-to-depth ratio. Specifically, the
data reveal that both the span and the span-to-depth ratio play critical roles in influencing
the structural performance of the double-channel sections.

£ 12,000
10,000
8,000
6,000
4,000
2,000

Toughness in kN-m
N
Spaninm

8 10 16 20
Span-to-depth ratio

3 m4 m6

Figure 28. Toughness for the second group of parametric study.

For a 3 m span, toughness values are generally higher across the various span-to-
depth ratios, with a peak toughness of 8609.8 kN-mm at a span-to-depth ratio of 10. The
4 m span consistently shows strong toughness values, peaking at 11,153.5 kN-mm for the
span-to-depth ratio of 16. The 6 m span exhibits the lowest toughness values overall, with
a notable drop to 3197.3 kN-mm at a span-to-depth ratio of 8. This suggests that increasing
the span without adequate depth negatively impacts structural performance. The findings
suggest that there is an optimal span-to-depth ratio that maximizes toughness, particularly
for spans of 4 m. For instance, the highest toughness observed (11,153.5 kN-mm) occurs at
this span with a ratio of 16.
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5. Conclusions

Numerical investigations were carried out to develop a precious understanding of the
full static resistance of CCFSBs. FE models were developed to predict the static resistance
of CCFSBs. Based on the results of this study, several conclusions can be drawn.

1.  The double-omega section with ordinary and ECC3 slabs exhibits the highest first
peak loads (365.2 kN and 387.4 kN) and significant toughness increases (181.1% and
199.5%), demonstrating the omega design’s effectiveness in enhancing load capacity
and toughness;

2. Inverted-lip sections, like double G and sigma, show high peak loads (380.3 kN and
339.5 kN) and substantial toughness improvements (156.9% and 158.3%), highlighting
the benefit of the inverted-lip feature for structural performance;

3. The double-sigma section with ordinary concrete achieves a peak load of 251.5 kN
and a toughness increase of 56.6%, indicating its effectiveness among ordinary con-
crete configurations;

4.  Trapezoidal stiffeners significantly improve toughness (73.8% and 78.1% for 650 mm
and 325 mm configurations), demonstrating their role in enhancing load distribution
and reducing deformation risk;

5. Increasing the thickness of ordinary concrete slabs generally enhances toughness,
with the 200 mm thickness achieving an 85.5% increase, underscoring the importance
of adequate thickness for structural performance;

6. Toughness values significantly vary with changes in span and span-to-depth ratio.
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