)
%‘g applied mechanics

Article

Enhancing Flexural Capacity of Cold-Formed Steel Beams with
an Innovative Delta-Channel Section: Experiments and Validated

FE Modeling

Rehan Farid Mustafa 1, Zahid Ahmad Siddiqi 2, Muhammad Ali Khan %*, Ali Ajwad 3*
and Muhammad Nouman Amjad Raja *

W) Check for updates

Received: 19 June 2026

Revised: 19 August 2026

Accepted: 2 September 2026
Published: 14 September 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Ahad & Associates, Consulting Engineers & Planners, Lahore 54700, Pakistan; rehanfarid7@gmail.com
Department of Civil Engineering, The University of Lahore, Lahore 54700, Pakistan;
zahid.siddiqi@ce.uol.edu.pk

Department of Civil Engineering, University of Salerno, 84084 Fisciano, Italy

Department of Civil & Environmental Engineering, United Arab Emirates University, Al Ain,
Abu-Dhabi 15551, United Arab Emirates; nouman.raja@uaeu.ac.ae

*  Correspondence: muhammad.alikhan@ce.uol.edu.pk (M.A.K.); aajwad@unisa.it (A.A.);

Tel.: +92-333-672-6299 (A.A.)

Abstract

Cold-formed steel (CFS) lipped channels are widely used in lightweight construction,
yet their open, thin-walled geometry makes them highly vulnerable to torsion-driven
instability and premature buckling under bending. To address this limitation, this study
introduces an innovative riveted Delta-Channel concept that partially “closes” the section,
shortens free edges where buckling initiates, and increases torsional rigidity. Full-scale
four-point bending tests were performed on nine specimens (three Delta sections and
six lipped channels), supported by nonlinear finite element (FE) models developed in
ABAQUS. Across comparable geometries, Delta sections delivered a 66-140% increase in
peak load capacity and markedly improved deflection control. The developed FE models
showed good agreement with the experimental results and successfully reproduced the
observed flexural behaviour of the investigated sections. Despite a modest increase in
material usage, the proposed Delta sections achieved substantially higher flexural capacities
than comparable conventional lipped channel sections.

Keywords: cold-formed steel; delta-channel section; four-point bending; buckling; torsional
stiffness; nonlinear finite element analysis; ABAQUS; built-up sections; riveted connections

1. Introduction

Cold-formed steel (CFS) sections are widely used in modern structural engineering
because of their high strength-to-weight ratio, ease of fabrication, dimensional accuracy,
recyclability, and cost efficiency. Unlike hot-rolled steel members, CFS sections are manu-
factured by forming thin steel sheets at room temperature into various structural profiles
without the application of heat treatment. Due to these advantages, cold-formed steel mem-
bers are extensively utilized in industrial sheds, storage systems, roof trusses, wall framing
systems, purlins, and prefabricated buildings [1-3]. Recent advancements in lightweight
structural systems and modular construction have further increased the demand for effi-
cient cold-formed steel structural members [4].

Despite their structural and economic benefits, cold-formed steel sections are highly
susceptible to instability-related failures because of their thin-walled geometry and high
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width-to-thickness ratios. The structural behavior of these members is usually governed by
local, distortional, and global buckling modes, which may occur individually or interact
simultaneously under loading conditions [5,6]. Local buckling typically occurs in individual
plate elements such as webs and flanges, while distortional buckling involves deformation
of the flange-lip assembly accompanied by rotational displacement at the flange—-web
junction. Global buckling, on the other hand, affects the member as a whole and includes
flexural, torsional, and flexural-torsional instability modes [7,8]. Under flexural loading,
the interaction between local and distortional buckling of the compression elements and
global instability associated with torsional deformation can strongly influence the ultimate
capacity of open thin-walled sections. The susceptibility to these instability modes is
particularly important for lipped-channel beams because their open cross-section provides
limited resistance to torsional deformation [9-12].

Among the various cold-formed steel profiles, lipped channel sections are one of the
most commonly used structural shapes because of their manufacturing simplicity and
practical applicability. However, conventional lipped channel sections possess open cross-
sectional geometry with relatively low torsional rigidity, making them highly vulnerable
to lateral-torsional buckling and twisting under flexural loading [13]. Previous studies
have shown that the open geometry of channel sections causes instability to initiate near
the free edges of the flanges and lips, significantly reducing their load-carrying capacity
and structural efficiency [14,15]. Furthermore, loading eccentricity relative to the shear
center can intensify torsional effects and accelerate premature buckling failure [16]. Recent
experimental and numerical work has further demonstrated the importance of cross-
sectional configuration for the flexural response of channel beams. Li and Young [17]
conducted 16 four-point bending tests on unstiffened and edge-stiffened channel sections
and subsequently developed a validated nonlinear FE model for a broader parametric study.
Their results showed that edge stiffening can substantially alter the governing buckling
response and the accuracy of conventional DSM predictions. Previous experimental and
numerical investigations have therefore examined several approaches for improving the
stability and flexural performance of thin-walled channel sections. These approaches have
included modification of flange and lip geometry, introduction of intermediate web or
edge stiffeners, and assembly of multiple cold-formed components to increase sectional
rigidity. However, the effectiveness of these approaches depends strongly on the location,
configuration, and continuity of the stiffening elements, as well as on their influence on
local and distortional buckling modes.

To improve the structural performance of cold-formed steel sections, numerous re-
searchers have investigated the use of flange stiffeners, intermediate web stiffeners, built-up
sections, and modified cross-sectional geometries. Manikandan et al. [18] investigated the
distortional buckling behaviour of lipped-channel sections incorporating different web-
stiffener configurations and demonstrated the influence of stiffener arrangement on the
instability response. Zhang and Young [19] examined built-up cold-formed steel sections
incorporating edge stiffeners, showing the potential of sectional modification to improve
structural performance. Similarly, Faridmehr et al. [20] investigated stiffened C-sections and
demonstrated that modifications to the cross-sectional configuration can alter the buckling
response and strength of thin-walled members. More recently, Rezaeian et al. investigated
the flexural capacity of stacked built-up cold-formed steel sections assembled from lipped
channels. Their parametric study considered different numbers of channel components
and cap-plate configurations, demonstrating the influence of sectional configuration and
closure on the flexural capacity of built-up members [21]. Similarly, Maizi et al. [22] in-
vestigated novel closed built-up cold-formed steel sections under flexural loading using
validated nonlinear FE models. Their study demonstrated that sectional configuration and
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screw spacing influence the flexural response and that existing DSM provisions may not
accurately predict the strength of such unconventional built-up sections. Wang et al. [23]
examined gapped back-to-back built-up CFS beams assembled using discontinuous con-
necting plates and bolts under four-point bending. Their numerical investigation showed
that connection arrangement, gap dimensions, and beam geometry can significantly af-
fect the flexural response and lateral-torsional buckling behaviour of built-up members.
Hancock et al. [7] demonstrated that distortional buckling behavior can be significantly
influenced by sectional geometry and edge stiffening arrangements. Similarly, Young and
Rasmussen [24] demonstrated the sensitivity of cold-formed channel members to their
cross-sectional and stability characteristics through experimental testing. Manikandan and
Arun [25] investigated partially closed stiffened cold-formed steel channel sections formed
using spacer plates connected by self-tapping screws. Their experimental and numerical
results showed that partial closure increased sectional torsional rigidity and stiffness and
altered the governing buckling response compared with the corresponding open sections.
More recently, Ma et al. [26] investigated the flexural-torsional behaviour of built-up cold-
formed steel beams with different open and closed cross-sectional configurations. Their
FE study accounted for discrete fasteners, contact interactions and geometric and material
nonlinearities, demonstrating that sectional configuration and connection characteristics
can influence the governing buckling mode and ultimate strength. Recent investigations
have also focused on optimized and partially closed cold-formed steel sections to reduce
torsional deformation and delay instability failures [27].

In parallel with experimental investigations, numerical methods such as the Finite
Strip Method (FSM), Direct Strength Method (DSM), and nonlinear Finite Element Analysis
(FEA) have become important tools for predicting the structural response of cold-formed
steel members [28-30]. Recent studies have also demonstrated the effectiveness of nonlin-
ear finite element modelling for validating the design provisions and buckling behaviour
of cold-formed steel flexural members. Khan et al. validated the American Iron and
Steel Institute (AISI) Direct Strength Method for cold-formed steel channel beams using
ABAQUS-based nonlinear finite element analysis and reported good agreement between nu-
merical predictions and design methodologies, highlighting the capability of FE modelling
in accurately capturing buckling and flexural response of thin-walled steel members [31,32].
The Direct Strength Method proposed by Schafer [33] enabled efficient prediction of local
and distortional buckling strength using elastic buckling solutions. Moreover, nonlinear
finite element analysis using ABAQUS has been extensively employed to simulate post-
buckling behavior, geometric imperfections, material nonlinearity, and failure mechanisms
of cold-formed steel members with high accuracy [34].

Although previous studies have investigated stiffened, built-up, and partially closed
cold-formed steel sections, the structural behaviour of geometrically modified riveted
Delta-type sections under flexural loading remains insufficiently understood. Furthermore,
validated nonlinear finite element investigations combined with full-scale experimental
testing on such innovative sections are still scarce in the available literature. Addressing this
research gap is essential for developing lightweight cold-formed steel beam systems with
enhanced structural stability and improved load-carrying efficiency suitable for modern
construction applications.

Therefore, the main objective of this study is to quantitatively evaluate the struc-
tural effectiveness of an innovative riveted Delta-Channel cold-formed steel section in
comparison with conventional lipped channel sections. The effectiveness of the proposed
configuration is assessed using four quantitative performance indicators: (i) the percentage
increase in ultimate load capacity relative to a geometrically comparable conventional
lipped channel section; (ii) the reduction in mid-span deflection at ultimate load; (iii) the
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structural efficiency, evaluated by relating the percentage increase in flexural capacity to
the corresponding percentage increase in specimen weight; and (iv) the accuracy of the
nonlinear finite element model, quantified using the mean and coefficient of variation of the
experimental-to-FE ratios for ultimate load and mid-span deflection. Full-scale four-point
bending tests are combined with nonlinear finite element simulations in ABAQUS to eval-
uate the flexural response, deformation characteristics, buckling behaviour, and failure
mechanisms of the investigated sections.
To achieve the stated objectives, the paper is organized as follows:

- Section 2 describes the experimental program, including the material properties,
specimen fabrication, geometric configurations of the conventional lipped channel and
proposed Delta-Channel sections, test setup, instrumentation, loading arrangement,
and four-point bending procedure adopted in this study.

- Section 3 presents the development of the nonlinear finite element models in ABAQUS,
including the modelling assumptions, material constitutive laws, meshing strategy,
element selection, boundary and loading conditions, interaction definitions, geometric
imperfections, and nonlinear analysis procedures adopted for the simulation of the
investigated specimens.

- Section 4 presents and discusses the results obtained from the experimental and
numerical investigations. The finite element models are first validated against the ex-
perimental results, followed by an assessment of flexural capacity enhancement, struc-
tural efficiency, and the buckling and failure behaviour of the investigated sections.
Comparisons between the conventional lipped channel and proposed Delta-Channel
sections are also presented and discussed.

- Section 5 summarizes the principal findings of the study and presents the major
conclusions regarding the effectiveness of the proposed riveted Delta-Channel section
in improving the structural performance of cold-formed steel beams.

2. Materials and Methods

To evaluate the structural effectiveness of the proposed Delta-Channel section, an
experimental investigation was carried out on full-scale cold-formed steel beam specimens
subjected to four-point bending. The experimental program was designed to examine
the influence of the modified cross-sectional geometry on flexural stiffness, load-carrying
capacity, torsional response, and buckling behaviour in comparison with conventional
lipped channel sections.

The proposed Delta-Channel section was developed by introducing inclined plate
elements into the conventional lipped channel configuration to form a partially closed
section. This geometric modification was intended to enhance torsional rigidity and reduce
the free-edge lengths where local and distortional buckling generally initiate in thin-walled
cold-formed steel members. To assess the effectiveness of the proposed configuration,
both Delta-Channel and conventional lipped channel sections with comparable geometric
dimensions were experimentally investigated.

A total of nine specimens were tested, comprising three Delta-Channel sections and six
conventional lipped channel sections fabricated from commercially available galvanized
steel sheets. The three Delta-Channel configurations were selected to provide a proof-of-
concept assessment of the proposed partially closed geometry while examining two key
geometric variables within the available experimental programme: sheet thickness (0.7 and
1.0 mm) and flange width (50.0 and 62.5 mm). Each Delta-Channel configuration was tested
once; therefore, the experimental programme does not permit a statistical assessment of
specimen-to-specimen variability or repeatability. Instead, the Delta-Channel tests were
intended to establish the feasibility and structural response of the proposed configuration
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and to provide benchmark results for validation of the nonlinear finite element models.
Geometrically comparable conventional lipped channel specimens were tested to provide a
direct basis for evaluating the relative flexural performance of the proposed configuration,
while additional conventional specimens with increased thickness were included to provide
supplementary information on the influence of section thickness on flexural behaviour.

All specimens were tested under monotonic loading using a four-point bending
configuration. The experimental observations focused on ultimate load capacity, load-
deflection response, deformation characteristics, torsional behaviour, and the development
of local, distortional, and global buckling modes. The experimental results obtained from
the bending tests were subsequently used to validate the nonlinear finite element models
developed in ABAQUS v2021.

2.1. Material Properties

The specimens investigated in this study were fabricated from commercially available
galvanized steel sheets obtained from the local market. Tensile coupon tests were conducted
in accordance with ASTM A370 [35] to determine the mechanical properties of the steel
used for both the experimental and numerical investigations.

Three sheet thicknesses, namely 0.7 mm, 1.0 mm, and 1.5 mm, were considered in the
investigation. Standard dog-bone tensile specimens were prepared from the flat portions of
the steel sheets and tested using a universal testing machine. The engineering stress—strain
relationships obtained from the coupon tests were subsequently used to define the material
constitutive behaviour in the finite element models.

The average yield stress and ultimate tensile strength of the 0.7 mm sheets were ap-
proximately 326 MPa and 357 MPa, respectively (Table 1). For the 1.0 mm and 1.5 mm
sheets, the corresponding average yield stress and ultimate tensile strength were approxi-
mately 288 MPa and 360 MPa. An elastic modulus of 200 GPa and Poisson’s ratio of 0.3
were adopted for all numerical simulations. Figure 1 presents the tensile coupon specimens
and the corresponding experimental stress—strain responses used to characterise the steel
material. Figure 1a shows the tensile specimens prepared from the investigated steel sheets,
while Figure 1b-d present the corresponding material-test and stress—strain information for
the tested material configurations. The different specimen colours shown in Figure 1a are
used only to distinguish the individual coupon specimens and do not indicate a difference
in the material constitutive model. The stress—strain curves demonstrate the elastic and
subsequent nonlinear response obtained from the tensile tests and were used to define the
material behaviour adopted in the FE models.

Table 1. Mechanical properties of the investigated steel sheets.

. . Ultimate Stress Elastic Modulus
Thickness (mm) Yield Stress (MPa) (MPa) (GPa)
0.7 326 357 200
1.0 288 360 200
1.5 288 360 200

2.2. Specimen Geometry

Two different cold-formed steel cross-sectional configurations were investigated in
this study, namely conventional lipped channel sections and the proposed riveted Delta-
Channel sections. The Delta-Channel configuration was developed by forming the required
Delta-shaped elements from a galvanized steel sheet through bending operations and
subsequently assembling them with the channel components using riveted connections,
resulting in a partially closed cross-section. The configuration was therefore conceived
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as a formed cold-rolled steel system rather than simply as a conventional lipped channel
with externally attached reinforcement plates. This geometric modification was intended
to enhance torsional rigidity and reduce the free-edge lengths that typically govern local
and distortional buckling in thin-walled members. The geometric configurations of the
investigated sections are shown in Figure 2. The inclined Delta elements were arranged
at an angle of approximately « = 30° with respect to the vertical web. The elements were
connected to the web using rivets at a centre-to-centre spacing of x, = 225 mm. The principal
geometric parameters and the inclination angle are illustrated in Figure 2.

(b)
Stress-Strain Curve (0.7MM Sheet) Stress-Strain Curve (IMM & 1.SMM Sheet)
400 - 400 -
350 1 357 MPa S 360 MPa
300 - 300 4
= 326 MPa =
£ 250 1 £ 250 4 AP
z z
> 200 - = 200 -
2z @
£ 150 4 £ 150 A
7 @
100 100 1
g 50 4
- 0.2% 0.2%
0 T T T T Y 0 T T T r ,
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Strain (%) Strain (%)
(9 (d)

Figure 1. Tensile coupon testing and engineering stress—strain curves for the investigated steel sheets.
(a) Coupons for 0.7 mm Sheet; (b) Coupons for 1 mm and 1.5 mm Sheet; (c) Stress-Strain Curve for
0.7 mm; (d) Stress-Strain Curve for 1 mm and 1.5 mm.

LIPPED CHANNEL SECTION (CS) DELTA CHANNEL SECTION (DS)
(With inclined Delta elements)
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Figure 2. Geometric configurations of the investigated sections: (Left) conventional lipped channel
section; (Right) proposed riveted Delta-Channel section.
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The specimen designation follows the format dCSbXt-L or dDSbXt-L, where d rep-
resents the section depth, CS and DS denote lipped channel and Delta-Channel sections,
respectively, b is the flange width, t is the base steel thickness, and L is the specimen length.
The geometric details and specimen designations of the tested sections are summarized
in Table 2.

Table 2. Geometric details of the tested specimens.

Depth Flange Width Thickness Length
Specimen Designation Section Type

d (mm) b (mm) t (mm) L (mm)
203DS50X0.7-2438 Delta-Channel 203 50.0 0.7 2438
203DS50X1.0-2438 Delta-Channel 203 50.0 1.0 2438
203DS62X0.7-2438 Delta-Channel 203 62.5 0.7 2438
203CS50X0.7-2438 Lipped Channel 203 50.0 0.7 2438
203CS50X1.0-2438 Lipped Channel 203 50.0 1.0 2438
203CS50X1.5-1829 Lipped Channel 203 50.0 1.5 1829
203CS62X0.7-2438 Lipped Channel 203 62.5 0.7 2438
203CS62X1.0-2438 Lipped Channel 203 62.5 1.0 2438
203CS62X1.5-1829 Lipped Channel 203 62.5 1.5 1829

The 1.5 mm conventional lipped-channel specimens were tested at a shorter length
of 1829 mm, whereas the remaining specimens had a length of 2438 mm; therefore, the
results of the 1.5 mm specimens are considered separately when assessing the influence
of thickness.

2.3. Specimen Fabrication

The conventional lipped channel specimens were procured from commercially avail-
able galvanized cold-formed steel sections. The Delta-Channel specimens were fabricated
and assembled prior to testing using riveted connections. The Delta-Channel components
were connected using 5 mm diameter headed rivets manufactured from the same material
as the steel sections. The rivets were arranged at a centre-to-centre spacing of 225 mm, with
an edge distance of 100 mm. The diameter of the pre-drilled holes was 5 mm, correspond-
ing to the nominal rivet diameter. During testing, no noticeable slip, significant bearing
deformation, or local damage at the riveted connections was observed prior to failure of
the specimens. The riveted connections remained intact throughout the loading process
and did not govern the observed failure modes.

The fabrication of the Delta-Channel specimens involved a sequence of profile prepa-
ration, sheet cutting, marking, forming, and assembly operations, as illustrated in Figure 3.
First, the galvanized steel sheet was bent to produce the required channel profile geometry.
The formed profiles were then prepared to the required dimensions and length, while
separate galvanized steel sheet elements were cut to the dimensions required to form the
Delta components. The required locations for fabrication and assembly were subsequently
marked on the prepared components to ensure consistent positioning. The Delta elements
were then positioned within the channel profile to form the intended partially closed cross-
section and were connected to the web using riveted connections. Following assembly, the
completed specimens were inspected to verify dimensional consistency, alignment, and the
integrity of the riveted connections before being prepared for four-point bending tests.

Following fabrication, all specimens were inspected to ensure dimensional consistency
and proper alignment before testing. The completed specimens were subsequently prepared
for experimental evaluation under four-point bending.
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TYPICAL DELTA SECTION

Completed delta section
showing riveted connection
in the webs.

PREPARED PROFILES

! T |

i
P
/ |
Bending of galvanized

Prepared profiles of Cutting of galvanized Marking of required
m_ steel sheet to the ‘@ required length and sheet to required dimensions on the sheet
required channel profile. dimensions. length. for fabrication.

Figure 3. Fabrication process and assembly of the proposed Delta-Channel section.

2.4. Experimental Setup

All specimens were tested under four-point bending using a hydraulic loading
frame, as shown in Figure 4. The load was applied through a spreader beam to create
two symmetrically positioned concentrated loads, spaced 610 mm apart, thereby establish-
ing a constant moment region between the loading points. The distance from each support
to the nearest loading point was 914 mm. The specimens were simply supported at both
ends and loaded monotonically until failure. Four-point bending was selected to provide a
constant-moment region between the two loading points, allowing the flexural response of
the specimens to be evaluated under a controlled bending condition with reduced influence
of a concentrated load at a single location. This arrangement also enabled the development
and observation of local deformation and buckling within the constant-moment region,
providing a consistent basis for comparing the proposed Delta-Channel sections with the
conventional lipped-channel specimens.

The specimens were simply supported using roller supports located 5 mm from each
end. Accordingly, the clear spans were 2438 mm for the nominal 2448 mm specimens and
1819 mm for the nominal 1829 mm specimens. To restrain undesirable lateral-torsional
movement while allowing the intended flexural response to develop, steel angle sections
were fixed on both sides of the specimens at locations 30 mm inside each support. The tests
were conducted under displacement-controlled loading, with a displacement increment of
0.05 mm, corresponding to an approximate load increment of 0.185 kN. The ultimate load
and corresponding deformation were continuously monitored during each test. For the
purposes of this study, failure was defined as the attainment of the peak load followed by a
reduction in the load-carrying capacity.

The applied load was measured using a calibrated unidirectional load cell with a
maximum capacity of 50 tons, integrated within the loading system. The load measurement
system was calibrated using a traceable digital load cell, with calibration checks performed
over the 100-900 kN range. The calibration report indicated an average error factor of
—0.37%, with individual calibration errors ranging from —2.02% to +0.66%. Vertical de-
flections were monitored using three Soway SDVB20-25A (Soway Tech Limited, Shenzhen,
China) linear variable differential transformers (LVDTs), with one positioned at mid-span
and one directly beneath each loading point. The LVDTs have a nominal measurement
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range of 0-25 mm and, according to the manufacturer’s specifications for the SDVB20
series, a linearity error of +0.25% of full scale. A 16-channel data logger with a £10 V
input range and 16-bit resolution was used for data acquisition. Prior to each test, the load
cell and LVDTs were initialized through the data acquisition system to establish their zero
reference readings before the application of load. The load and displacement data were
continuously recorded through the computerized data acquisition system. The load cell
was calibrated prior to the experimental programme, while the LVDTs were checked before
each test for proper operation and stable zero readings. Accordingly, the instrumentation
characteristics and calibration information provide the basis for assessing the accuracy of
the measured load and displacement responses.

(a) Overall test arrangement (b) Specimen support and instrumentation

Reaction
frame

f Lateral supports
(angles)

Reaction Frame

Control System

Pressure Cell (Load Cell)

Data Logger

Monitor

Figure 4. Experimental setup for four-point bending tests: (a) overall test arrangement; (b) specimen
support and instrumentation; and (c) components of the loading and data acquisition system.

Throughout the testing program, the deformation patterns, buckling behaviour, and
failure modes of the specimens were visually monitored and documented.

3. Finite Element Modelling

Advanced finite element modelling has become an effective tool for capturing nonlin-
ear behaviour and validating structural response in steel systems, including cold-formed
steel members and tubular steel connections [36—41]. Finite element (FE) models were
developed in ABAQUS [34] to simulate the experimentally tested Delta-Channel and con-
ventional lipped-channel specimens and to reproduce their flexural response, deformation
behaviour, and failure modes under the four-point bending configuration. The numerical
models were generated using the measured specimen dimensions and were configured to
replicate the four-point bending arrangement adopted in the experimental program. The
support and loading conditions adopted in the finite element models were identical to those
used in the experimental program. The specimens were modelled under four-point bending
with simply supported boundary conditions and two symmetrically applied concentrated
loads, producing a constant moment region between the loading points. Intermediate
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lateral restraints were incorporated where required to replicate the experimental setup, as
shown in Figure 5.

Figure 5. FE model boundary conditions and load application arrangement.

The steel sections were modelled using four-node reduced integration shell elements
(S4R), which are well suited for simulating the behaviour of thin-walled cold-formed steel
members. Elastic—plastic material properties were assigned based on the coupon test results
presented in Section 2.1. A Young’s modulus of 200 GPa and a Poisson’s ratio of 0.30 were
adopted, while the experimentally obtained bilinear stress—strain relationships were used
to define the nonlinear material response. The final mesh configuration employed in the
analyses is shown in Figure 6.

Figure 6. Finite Element Mesh.

The geometric imperfections were introduced using the first elastic buckling mode
obtained from the eigenvalue analysis, with an imperfection amplitude of L/1000. For
specimens for which the first eigenmode did not produce a representative deformation
pattern, the next appropriate buckling mode was adopted.

https://doi.org/10.3390/applmech7030074


https://doi.org/10.3390/applmech7030074

Appl. Mech. 2026, 7, 74

11 of 23

The specimen ends were modelled as simply supported, while additional lateral
restraints were introduced through hinge constraints to prevent rigid-body torsional motion
while allowing the intended flexural and local buckling behaviour. The riveted connections
between the overlapping shell components were represented using attachment points and
constrained connector interactions. All three translational (U1, U2, U3) and three rotational
(UR1, UR2, UR3) degrees of freedom were constrained at the connector locations, providing
an idealized representation of the mechanical restraint provided by the rivets without
explicitly modelling individual rivets.

The nonlinear analyses were performed using the modified Riks method, with an
initial arc-length increment of 0.01, a maximum arc-length increment of 1.0, and a maximum
of 150 increments; the maximum number of increments was increased to 200 where required
for convergence.

A mesh convergence study was performed using element sizes of 5, 7.5, 10, 12.5,
15, and 20 mm. The predicted eigenvalue decreased from 2704.2 for the 20 mm mesh to
2303.1 for the 10 mm mesh, while further refinement to 5 mm resulted in an eigenvalue
of 2219. The difference between the 10 mm and 5 mm meshes was approximately 3.79%,
indicating that the solution was sufficiently converged at 10 mm. Accordingly, a 10 mm
mesh was adopted for the subsequent analyses as a balance between numerical accuracy
and computational efficiency.

The analysis was performed in two sequential stages. Initially, a linear perturbation
(eigenvalue buckling) analysis was conducted to determine the critical buckling modes of
the investigated sections. Ten eigenvalues were extracted to ensure that all significant buck-
ling modes were captured. The first eigen-buckling mode was subsequently introduced
into the nonlinear model as an initial geometric imperfection to account for the unavoid-
able geometric imperfections present in cold-formed steel members. A representative
eigen-buckling mode obtained from the analysis is presented in Figure 7.

Figure 7. Buckling Mode Selected for Analysis.

Following the eigenvalue analysis, geometrically and materially nonlinear analyses
were performed using the Static Riks method to capture the post-buckling response, ul-
timate flexural strength, and failure behaviour of the investigated sections. The adopted
nonlinear solution strategy enabled the complete structural response to be traced beyond
the peak load and into the post-peak region. For the Delta-Channel sections, the overlap-
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ping shell components were connected using face-to-face fastener interactions available
in ABAQUS. Attachment points were defined at 225 mm intervals along the connection
line to represent the riveted connections used in the experimental specimens. The spacing
was selected to replicate the experimental specimen configuration and provide adequate
force transfer between the connected shell components. The adopted interaction strategy
ensured appropriate force transfer and compatibility of deformation between the connected
shell surfaces, thereby enabling realistic simulation of the built-up Delta-Channel behaviour.
The interaction definition adopted in the numerical models is illustrated in Figure 8.

Figure 8. Modelling of riveted connections using face-to-face fastener interactions.

For the channel specimens requiring intermediate restraint, lateral supports were in-
troduced at one-third of the specimen span from each end, consistent with the experimental
setup, as shown in Figure 9.

Figure 9. Intermediate Lateral Restraints (at L/3).
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4. Results and Discussion
4.1. FE Model Validation

The developed finite element models were validated against the experimental results
obtained from the four-point bending tests. Validation was carried out by comparing
the ultimate load capacities and corresponding mid-span deflections at ultimate load
for both the proposed Delta-Channel and conventional lipped channel sections. This
comparison enabled the accuracy of the adopted modelling approach in predicting the
flexural behaviour of cold-formed steel members to be assessed.

The numerical models incorporated the experimentally determined material proper-
ties, geometric dimensions, boundary conditions, loading arrangements, and geometric
imperfections described in Sections 2 and 3. The validation process focused on evaluating
the ability of the models to reproduce the experimentally observed structural response,
including load-carrying capacity and deformation behaviour.

Table 3 presents the comparison between the experimental and finite element ultimate
load capacities of the investigated specimens. Good agreement was obtained between the
experimental and numerical results, with Exp./FE ratios ranging from 0.94 to 1.22, a mean
value of 1.07, and a coefficient of variation (CoV) of 0.09. The mean Exp./FE ratio of 1.07
and CoV of 0.09 indicate that the developed FE model provides reliable predictions of the
flexural strength of both Delta-Channel and conventional lipped channel sections.

Table 3. Comparison of experimental and finite element ultimate load capacities.

Experimental FELoad  Exp/FEM
Specimen Designation Section Type Load
kN kN

203DS50X0.7-2438 Delta-Channel 6.36 6.80 0.94
203DS50X1.0-2438 Delta-Channel 7.95 7.70 1.03
203DS62X0.7-2438 Delta-Channel 7.43 7.30 1.02
203CS50X0.7-2438 Lipped Channel 2.95 3.00 0.98
203CS50X1.0-2438 Lipped Channel 4.78 4.80 1.00
203CS50X1.5-1829 Lipped Channel 15.0 12.5 1.20
203CS62X0.7-2438 Lipped Channel 3.10 2.8 1.11
203CS62X1.0-2438 Lipped Channel 5.10 4.50 1.13
203CS62X1.5-1829 Lipped Channel 20.8 17.0 1.22
Mean 1.07

Standard Deviation 0.10

CoV 0.09

Table 4 compares the experimental and finite element mid-span deflections at ultimate
load. The Exp./FE ratios ranged from 0.70 to 1.33, with a mean value of 1.13 and a CoV of
0.17. Although greater variability was observed in the displacement predictions compared
with the ultimate load capacities, the numerical models generally reproduced the measured
deformation response with acceptable accuracy. Overall, the close agreement obtained
between the experimental and numerical results confirms the suitability of the adopted
finite element modelling approach for investigating the flexural behaviour of the proposed
Delta-Channel sections.

Figure 10 compares the experimental and FE load-deflection responses of the inves-
tigated Delta-Channel specimens together with the corresponding FE deformation and
stress distributions at the ultimate load. The numerical models reproduce the overall non-
linear flexural response observed experimentally, including the progressive development
of deformation up to the ultimate load and the subsequent post-peak response.
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Table 4. Comparison of experimental and finite element Mid-Span Deflections.
. FE
Exp. Deflection . Exp/FEM
Specimen Designation Section Type Deflection
mm mm
203DS50X0.7-2438 Delta-Channel 1.9 22 1.23
203DS50X1.0-2438 Delta-Channel 7.7 7.4 1.04
203DS62X0.7-2438 Delta-Channel 5.1 47 1.09
203CS50X0.7-2438 Lipped Channel 11.0 84 1.31
203CS50X1.0-2438 Lipped Channel 3.5 5.0 0.70
203CS50X1.5-1829 Lipped Channel 5.6 4.5 1.24
203CS62X0.7-2438 Lipped Channel 6.1 4.6 1.33
203CS62X1.0-2438 Lipped Channel 5.0 48 1.04
203CS62X1.5-1829 Lipped Channel 6.2 5.0 1.24
Mean 1.13
Standard Deviation 0.20
CoV 0.17

Based on the experimental and numerical results, the Delta-Channel sections consis-
tently exhibited higher load-carrying capacities and lower mid-span deflections than the
corresponding conventional lipped channel sections. For example, the 203DS50X0.7-2438
specimen achieved an experimental ultimate load of 6.36 kN at a mid-span deflection of
approximately 1.9 mm, whereas the corresponding 203CS50X0.7-2438 section reached only
2.95 kN at a deflection of approximately 11 mm. Similar behaviour was observed for the
other investigated specimens, demonstrating the superior flexural resistance and deforma-
tion control provided by the Delta-Channel configuration. The FE results reproduced the
measured ultimate loads with good accuracy, with Exp./FE ratios of 0.94, 1.03, and 1.02 for
the 203DS50X0.7-2438, 203DS50X1.0-2438, and 203DS62X0.7-2438 specimens, respectively.

The load—deflection comparisons further show that the numerical models captured
the overall nonlinear flexural response, including the progressive deformation leading to
the ultimate load and the subsequent post-peak behaviour. The corresponding FE stress
and deformation distributions are also consistent with the experimentally observed concen-
tration of local deformation in the compression flange region. The improved performance
of the Delta-Channel sections can be attributed to their partially closed geometry, which
increases sectional rigidity and promotes a more effective distribution of stresses under
bending. This enhanced sectional stability allows the Delta-Channel specimens to sustain
substantially higher loads while undergoing smaller deformations than their conventional
lipped-channel counterparts.

4.2. Flexural Capacity Enhancement

The influence of the proposed Delta-Channel configuration on the flexural perfor-
mance of cold-formed steel beams was evaluated by comparing the experimentally mea-
sured ultimate load capacities of the Delta-Channel specimens with those of geometrically
comparable conventional lipped channel sections. The comparison was undertaken to
quantify the effectiveness of the modified cross-sectional geometry in improving the load-
carrying capacity of cold-formed steel members subjected to four-point bending.

Table 5 shows that the Delta-Channel sections consistently achieved higher ultimate
load capacities than the corresponding conventional lipped channel sections. The largest
improvement was observed for specimen 203D562X0.7-2438, which attained an ultimate
load capacity of 7.43 kN compared with 3.10 kN for specimen 203CS62X0.7-2438, repre-
senting an increase of approximately 139.7%. Specimen 203DS50X0.7-2438 achieved an
ultimate load capacity of 6.36 kN compared with 2.95 kN for specimen 203CS50X0.7-2438,
corresponding to an increase of approximately 115.6%. Similarly, specimen 203DS50X1.0-
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2438 attained an ultimate load capacity of 7.95 kN, representing a 66.3% increase over the
corresponding lipped channel section.
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Figure 10. Comparison of experimental and FEM load-deflection responses and corresponding FE
stress/deformation distributions of the investigated Delta-Channel specimens.

The substantial increases in flexural capacity demonstrate the effectiveness of the pro-
posed Delta-Channel configuration in enhancing the structural performance of cold-formed
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steel beams. The physical basis for the different magnitudes of capacity enhancement is
related to the relative influence of plate slenderness and instability in the corresponding con-
ventional lipped-channel sections. For the 0.7 mm sections, the thinner plate elements have
higher width-to-thickness ratios and are therefore more susceptible to local and distortional
instability. The Delta configuration reduces the influence of the free edges and provides ad-
ditional sectional restraint through the inclined elements, resulting in substantially greater
relative capacity gains of 115.6% for the 50 mm flange and 139.7% for the 62.5 mm flange.
The latter represents the largest enhancement because the 62.5 mm x 0.7 mm conventional
section has the highest flange width-to-thickness ratio among the compared configurations.
In contrast, increasing the thickness from 0.7 to 1.0 mm for the 50 mm flange reduces
the width-to-thickness ratio from 71.4 to 50.0, making the conventional lipped channel
less susceptible to instability and increasing its baseline load-carrying capacity. Conse-
quently, although the Delta configuration still provides enhanced sectional rigidity and
improved resistance to instability, its relative capacity advantage decreases to 66.3%. These
results indicate that the Delta configuration provides the greatest relative benefit when the
corresponding conventional section is more slender and instability-sensitive.

Table 5. Flexural capacity enhancement achieved by the Delta-Channel sections.

. . Channel Capacity Delta Capacity Increase
Specimen Pair (N) (N) (%)
203CS50X0.7-2438 vs. 2.95 6.36 115.6
203DS50X0.7-2438
203CS50X1.0-2438 vs. 478 7.95 66.3
203DS50X1.0-2438
203CS62X0.7-2438 vs. 3.10 7.43 139.7

203DS62X0.7-2438

The observed deformation patterns and corresponding FE results further indicate
that the inclined elements provide additional restraint to the flange regions and reduce
the extent of deformation caused by the free edges of the conventional lipped-channel
sections. This geometric restraint contributes to the greater sectional stability observed for
the Delta-Channel specimens and is consistent with their higher load-carrying capacities
and reduced deformation at the corresponding load levels.

4.3. Structural Efficiency

The structural efficiency of the proposed Delta-Channel sections was evaluated by
comparing the increase in flexural capacity with the corresponding increase in material
usage relative to the conventional lipped channel sections. Since all specimens were
fabricated from the same steel material, the specimen weight was used as an indicator of
material consumption. The comparison provides an assessment of whether the additional
material required to form the Delta configuration is justified by the resulting improvement
in structural performance.

Table 6 compares the percentage increase in specimen weight with the corresponding
increase in ultimate load capacity achieved by the Delta-Channel sections. The results
show that the modified geometry required only a modest increase in material, ranging
from approximately 28.9% to 35.0%, while producing substantially larger gains in flexural
capacity. For the 50 mm flange specimens, a weight increase of approximately 28.9%
resulted in load-carrying capacity improvements of 115.6% and 66.3% for the 0.7 mm and
1.0 mm sections, respectively. Similarly, the 62.5 mm flange Delta section required a 35.0%
increase in weight but achieved a flexural capacity enhancement of approximately 139.7%.
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Table 6. Comparison of weight increase and flexural capacity enhancement.
Specimen Pair Weight Increase (%) Capacity Increase (%)

203CS50X0.7-2438 vs. 28.9 115.6
203DS50X0.7-2438

203CS50X1.0-2438 vs. 28.9 66.3
203DS50X1.0-2438

203CS62X0.7-2438 vs. 35.0 139.7

203DS62X0.7-2438

The results indicate that the increase in flexural capacity significantly exceeded the cor-
responding increase in material usage. This demonstrates that the improved performance
of the Delta-Channel sections cannot be attributed solely to the addition of material but
is primarily due to the geometric modification of the cross-section. The inclined elements
forming the partially closed configuration enhanced sectional rigidity and reduced the
susceptibility to instability-related behaviour, enabling more efficient utilization of the
available material.

Overall, the proposed Delta-Channel configuration exhibited superior structural effi-
ciency compared with the conventional lipped channel sections. The substantial gains in
load-carrying capacity achieved with relatively small increases in weight demonstrate the
effectiveness of the proposed geometry as a practical approach for enhancing the flexural
performance of cold-formed steel members.

4.4. Buckling and Failure Modes

The structural behaviour of the tested specimens was evaluated under monotonic
four-point bending until failure. Throughout the loading process, all specimens initially
exhibited a linear elastic response followed by the gradual development of localized
deformation within the compression region. As the applied load increased, local instability
became evident in the flange elements, ultimately governing the failure behaviour of the
investigated specimens. Figure 11 presents representative failure modes observed for the
Delta-Channel specimens during testing.

The development of local instability can also be interpreted from the measured load-
deflection responses and the FE stress/deformation distributions presented in Section 4.1.
All Delta-Channel specimens initially exhibited a predominantly linear response, followed
by increasing deformation in the compression region as the applied load approached the
ultimate capacity. For the 203DS50X0.7-2438 specimen, the ultimate load of 6.36 kN was
reached at a mid-span deflection of approximately 1.9 mm, while the 203DS50X1.0-2438
and 203DS62.5X0.7-2438 specimens reached ultimate loads of 7.95 and 7.43 kN at approx-
imately 7.7 and 5.1 mm, respectively. The corresponding FE predictions were 6.80 kN at
2.2mm, 7.70 kN at 7.4 mm, and 7.30 kN at 4.7 mm. The FE stress and deformation contours
show that the critical deformation develops primarily in the compression flange, with
more pronounced local deformation for the wider 62.5 mm flange configuration. These
observations indicate that the development of local instability is progressive rather than
instantaneous, with increasing out-of-plane deformation accompanied by stiffness degrada-
tion as the ultimate load is approached. The quantitative load—deflection response therefore
complements the observed failure modes by identifying the deformation level associated
with the ultimate state, while the FE contours identify the corresponding critical regions
within the cross-section.

The Delta-Channel sections demonstrated stable flexural behaviour throughout the
loading process and were capable of sustaining significant deformation prior to ultimate
failure. Failure was primarily concentrated within the compression flange region, where
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progressive local deformation developed as bending stresses increased. The observed
deformation patterns provide further evidence of the enhanced stability of the Delta-
Channel configuration, with the inclined elements providing additional restraint against
local deformation and buckling of the section.

(a) 203DS50X0.7-2438

(c) 203DS50X1.0-2438

(e) 203DS62X0.7-2438 (f) 203CS62X0.7-2438

Figure 11. Typical experimental failure modes of Delta-Channel specimens subjected to four-
point bending.

For specimen 203DS50X0.7-2438, localized deformation developed within the com-
pression flange in the constant-moment region between the loading points. The flange
experienced progressive out-of-plane deformation as the applied load increased, leading
to a reduction in sectional stiffness prior to ultimate failure. Despite the occurrence of
local instability, the specimen continued to sustain additional load beyond the onset of
deformation, indicating a stable structural response.

Similarly, specimen 203DS62X0.7-2438 exhibited local flange buckling accompanied
by deformation within the adjacent web region. The wider flange geometry increased the
susceptibility of the compression element to local instability, resulting in more pronounced
deformation compared with the smaller Delta section. Nevertheless, the specimen main-
tained its overall structural integrity and was capable of carrying substantially higher loads
than the corresponding lipped channel sections.

The experimental observations also indicate that the failure behaviour of the Delta-
Channel sections differed from that of the conventional lipped channel specimens. The
lipped channel sections exhibited earlier initiation of local buckling and lower ultimate
load capacities, whereas the Delta sections were able to sustain higher load levels be-
fore significant deformation developed. This behaviour can be attributed to the partially
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closed geometry of the Delta section, which increased sectional stiffness and improved the
distribution of stresses within the member.

The enhanced performance of the Delta-Channel specimens is further reflected in the
experimental results presented in Table 5, where substantial increases in flexural capacity
were achieved compared with geometrically comparable lipped channel sections. The
improved behaviour is consistent with the intended objective of the Delta configuration,
namely the reduction in instability caused by the long free edges present in conventional
lipped channel sections and the enhancement of overall sectional stability under bending.

Overall, the experimental observations confirmed that the proposed Delta-Channel
sections exhibited favorable structural behaviour under flexural loading. The failure
mechanisms were predominantly governed by local flange deformation and buckling
within the compression region, while the overall section remained stable throughout the
loading process. These observations provide qualitative evidence of the effectiveness
of the proposed geometry and form the basis for the quantitative comparisons of load-
carrying capacity, load—-deflection response, and numerical model validation presented in
the following sections.

4.5. Comparison with Recently Developed Built-Up and Closed Cold-Formed Steel Sections

To further assess the structural significance of the proposed Delta-Channel configura-
tion, its performance was compared with several recently investigated built-up and closed
cold-formed steel (CFS) beam systems. The comparison considers the section configura-
tion, reported flexural-capacity improvement, material or section-component requirements,
and principal failure modes, as summarized in Table 7. Since the studies considered
different cross-sectional dimensions, material thicknesses, steel grades, spans, loading
arrangements, and connection systems, the reported capacity improvements cannot be in-
terpreted as a direct ranking of the investigated systems. Instead, the comparison provides
a broader context for evaluating the structural efficiency and behaviour of the proposed
Delta-Channel configuration.

Table 7. Comparison of the present Delta-Channel configuration with recently investigated built-up
and closed CFS systems.

Study Section Type Capacity Improvement l\/g)tz;zléﬁ:f:t Principal Failure Mode
. . o : . o . Local
Present study Riveted partially closed 66.3-139.7% increase relative to 28.9-35.0% increase in buckling/deformation of

Delta-Channel

comparable lipped channels

specimen weight

compression flange

Rezaeian et al.
[21]

Stacked built-up
lipped-channel sections

91%, 214%, and 370% increase for
triple, quadruple and quintuple
sections, respectively, relative to

double sections

Additional channel
components and cap;
weight increase not
quantified

Local buckling of top
compression channel

Maizi et al. [22]

Novel closed built-up
Double M sections

No direct capacity increase relative
to a conventional single-channel
reference reported; mean
DOW /DM shape coefficient = 1.08

Additional built-up
components and screws;
weight increase not
quantified

Predominantly local
buckling;
local-distortional
interaction in ultra-thin
sections

Wang et al. [23]

Gapped back-to-back
built-up CFS beams with
connecting plates

16.2% increase with a 5-mm gap
relative to no gap; further 44.4%
increase from 5 to 30 mm gap

Two channels, connecting
plates and bolts; weight
increase not quantified

Lateral-torsional buckling

Ma et al. [26]

Open and closed built-up
CFS beams

Fastener stiffness increase from 0.1
K to 10 K produced up to 50%
capacity increase; spacing increase
from 250 to 1000 mm reduced
capacity by up to 30%

Depends on built-up
configuration and fastener
arrangement; weight
increase not quantified

Local, distortional,
global/flexural-torsional
and interacting buckling
modes
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The comparison indicates that the proposed Delta-Channel configuration achieves
substantial flexural-capacity enhancement with a relatively modest increase in material
usage. The partially closed geometry and inclined elements provide additional sectional
restraint, reduce the influence of free edges, and improve resistance to local instability. In
the present experimental programme, failure was predominantly associated with local
deformation and buckling of the compression flange. The results therefore demonstrate the
potential of the Delta-Channel concept as an efficient partially closed CFS configuration.
However, because the compared studies involve substantially different geometries, material
properties, connection arrangements, spans, and loading conditions, the results should be
regarded as a comparative contextual assessment rather than a direct performance ranking.
Further experimental and numerical investigations are required before generalized design
recommendations can be established.

5. Conclusions

Within the range of section dimensions, material thicknesses, specimen lengths, and
loading conditions investigated in this study, the following conclusions can be drawn:

e  Within the investigated range of section dimensions and thicknesses, the Delta-
Channel configuration exhibited higher flexural capacity than the corresponding
conventional lipped channel sections, with experimentally observed capacity increases
of approximately 115.6%, 66.3%, and 139.7% for the investigated specimen pairs.

e  The Delta-Channel sections exhibited improved structural performance by achieving
lower mid-span deflections and enhanced resistance to instability-related behaviour.
Experimental observations showed that the partially closed configuration increased
sectional rigidity and delayed the onset of local buckling compared with conventional
lipped channel sections.

e  For the specimens investigated in this study, the developed finite element models
provided satisfactory predictions of the experimental behaviour, with a mean Exp./FE
ratio of 1.07 and a coefficient of variation of 0.09 for ultimate load capacity.

e  For the investigated configurations, structural efficiency assessment demonstrated
that the proposed Delta-Channel geometry achieved substantially greater increases
in flexural capacity than the corresponding increase in material usage. While spec-
imen weight increased by approximately 29-35%, flexural capacity improvements
ranged from approximately 66% to 140%, confirming the effectiveness of the proposed
configuration as an efficient cold-formed steel beam system.

The experimental programme was limited to one specimen for each Delta-Channel con-
figuration and therefore does not provide sufficient data to quantify specimen-to-specimen
variability or experimental repeatability. Accordingly, the reported experimental results
should be interpreted as a proof-of-concept demonstration of the proposed configuration
rather than as a statistically representative characterization of the Delta-Channel family. The
present investigation considered only monotonic four-point bending of simply supported
members. Further studies should evaluate the behaviour of Delta-Channel sections under
shear, combined loading, cyclic loading, and longer-span applications.

6. Future Research

Based on the observed behaviour, the Delta-Channel configuration shows potential for
applications where increased sectional rigidity and resistance to instability are important,
such as purlins, wall studs, and other lightweight members subjected to bending and lateral
loading. The 225 mm rivet spacing adopted in the present experimental programme was
found to provide satisfactory connection behaviour for the tested Delta-Channel configura-
tions. However, because only three Delta-Channel specimens were investigated, the present
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results are not sufficient to establish a general design recommendation for rivet spacing or
other geometric and connection parameters. Future research should therefore investigate a
wider range of rivet spacings, connection arrangements, section depths, thicknesses, and
flange widths to establish their influence on load transfer, stiffness, strength, and failure
behaviour. Particular attention should be given to developing experimentally validated
criteria for the selection of rivet spacing and connection requirements. Further studies
should also evaluate the performance of Delta-Channel sections under shear, combined
bending-shear and axial loading, cyclic loading, and longer-span applications. The results
from an expanded experimental and numerical database can subsequently be used to
develop design-oriented recommendations for the proposed Delta-Channel system.
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MPa Megapascal
Double Sections Forming an Overall Circular Shape Resembling an ‘O’
bow with “W’ Shaped Stiffeners
DM Double M Sections
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