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Abstract:

Cold-Formed Steel (CFS) sections provide many design and construction sophistications
including lightweight and high strength-to-weight ratio. The SupaCee section was introduced
to CFS industry due to its cost effectiveness, enhanced strength, better structural performance
and high stiffness. Introduction of SupaCee sections lead to investigations of web crippling,
flexural and shear behaviour of the sections. However, structural behaviour of SupaCee
sections with web openings has not been addressed to date. Hence, this study intends to analyse
the shear behaviour of SupaCee sections with web openings. Previous shear test results of
SupaCee sections and Lipped Channel Beam (LCB) sections with openings were validated with
developed FE models. An extensive parametric study was accomplished considering various

geometric parameters such as depth, yield strength, thickness and web opening ratios. Since the
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results of the detailed study determined that existing design equations were over conservative,
new design equations with reduction factor were proposed to predict the ultimate shear capacity
of SupaCee sections with web openings. Moreover, the shear capacities of SupaCee sections
were compared with shear capacities of similar dimensioned LCB sections. A web opening
ratio of 0.2 is recommended, considering the ability to regain the shear capacity of plain LCB

sections, as well as the availability of web openings in order to accommodate the services.

Keywords: Cold-formed Steel, SupaCee sections, Web openings, Lipped Channel section,

Finite element modelling, Shear strength, Shear reduction factor
1 Introduction

Cold-formed steel (CFS) has been utilised extensively compared to hot-rolled steel in the
modern building sector due to its inherent qualities and benefits: high strength, lightweight,
cost-effective, faster construction, and easier transportation. CFS sections can be utilised as
floor joists, roof trusses, roof purlins and partition walls, due to the wide variety of available
shapes and sizes. Fig. 1 illustrates the different CFS sections and their general applications.
However, CFS sections are continuously subjected to detailed investigations with respect to
structural performance enhancement, material efficiency and innovative ideas. In the process,
different cross-sections were introduced and studied in detail for certain structural applications.
On that note, innovative SupaCee steel profiles were introduced to the Australian construction
industry by BlueScope Lysaght (BlueScope Steel Ltd., Melbourne, Australia) and the
University of Sydney [1]. As illustrated in Fig. 2, the SupaCee steel sections have a web with
four stiffeners, which makes them extremely strong. Steel sections with web stiffeners and
curved lips are considered more cost-effective, whilst also providing enhanced strength than
ordinary channel sections. The SupaCee steel sections can provide better bending, bearing and
shear capacities, due to their additional curved lips and longitudinal web stiffeners [2].

Therefore, SupaCee sections are often utilised as purlins in roof and wall systems.

Several research studies have examined the bending, shear strength, and behaviour of sections
having longitudinal web stiffeners without web holes [3-7]. Pham and Hancock [3] used the
spline finite strip method (SFSM) to explore the shear buckling of CFS sections with a single
rectangular web stiffener and they found that the depth and breadth of the stiffener were the
most essential variables for improving the shear buckling stress. According to the findings of
Pham and Hancock's [3] investigation, stiffeners can have a considerable influence on the shear

buckling stress of sections up to a certain limit of stiffener depth-to-web depth ratio. Later,
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Pham et al. [4] examined the numerical shear buckling assessment of CFS sections with web
stiffeners, including rectangular and triangular. However, they stated that using SFSM instead
of the Finite Element Method (FEM) decreases the complexity of the computation, yet the
SFSM still necessitates substantial calculations. Furthermore, web stiffeners only have a
minimal impact on reducing distortional buckling stress, but it does improve shear buckling
stress in rectangular and triangular web stiffener cases. Therefore, Pham et al. [5] conducted a
study on the shear design for sections with web stiffeners using the Direct Strength Method
(DSM), and the strength of sections in pure shear using FEM was compared with DSM strength
equations. They stated that the DSM equations were well-matched, which allows for the FEM
findings to be reduced due to the simplified boundary conditions than in the tests. Similarly,
Pham et al. [6] and Pham and Hancock [7] performed experimental and numerical
investigations, respectively on longitudinally stiffened web channels subject to shear. The
results from the FEA and experiment were plotted against DSM curves in both instances and

prequalified sections with longitudinally stiffened sections were proposed.

Moreover, the concept of shear buckling on CFS with holes was initiated by Rockey et al. [8]
in 1969. The research [8] study was based on the effects of circular openings on the square
shear webs. However, Pham [9] in 2017, analysed the shear buckling coefficients of plate and
channel sections with square and circular openings and proposed shear buckling coefficients
by using the SFSM method. Pham [9] compared shear buckling coefficients of perforated
square plates with the traditional results provided by Rockey et al. [8] for circular holes and
pointed out that when hole sizes were large shear buckling coefficients dropped drastically and
non-linearly, whereas for smaller openings there were only slight deviations. Also, Pham et al.
[10] proposed an alternative method based on the DSM approach to predict shear capacities of
CFS sections with openings. Shear buckling coefficients were derived by them to predict the

shear buckling forces which were then included in to the DSM equation.
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Fig. 1: Profiles of different CFS sections and their applications [6, 11]

In past research studies, the experimental investigation and finite element analysis of a high
strength cold-formed SupaCee section under shear, and combined bending and shear without
web holes were carried out [12-15]. However, the determination of effective widths becomes
more difficult when sections become more complicated, with several web stiffeners and return
lips, as anticipated for SupaCee sections. Therefore, another experimental program, which is
referred as the shear test series (V-series), combined bending and shear (MV-series) and
bending only (M-series) for SupaCee sections was conducted in order to better understand the
DSM approach of high strength cold-formed channel sections subject to shear[12,15].
Currently, there are only two primary design methodologies available for CFS members;
Australian/New Zealand Standard (AS/NZS) [16] for cold-formed steel structures and
Specification of the American Iron and Steel Institute (AISI 2016) [17] for cold-formed steel
structural members. For CFS design, the DSM is a viable alternative to the Effective Width

Method (EWM) because of its advantages, such as the ability to account for the behaviour of
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intricate geometries adequately (e.g. sections with web stiffeners) and better applicability in

designing [5].

Curved lips

Ribbed web

Fig. 2. SupaCee section's profile [18]

Recently, Sundararajah et al. [2, 18] investigated the web crippling behaviour of SupaCee
sections using experimental and numerical analyses under one-flange and two-flange loading
conditions, without web holes. Moreover, Sundararajah et al. [2, 18] stated that the SupaCee
sections with web stiffeners have less web crippling capacity, whereas the web crippling
capacity of SupaCee sections was reduced by around 15% as a result of localized failures under
interior two-flange (ITF) loading. However, the shear behaviour of SupaCee sections with web
opening is unknown. Since, SupaCee section could replace many CFS sections considering its
merits and CFS sections with web openings are generally manufactured to allow access the
building services such as electrical, heating and plumbing in walls and ceilings of a building, it
is necessary to examine the SupaCee section with web openings. Hence, this research was
performed to address that research gap, and finite element investigations of SupaCee sections
with openings are detailed in this study and a suitable shear reduction factor due to the holes in
the web area is later proposed. In addition, the results were compared with similar LCB
sections, and SupaCee sections with web openings were recommended to replace the plain LCB

sections.
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2 Numerical analysis

2.1  Overview

A detailed Finite Element (FE) model has been generated to investigate the shear behaviour of
SupaCee section with web openings employing ABAQUS [19] simulating the experimental set
up consisting similar material characteristics, load applications, boundary conditions and
geometrical and mechanical parameters. FE models were created as two sections: SupaCee
beam and the Web Side Plate (WSP). The cross-section of the beam was created using
symmetric dimensions with respect to middle surface offset definition. Definition of thickness,
extrusion and assignment of section properties were processed to create the model initially. The
aspect ratio was selected as 1.0 while developing the models to ensure predominant shear
failure in the section and web openings were created at the shear span centre in both sides. Tie
constraint was employed to attach the WSPs to the SupaCee section at the two end supports as
well as in the mid span. Then, loading and supporting boundary conditions were applied to
WSP. The WSPs prevents the direct application of the load and end boundary conditions to
specimen. The developed numerical model setup is illustrated in Fig. 3. The simulation process
was followed by the model generation, which comprises two steps: Linear perturbation analysis
or eigenvalue buckling analysis to get buckling modes and nonlinear analysis to obtain the
shear capacity and failure modes. Nonlinear analysis was performed after including the

geometric imperfections by using the static Riks method.
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(a) Assembly of beam and WSP

(b) Beam (c) WSP
Fig. 3: Developed SupaCee FE model and Web Side Plate

2.2 Element type and mesh refinement

Since the thickness (t= 1 mm, 2 mm & 2.5 mm) of SupaCee sections is negligible considering
other dimensions (depth of the section (d) = 150 mm, 200 mm & 250 mm, width of the section
((B) =50 mm, 65 mm & 75mm), S4R shell element was chosen. S4R element denotes three
translational and rotational degrees of freedom (DOF) for each node. Concurrently, three-
dimensional quadrilateral (R3D4) element type was selected for WSP from the rigid element
type library of ABAQUS to replicate the actual characteristics such as undeformable, high

strength and stiffness.

Once element formulation was done, proper refined mesh arrangement was considered in order

to obtain accurate numerical values. Based on the previous research [2, 18, 20], as well as mesh
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sensitivity analysis, an appropriate mesh size of 5 mm x 5 mm was selected for SupaCee flat
section, | mm x 5 mm for corner regions of SupaCee section and 10 mm x 10 mm for WSP
[20]. Finer mesh (I mm X 5 mm) was chosen as the curvature of corner regions should be
modelled accurately in order to avoid any strength loss. Whereas, WSP mesh arrangement (10
mm X 10 mm) was comparatively coarser as the results would not be obtained from WSP. Fig.

4 shows the mesh refinement of the section and WSP.

Flange, S mm x 5 mm
mesh size

Corner region, 5 mm x
1 mm mesh size

Web, 5 mm x 5 mm
mesh size

WSP, 10 mm x
10 mm mesh size

Fig. 4: Mesh refinement of SupaCee section and WSP
23 Material Properties

Engineering stress-strain behaviour of steel which was used in the modelling process is
illustrated by Fig. 5. Strain hardening is negligible considering the CFS stress-strain behaviour,
as Haidarali and Nethercot [21] proved that the structural behaviour of CFS was not influenced
by the strain hardening. On that account, bilinear model was preferred to state the stress-strain
behaviour of CFS in the numerical modelling. Considering the recent past research studies [22-
24], which investigated the behaviour of CFS sections, an elastic-perfectly plastic material was

chosen with nominal yield strength to model SupaCee section. Material properties such as
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elastic modulus and Poisson’s ratio were assigned with value of 200 GPa and 0.3, respectively.
Moreover, density of steel was selected as 7850 kg/m*. Corner strength enhancement and
residual stress were not considered as the corner strength enhancement did not cause a major
difference in the results as reported by Wang and Young [25] and Schafer et al. [26]. Moreover,
Schafer et al. [26] stated that both residual stress and corner strength enhancement effects can

be neglected assuming that they offset each other.

fy .
I
I
I
I
~
) I
[y I
S |
e
” I
a |
o
= I
w2 I
I
I
I
I
I
I
1
€ &y

Strain (%)

Fig. 5. Engineering stress-strain curve for the CFS applied in modelling

2.4 Boundary and Loading conditions

Reference points should be assigned to replicate the actual rigid elements and assign boundary
conditions of the support and loading points. Thus, boundary conditions of simply supported:
pin and roller support context, assigned to the reference points. To simulate the loading
condition, vertically downward displacement was assigned in the reference point. Moreover,
lateral restraints were applied in both flanges of the beam. Reference point, assignment of

boundary conditions and loading pattern are illustrated in Fig.6 and Table 1.

The effect of not using the angle straps adjacent to loading and support points on the shear
capacity was taken into consideration by Keerthan and Mahendran [27]. Accordingly, shear
capacity reduction up to 10% was observed without the utilization of straps. Based on the
results obtained by Keerthan and Mahendran [27] straps were included in this study adjacent

to support and loading points to eliminate unbalanced shear flow as well as flange distortion.
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Hence, effect of boundary conditions on shear capacity of SupaCee sections with web openings

could be neglected

Lateral Restraints

ux = 0, =x

Pin Support
Ux=X, Uy=X, 0, =x

- Loading Point
(Displacement Control)
Ux=

X, u=%, 0,=%

Roller Support

Ux=X, Uy=X, U;=X, 0,=x

Fig. 6: Boundary and Loading conditions

Table 1. Boundary Conditions of Finite Element Model

Boundary conditions | Left Support | Right Support | Loading point | Lateral Restraints
Ux X X X X
Uy X X 0 0
u; X 0 X 0
Ox 0 0 0 0
Oy 0 0 0 0
0, x x x x

Note: 0 - free, X - restrained, u- displacement, 0- rotational movement

2.5 Geometrical Imperfection

Structural defects of the SupaCee section were considered in this study in the form of adding

geometrical imperfection to the section while performing the non-linear analysis. Imperfections

are usually added to the geometry of CFS sections by perturbations in the nonlinear analysis.

In ABAQUS [19], there are three methods to add initial geometrical imperfections in the perfect

model to replicate the actual deformations in the elements: Based on the linear superposition

10
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of buckling eigen modes geometric imperfection can be added, direct entry of imperfection and
node number in the data lines and defining the displacement in the initial *STATIC analysis
[28-29]. The first method was considered in this study and initial elastic buckling analysis was
performed to obtain the critical buckling modes [15]. Lowest eigen value buckling modes were
considered as the critical buckling modes. From the buckling analysis and based on the critical
buckling modes, geometric imperfection with the magnitude of 0.64*t [15], where t is thickness
of the section, was added by using the keyword of “*IMPERFECTION” in ABAQUS.
Selection of geometrical imperfection for the analysis was based on the past study on shear
performance of SupaCee sections conducted by Pham and Hancock [15] and the validation
process of this study. Hence, the results obtained from this study accommodates possible

structural and geometrical defects of the section.

2.6 Solution control parameters

Numerical analysis of thin sections should consider two significant factors: convergence and
integration accuracy. As stated in the overview section, linear elastic buckling analysis and
nonlinear analysis were proceeded in order to obtain shear capacity of the section. The former,
carried out to obtain critical buckling mode and to add the geometric imperfection. Whereas,
the latter performed to find the shear capacity as well as failure mechanisms using the static

Riks method, similarly to the literature [30-36].

2.7 Validation of Finite Element Model

Verification of modelling properties against experimental investigations is necessary to ensure
the reliability of the parametric study results. Appropriate existing experiments regarding the
shear behaviour of SupaCee sections were selected for the validation process. Pham and
Hancock [15] experimented SupaCee sections with the depth of 150 mm and 200 mm and three
different thicknesses (1.2 mm, 1.5 mm and 2.4 mm) were considered. Six results of the
experiment were selected for validation process and same number of FE models were generated
replicating actual boundary conditions, material characteristics, element types and loading
patterns. Results obtained from FE analysis were compared with experiment results and Table

2 shows the comparison of the outcomes of Finite Element Analysis (FEA) and experiments.

11



219 Table 2. Comparison of FEA and Experimental values
Experiment results
Section d t fy (Pham and Hancock FEA values
[15]) Experiment/FEA
(mm) | (mm) | (MPa) (kN) (kN)

SC15012 150 1.2 589.71 42.13 45.72 0.92

SC15015 150 1.5 533.88 55.58 58.75 0.95

SC15024 150 24 513.68 97.99 94.79 1.03

SC20012 200 1.2 593.30 46.48 49.64 0.94

SC20015 200 1.5 532.03 62.07 62.86 0.99

SC20024 200 24 504.99 124.21 111.70 1.11

Mean 0.99
Cov 0.07
Note: d - total sectional depth, t - thickness of section fy - yield strength of material

220  Ultimate shear capacities derived from FE models displayed exemplary concurrence with
221  experimental outcomes with mean value of 0.99 and COV value (Coefficient of Variation) of
222 0.07. In addition, the load vs deflection curve for the experiment study and the FE model was
223 compared in Fig. 7 and it demonstrates good agreement. Discrepancy in the illustrated
224  comparison is due to initial slip in experiments which was not incorporated in numerical
225  studies. Considering the aforementioned comparisons, the developed FE model was selected to
226  analyse the shear behaviour of SupaCee sections without openings. Failure pattern of
227  experimental section and numerical model showed similar illustration as well. Failure modes
228  of both experiment and numerical studies is compared in Fig. 8.

12
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Fig. 7: Comparison of Applied load vs deflection curve for section SC20015 [15]

Shear failure in the web

Fig. 8: Comparison of failure pattern of SupaCee section (FEA vs Experiment) for section
SC20015 [15]

The validation process was also carried out for LCB (Lipped Channel Beam) sections with web
openings to ensure the parametric model characteristics, boundary conditions and failure
pattern with web openings. Keerthan and Mahendran [37] studied the shear behaviour of LCB
sections with web openings. The results were obtained from comprehensive experiments
completed by Keerthan and Mahendran [37] and developed models were validated with the

experiment outcomes. Five LCB sections with various web opening sizes were selected for the

13



237  validation process. Details of the selected sections and the results of the validation process are

238  detailed in the Table 3.

239 Table 3. Comparison of FEA and Experiment values of LCB sections with openings [37]
Section
fy (MPa) | dwh (mm) | Experiment (kN) [37] | FE (kN) | Experiment/FE
(dxbrx bixt)

160x65x15x1.9 515 0 73.80 78.67 0.94
160x65x15%x 1.9 515 30 65.37 68.53 0.95
160x65x15x 1.9 515 60 49.53 54.09 0.92
160x65x15x 1.9 515 100 27.61 29.25 0.94
160x65x15x1.9 515 125 16.88 15.68 1.08
Mean 0.97

cov 0.07

Note: d - section depth, br - flange width, b; - flange depth, t - thickness of section fy - yield strength
and dwn - web opening diameter

240  Validation results exhibit good agreement with experiment results with mean value of 0.97 and
241 COV value of 0.07. Moreover, Fig. 9 illustrates failure mode of the section, which is more

242 evident for the acceptance of developed model to carryout parametric studies.

Shear failure

243 Fig. 9: Failure mode comparison of LCB section (160x65x15x1.9) with web opening (60 mm) [37]

244  Based on both validation results and other comparisons in terms of failure patterns and applied
245  load vs deflection graphs, numerical models were created to obtain ultimate shear capacity of

246 SupaCee sections with web openings and without web openings.
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3 Parametric study

Parametric plan was developed to analyse the shear behaviour of SupaCee sections with web
openings after the comprehensive validation process. Three different sections with the depth
(H) of 150 mm, 200 mm and 250 mm were proposed to be analysed in detail with thicknesses
(t) of 1 mm, 2 mm and 2.5 mm. Dimension details are illustrated in the Fig. 10 and mentioned
in the Table 3. Moreover, three material yield strengths (fy) (300MPa, 450MPa and 600MPa)
were selected whereas web opening ratios (dwn/d1) were chosen as 0, 0.2, 0.4, 0.6, 0.7 and 0.8.
Previous investigations [28, 38-39] with web openings were taken into consideration for the
selection of web opening ratios to avoid the failure due to Vierendeel mechanism, which leads
to additional shear strength generation. Hence, the web opening ratio was limited to 0.8. In
addition, the aspect ratio was chosen as 1.0 to ensure the failure is predominantly by shear. All
aforementioned parameters were considered for the parametric analysis. Overall, 162 FE
models were developed to obtain ultimate shear capacities of SupaCee sections with web

openings. Table 4 illustrates parametric plan of intended FEA.

Sh

St

C

Fig. 10: Tllustration of SupaCee section profile
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Table 3. Dimension details of selected SupaCee sections

H B L L a as Si Sz Sh Sd Ij o
(mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm)
150 50 12 12 125 95 40 20 10 5 2 2
200 65 15 15 125 95 40 70 10 5 2 2
250 75 15 15 125 95 40 120 10 5 2 2
Table 4. Parametric plan of intended investigation

Section Thickness web hole diameter ratio Strength
IxB : o g No. of Models
(mm x mm) (mm) Wil (MPa)
150 x 50 1,2,2.5 0,0.2,0.4,0.6,0.7,0.8 | 300,450, 600 54
200 x 65 1,2,2.5 0,0.2,0.4,0.6,0.7,0.8 | 300,450, 600 54
250x 75 1,2,2.5 0,0.2,04,0.6,0.7,0.8 | 300, 450, 600 54
Total 162

Tables 5-7 summarise the obtained parametric study results for sections of 150 mm, 200 mm

and 250 mm, respectively. Results include ultimate shear capacity (Vi) of the sections and the

shear reduction factor (qs) for each web-opening ratio (dww/di) with corresponding yield

strengths (fy) and thicknesses (t). Fig. 11 illustrates the failure modes of SupaCee section

(150x50x1) with web opening of 0.2 (dwn/d1 = 0.2) and shear failure pattern of the SupaCee

section.
Table 5. Parametric study results of section 150x50

H fy=300 MPa fy=450 MPa fy= 600 MPa

(mm) ! (mm) dw/d; Vil qs Vi Js Vi Js
150 1 0 20.38 1.00 29.42 1.00 36.84 1.00
150 1 0.2 17.40 0.85 24.29 0.83 30.32 0.82
150 1 0.4 13.77 0.68 19.56 0.67 24.31 0.66
150 1 0.6 9.39 0.46 13.18 0.45 16.73 0.45
150 1 0.7 6.39 0.31 9.17 0.31 11.77 0.32
150 1 0.8 4.37 0.21 6.22 0.21 7.91 0.21
150 2 0 44.27 1.00 64.84 1.00 84.81 1.00
150 2 0.2 40.57 0.92 59.11 0.91 76.23 0.90
150 2 0.4 30.83 0.70 44.02 0.68 56.80 0.67
150 2 0.6 21.93 0.50 31.58 0.49 40.58 0.48
150 2 0.7 15.59 0.35 22.33 0.34 28.85 0.34
150 2 0.8 10.92 0.25 15.62 0.24 20.11 0.24

16
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272

150 2.5 0 56.31 1.00 82.38 1.00 108.05 1.00
150 2.5 0.2 50.88 0.90 74.47 0.90 96.90 0.90
150 2.5 0.4 40.68 0.72 58.11 0.71 74.87 0.69
150 2.5 0.6 27.59 0.49 39.56 0.48 50.92 0.47
150 2.5 0.7 20.81 0.37 29.73 0.36 38.24 0.35
150 2.5 0.8 15.03 0.27 21.39 0.26 27.29 0.25
Table 6. Parametric study results of section 200x65
H (mm) | t(mm) | du/ds £,=300 MPa f;=450 MPa £y=600 MPa
Vi Qs Vil Qs Vi Qs
200 1 0 25.55 1.00 31.46 1.00 37.31 1.00
200 1 0.2 22.88 0.90 29.90 0.95 35.53 0.95
200 1 04 16.38 0.64 21.84 0.69 26.10 0.70
200 1 0.6 10.92 0.43 14.81 0.47 18.03 0.48
200 1 0.7 8.21 0.32 11.43 0.36 14.34 0.38
200 1 0.8 5.27 0.21 7.40 0.24 9.36 0.25
200 2 0 57.29 1.00 83.05 1.00 102.25 1.00
200 2 0.2 54.77 0.96 75.72 0.91 92.80 0.91
200 2 0.4 38.74 0.68 54.54 0.66 68.28 0.67
200 2 0.6 24.96 0.44 35.05 0.42 43.80 0.43
200 2 0.7 19.57 0.34 27.71 0.33 34.72 0.34
200 2 0.8 12.98 0.23 18.59 0.22 23.78 0.23
200 2.5 0 72.77 1.00 106.97 1.00 139.48 1.00
200 2.5 0.2 69.07 0.95 99.07 0.93 128.48 0.92
200 2.5 0.4 49.56 0.68 71.24 0.67 91.57 0.66
200 2.5 0.6 32.96 0.45 46.72 0.44 58.80 0.42
200 2.5 0.7 26.42 0.36 37.39 0.35 47.03 0.34
200 2.5 0.8 18.05 0.25 25.58 0.24 32.90 0.24
Table 7. Parametric study results of section 250x75
H (mm) | t(mm) | dw/d: £,=300 MPa £,=450 MPa £,=600 MPa
Vn] Js an Js an Js
250 1 0 27.19 1.00 32.82 1.00 38.88 1.00
250 1 0.2 23.72 0.87 30.57 0.93 36.88 0.95
250 1 0.4 18.68 0.69 24.18 0.74 29.00 0.75
250 1 0.6 11.50 0.42 15.29 0.47 18.64 0.48
250 1 0.7 8.89 0.33 11.67 0.36 14.54 0.37
250 1 0.8 5.94 0.22 7.93 0.24 9.76 0.25
250 2 0 67.29 1.00 90.91 1.00 112.34 1.00
250 2 0.2 58.05 0.86 80.40 0.88 100.61 0.90
250 2 0.4 43.13 0.64 59.55 0.66 74.15 0.66
250 2 0.6 28.89 0.43 39.42 0.43 49.87 0.44
250 2 0.7 21.97 0.33 29.39 0.32 35.84 0.32
250 2 0.8 15.49 0.23 21.90 0.24 26.62 0.24
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273

274
275
276
277
278
279

250 25 0 8752 | 1.00 | 12497 | 1.00 | 153.72 | 1.00
250 25 0.2 7856 | 090 | 11057 | 0.88 | 13859 | 0.90
250 25 0.4 6149 | 070 | 8279 | 0.66 | 102.87 | 0.67
250 25 0.6 3941 | 045 | 5537 | 044 | 69.43 0.45
250 25 0.7 2944 | 034 | 4027 | 032 | 49.03 0.32
250 25 08 2046 | 023 | 2873 | 023 | 35.65 023
30
25 4
@20 1]
E15 1
T10 +
&
< 5 1
0 } } } } } }
0 12 14

+1.916e+02
¥1:597e402
412770402

+8.961e-11
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s, Mises n SNEG, (fraction = -1.0) n
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+4.125e+02
_ ﬁ s
= E —t
— s

Fig. 11: Failure modes of section 150x50x1 with web opening ratio of 0.6

+1.120e-10

Figs. 12 - 13 compare the effect of web opening ratio in the shear capacity of the section
200x65x2 with a yield strength of 450 MPa. It clearly indicates that the increase in the web
opening ratio affects the shear capacity of the section adversely. Reduction percentage for the
shear capacity was observed as 8.84%, 34.33%, 57.80%, 66.64% and 77.62% for the web
opening ratios of 0.2, 0.4, 0.6, 0.7 and 0.8, respectively, when compared to the solid section’s

(200x65x1 with yield strength of 450 MPa) shear capacity.
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580 Fig. 12: Failure modes of section 200 with respect to web opening ratios
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581 Fig. 13: Shear load vs Deflection graph with respect to web opening ratios

282  The shear capacity of a section also depends on the thickness and yield strength. Both

283  parameters have a positive impact on the shear capacity of SupaCee sections, which is
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284  illustrated in Fig. 14 and Fig. 15. Table 8 compares the effect of thickness and yield strength in

285 the shear capacity of SupaCee section, with respect to web opening size in terms of percentage.

60

—4— Thickness Imm

50 +
—— Thickness 2mm

—#— Thickness 2.5mm

~ 40
¢
g 301
—
=
g 20 -
7]
10 +
0 I ; ; ;
0 0.2 0.4 0.6 0.8 1
dyi/d;
Fig. 14: Shear load comparison with respect to thickness for section (300 MPa) 150x50
286
40
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—o—fy 450 MPa
30
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=1
<
2
5
<
7]
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0 0.2 0.4 0.6 0.8 1
d,/d,
Fig. 15: Shear load comparison with respect to yield strength for section 150x50 with thickness
of 1 mm
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294
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296
297
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Table 8. Shear capacity reduction (%) comparison with respect to thickness and yield strength
for section 150x50x1

Shear capacity reduction percentage (%)

web opening ratio
(fy =300 MPa) 0.2 0.4 0.6 0.7 0.8
Thickness (mm)
1 14.59 32.39 53.93 68.64 78.54
2 8.38 30.36 50.46 64.79 75.34
2.5 9.64 27.76 51.01 63.05 73.31
web opening ratio
0.2 0.4 0.6 0.7 0.8
Yield strength (MPa)
300 14.59 32.39 53.93 68.64 78.54
450 17.42 33.5 55.21 68.84 78.87
600 17.71 34.02 54.58 68.06 78.53

4 Review of Shear design rules

Researchers have analysed the shear behaviour of various CFS sections, such as Lite Steel
Beam (LSB) [40-43], Lipped Channel Beam (LCB) [37-38] and Hollow Flange Channel Beams
(HFCB) [24]. In addition, Pham and Hancock [15] investigated the shear behaviour of SupaCee
sections. Hence, this section reviews the current design equations and rules to predict the shear

capacity of LCB sections and SupaCee sections.

Pham and Hancock [44-45] carried out experimental and numerical work to understand the
shear behaviour of LCB sections. Two separate depths and three various thicknesses were
considered and equations were proposed to predict the shear capacity of LCB sections (Egs. (1)
- (3)). Prediction of shear capacity using these equations includes available post buckling

strength of LCB and possible fixity issue in the web-flange juncture.

0.4 0.4 1

v, = [1 ~0.15 (‘\’,—y) ] (Y/—y) v, )

V, = 0.6 fyyydstyy 2)

_ ton?Btw® 3)
Ver = 12(1-v2)d,
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301 Where, V,= nominal shear capacity, Vy,= shear yield capacity, V.= elastic shear buckling
302 capacity, t,,= web thickness, d;= clear height of the web, f;,= web yield stress, E= modulus

303 of elasticity and k= elastic shear buckling coefficient of LCB.

304  Keerthan and Mahendran [40-41] studied the shear capacity of LSB sections and proposed new
305 design equations. The equations included the available post buckling strength and additional
306 fixity in the web-flange juncture (Egs. (4) — (6)). On that note, shear-buckling coefficient (kicg)
307 (Egs. (7) — (11)) were proposed by Keerthan and Mahendran [46] to accommodate additional

308 fixity in the web-flange juncture in LCB sections.

Vy =V, = 0.6 fydit,,  for f—; < fyiw “)

(Shear yielding capacity)

Vy = 0.6t [Ekyfyny for |2 < £ <1508 /fyiw 5)

fyw w

(Inelastic shear buckling capacity)

_ _ kym?Ety,° dq Eky, (6)
VV = Vcr = 12(1——Vz)dl for a > 1.508 ;
(Elastic shear buckling capacity)
k = ks + 0.23(kgs — k) (7
kss = 534 + o for - >1 ()
_ 5.34 a 9
k55_4+(a/d1)2 for d1<1 )
_ 561  1.99 a 10
kop =8.98 + s — oo for > 1 (10)
_ 534 231 8.39 a (11
Sf = waz T @ 3.44 + @D for @ <1

309  Where kg and ksr are the shear buckling coefficients of plates with simple-simple and simple-
310 fixed boundary conditions, a, is the shear span of web, d; is the clear height of web and fy is

311  the web yield stress.
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312 Design equations based on Direct Strength Method (DSM) to predict the shear load was
313  reported by Keerthan and Mahendran [46]. Egs. (12) — (14) only considered two regions among
314  elastic shear buckling, shear yielding and inelastic shear buckling, which was adequate with
315 respect to DSM format. Particular approach was followed by Pham and Hancock [44-45]

316  earlier.

g—” =1 for A < 0.815 (12)

y

o= |1-015 (%2)0.55] (2)" fora > 0815 (13)

14
Where, A:\/;Z (14)

317  Thereduction factor (qs): the ratio of the nominal shear strength with openings (Vi) to the shear
318  strength of the LCBs without web openings (V) is commonly used to determine the shear
319  strength of LCB sections with web openings. Equations proposed by Shan et al. [47] (Egs. (15)
320 —(17)) also recommended a reduction factor to predict the shear capacity of LCB sections with
321  web openings. Moreover, it was stated that web opening ratio is the influencing factor of shear
322 capacity (V) of LCB sections with web openings and ratio of clear web height to web thickness

323  was not an influencing factor.

Vi = qsVy (15)
qe = —3.662 1 171 for <038 (16)
d1 dl
qs = —0.38 22 1 0.46 for 038<22 <10 (17)
1 1

324  Where dwh — depth of web openings, di — clear height of web.

325  Eiler et al. [48] also studied the shear behaviour of LCB sections with web openings and
326  proposed design equations based on the reduction factor. Proposed equations (Egs. (18) — (21))
327  have been included in AS/NZS 4600 [16] and AISI S100 [17].
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328

329

330
331
332
333
334

335
336
337
338
339
340

qgs =1 for %2 54 (18)
s = 5o for 5<7<54 (19)
c= % — (21%3‘ for circular web openings (20)
c= % - % for non-circular web openings 21)

Where, %‘1 <07, “tlwh < 200, 15mm < d,,;, < 150mm, d, - depth of the web, d,y, - depth

of web openings, t,,- web thickness and t - thickness of the section

Later, Keerthan and Mahendran [42-43] proposed equations (Egs. (22) — (25)) for the shear
capacity of LSB sections with web openings based on the shear capacity reduction factor
applied to the shear capacity of the section without web openings. Meanwhile, Wanniarachchi
et al. [38] studied the shear performance of LCB sections with non-circular web openings and

proposed design equations based on area reduction method.

Var = qgVy for 2 < 0.85 (22)
1
qe=1-0.6%n for 0 < 2 <03 (23)
d; dq

qe = 1.215 — 1.316 222 for 03 < <7 (24)
d1 dl

q; = 0.732 — 0.625 22 for 0.7 << <0.85 (25)
1 1

Pham and Hancock [49] performed experiments and numerical analyses on SupaCee sections
for their shear behaviour. Two different depths and three various thicknesses were selected for
experiment procedure. Equations to predict the ultimate shear capacity of SupaCee sections
were proposed based on AS/NZS 4600 [16] without Tension Field Action (TFA) (Egs. (26) —
(28)), AS 4100 [50] accounting TFA and DSM proposals with TFA (Eq. 29) and without TFA

(Egs. (30) — (32)).
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341

342
343

344

345

346
347
348
349

350

351
352
353

Vy

Vy

Vy

Vy

Vy

Vy

Vy

=0.64f,dst, for 2 < [Z (26)

= 0.64t%,,[EK,f, for |B o % <1415 /% 27)

0.905Eky ty, 3 d
= VW for = > 1.415
dq tw

Eky (28)

Where, ky = shear buckling coefficient for the web panel only and k, = 5.34 + ﬁ for

unstiffened webs, di = depth of the flat portion of the web measured along the plane of the web,

tw = thickness of web

0.4 0.4
B Ver Ver (29)
[ )
=V, for 2,<0815 (30)
= 0.815,/V.,.}, for 0.815< 1, < 1.231 (31
=V, for 1, >1.231 (32)

Ky T2Ety,>

Where, A, = \/V,,/Ver, Vy = 0.6 fydyty,, Ve = 20 v)dy ky — Shear buckling coefficient for
SupaCee section.

Since past studies and aforementioned investigations have not examined the shear behaviour
of SupaCee sections with web openings, the intended numerical investigation focuses on the

research gap in a detailed manner. Numerical investigation consists various differing

parameters including web opening ratios (0, 0.2, 0.4, 0.6, 0.7 and 0.8).
5 Proposed shear design rules

Since experiments or numerical investigations in terms of shear behaviour of SupaCee sections
with web openings were not conducted, new design provisions to predict the shear capacity of

SupaCee sections with web circular web openings by using shear reduction factor is detailed in
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354  this section. This approach was followed in the previous research [38, 42-43] and design codes
355  [16-17] to predict the shear capacity (Var) of section with openings by applying shear reduction
356  factor (qs) to shear capacity of sections without web openings (V) based on depth ratio factor

357  (dww/dy).

358  The shear reduction factor obtained from the numerical results of SupaCee sections with web
359  openings, were compared with the proposed shear reduction factors for LCB sections with web
360 openings as Keerthan and Mahendran [37], Shan et al. [47] and Eiler [48] proposed reduction
361 factors and shear equations for LCB sections and presented in Fig. 16. Equations proposed by
362  Eiler [48] were adopted in AISI S100. Also, Fig.17 compares prediction of previous studies for
363  a 150 mm section. The equations proposed for LCB sections in previous studies [37-38, 47-48]
364  and design standards [16-17] are not applicable for SupaCee sections. On the other hand, the
365 new design equations based on the reduction factor for SupaCee sections with web openings
366  are proposed (Egs. (33) - (35)) and the proposed equations exhibit great agreement with the
367 numerical results as mean value is noted as 1.00 and COV value is 0.05. Comparison of
368  proposed reduction factor and reduction factor obtained from numerical results are stated in
369 Table 9 and Table 10. In addition, Fig. 18 explains the agreement of FE results with proposed

370  equation which matches well.

1.2

i

e gs(FE) —8— LCB(Keerthan and Mahendran) LCB (Shan et al.)

0 0.2 04 0.6 0.8 1
dyy/d,

Fig. 16: Comparison of reduction factors with previous research studies on LCB sections with

web openings [37, 47]
371
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Vi = qsVy (33)
d d 34
qs=1—0.71ll” for0o<—2 <04 (34)
d, d
g = 1.10 — 1.08 [M for04 <2 <og (35)
d, d
1.2
! ’\
0.8
506 1
0.4 +
02 +
—o—qs (FE) ——LCB (Keerthan and Mahendran) LCB (Shan) AISI
0 f f f f f f f f
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
d,;/d;

Fig. 17: Comparison of reduction factors with previous research studies on LCB sections with
web openings for 150 section [17, 37, 47]

372
373 Table 9. Comparison of proposed reduction factor with obtained reduction factor from FE
374 results for 0 < ddLh <04
1
FEA Shear
(with | reduction
H t strength | FEA (without hole) hole) factor FEA/
(mm) | (mm) | dwn/d1 | (MPa) (Vy) (Vn1) gs (FEA) | Proposed | Proposed
150 1 0 300 20.38 20.38 1.00 1.00 1.00
150 1 0.2 300 20.38 17.40 0.85 0.86 0.99
150 1 0.4 300 20.38 13.77 0.68 0.72 0.94
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150 2 0 300 44.277 44.27 1.00 1.00 1.00
150 2 0.2 300 44.27 40.57 0.92 0.86 1.07
150 2 0.4 300 44.27 30.83 0.70 0.72 0.97
150 2.5 0 300 56.31 56.31 1.00 1.00 1.00
150 2.5 0.2 300 56.31 50.88 0.90 0.86 1.05
150 2.5 0.4 300 56.31 40.68 0.72 0.72 1.01
150 | 0 450 29.42 29.42 1.00 1.00 1.00
150 1 0.2 450 29.42 24.29 0.83 0.86 0.96
150 1 0.4 450 29.42 19.56 0.67 0.72 0.93
150 2 0 450 64.84 64.84 1.00 1.00 1.00
150 2 0.2 450 64.84 59.11 0.91 0.86 1.06
150 2 0.4 450 64.84 44.02 0.68 0.72 0.95
150 2.5 0 450 82.38 82.38 1.00 1.00 1.00
150 2.5 0.2 450 82.38 74.47 0.90 0.86 1.05
150 2.5 0.4 450 82.38 58.11 0.71 0.72 0.98
150 1 0 600 36.84 36.84 1.00 1.00 1.00
150 1 0.2 600 36.84 30.32 0.82 0.86 0.96
150 | 0.4 600 36.84 24.31 0.66 0.72 0.92
150 2 0 600 84.81 84.81 1.00 1.00 1.00
150 2 0.2 600 84.81 76.23 0.90 0.86 1.05
150 2 0.4 600 84.81 56.80 0.67 0.72 0.93
150 2.5 0 600 108.05 108.05 1.00 1.00 1.00
150 2.5 0.2 600 108.05 96.90 0.90 0.86 1.04
150 2.5 0.4 600 108.05 74.87 0.69 0.72 0.97
200 1 0 300 25.55 25.55 1.00 1.00 1.00
200 1 0.2 300 25.55 22.88 0.90 0.86 1.04
200 1 0.4 300 25.55 16.38 0.64 0.72 0.89
200 2 0 300 57.29 57.29 1.00 1.00 1.00
200 2 0.2 300 57.29 54.77 0.96 0.86 1.11
200 2 0.4 300 57.29 38.74 0.68 0.72 0.94
200 2.5 0 300 72.77 72.77 1.00 1.00 1.00
200 2.5 0.2 300 72.77 69.07 0.95 0.86 1.11
200 2.5 0.4 300 72.77 49.56 0.68 0.72 0.95
200 1 0 450 31.46 31.46 1.00 1.00 1.00
200 1 0.2 450 31.46 29.90 0.95 0.86 1.11
200 1 0.4 450 31.46 21.84 0.69 0.72 0.97
200 2 0 450 83.05 83.05 1.00 1.00 1.00
200 2 0.2 450 83.05 75.72 0.91 0.86 1.06
200 2 0.4 450 83.05 54.54 0.66 0.72 0.92
200 2.5 0 450 106.97 106.97 1.00 1.00 1.00
200 2.5 0.2 450 106.97 99.07 0.93 0.86 1.08
200 2.5 0.4 450 106.97 71.24 0.67 0.72 0.93
200 1 0 600 37.31 37.31 1.00 1.00 1.00
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200 1 0.2 600 37.31 35.53 0.95 0.86 1.11
200 1 0.4 600 37.31 26.10 0.70 0.72 0.98
200 2 0 600 102.25 102.25 1.00 1.00 1.00
200 2 0.2 600 102.25 92.80 0.91 0.86 1.06
200 2 0.4 600 102.25 68.28 0.67 0.72 0.93
200 2.5 0 600 139.48 139.48 1.00 1.00 1.00
200 2.5 0.2 600 139.48 128.48 0.92 0.86 1.07
200 2.5 0.4 600 139.48 91.57 0.66 0.72 0.92
250 1 0 300 27.19 27.19 1.00 1.00 1.00
250 1 0.2 300 27.19 23.72 0.87 0.86 1.02
250 1 0.4 300 27.19 18.68 0.69 0.72 0.96
250 2 0 300 67.29 67.29 1.00 1.00 1.00
250 2 0.2 300 67.29 58.05 0.86 0.86 1.00
250 2 0.4 300 67.29 43.13 0.64 0.72 0.89
250 2.5 0 300 87.52 87.52 1.00 1.00 1.00
250 2.5 0.2 300 87.52 78.56 0.90 0.86 1.05
250 2.5 0.4 300 87.52 61.49 0.70 0.72 0.98
250 1 0 450 32.82 32.82 1.00 1.00 1.00
250 1 0.2 450 32.82 30.57 0.93 0.86 1.08
250 1 0.4 450 32.82 24.18 0.74 0.72 1.03
250 2 0 450 90.91 90.91 1.00 1.00 1.00
250 2 0.2 450 90.91 80.40 0.88 0.86 1.03
250 2 0.4 450 90.91 59.55 0.66 0.72 0.91
250 2.5 0 450 124.97 124.97 1.00 1.00 1.00
250 2.5 0.2 450 124.97 110.57 0.88 0.86 1.03
250 2.5 0.4 450 124.97 82.79 0.66 0.72 0.92
250 1 0 600 38.88 38.88 1.00 1.00 1.00
250 1 0.2 600 38.88 36.88 0.95 0.86 1.10
250 1 0.4 600 38.88 29.00 0.75 0.72 1.04
250 2 0 600 112.34 112.34 1.00 1.00 1.00
250 2 0.2 600 112.34 100.61 0.90 0.86 1.04
250 2 0.4 600 112.34 74.15 0.66 0.72 0.92
250 2.5 0 600 153.72 153.72 1.00 1.00 1.00
250 2.5 0.2 600 153.72 138.59 0.90 0.86 1.05
250 2.5 0.4 600 153.72 102.87 0.67 0.72 0.93

Mean 1

Cov 0.05

375
376 Table 10. Comparison of proposed reduction factor with obtained reduction factor from FE

377

results for 0.4 < % <0.8

1

29




H t dww/d1 | Strength FEA FEA Shear Proposed FEA/Proposed
(mm) | (mm) (MPa) | (without (with reduction
hole) hole) factor
(Vv) (Va1) qs (FEA)
150 1 0.6 300 20.38 9.39 0.46 0.45 1.02
150 1 0.7 300 20.38 6.39 0.31 0.34 0.91
150 1 0.8 300 20.38 4.37 0.21 0.24 0.91
150 2 0.6 300 44.27 21.93 0.50 0.45 1.10
150 2 0.7 300 44.27 15.59 0.35 0.34 1.03
150 2 0.8 300 44.27 10.92 0.25 0.24 1.05
150 2.5 0.6 300 56.31 27.59 0.49 0.45 1.08
150 2.5 0.7 300 56.31 20.81 0.37 0.34 1.08
150 2.5 0.8 300 56.31 15.03 0.27 0.24 1.14
150 1 0.6 450 29.42 13.18 0.45 0.45 0.99
150 1 0.7 450 29.42 9.17 0.31 0.34 0.91
150 1 0.8 450 29.42 6.22 0.21 0.24 0.90
150 2 0.6 450 64.84 31.58 0.49 0.45 1.08
150 2 0.7 450 64.84 22.33 0.34 0.34 1.00
150 2 0.8 450 64.84 15.62 0.24 0.24 1.02
150 2.5 0.6 450 82.38 39.56 0.48 0.45 1.06
150 2.5 0.7 450 82.38 29.73 0.36 0.34 1.05
150 2.5 0.8 450 82.38 21.39 0.26 0.24 1.11
150 1 0.6 600 36.84 16.73 0.45 0.45 1.01
150 1 0.7 600 36.84 11.77 0.32 0.34 0.93
150 1 0.8 600 36.84 791 0.21 0.24 0.91
150 2 0.6 600 84.81 40.58 0.48 0.45 1.06
150 2 0.7 600 84.81 28.85 0.34 0.34 0.99
150 2 0.8 600 84.81 20.11 0.24 0.24 1.01
150 2.5 0.6 600 108.05 50.92 0.47 0.45 1.04
150 2.5 0.7 600 108.05 38.24 0.35 0.34 1.03
150 2.5 0.8 600 108.05 27.29 0.25 0.24 1.07
200 1 0.6 300 25.55 10.92 0.43 0.45 0.95
200 1 0.7 300 25.55 8.21 0.32 0.34 0.94
200 1 0.8 300 25.55 5.27 0.21 0.24 0.88
200 2 0.6 300 57.29 24.96 0.44 0.45 0.96
200 2 0.7 300 57.29 19.57 0.34 0.34 0.99
200 2 0.8 300 57.29 12.98 0.23 0.24 0.96
200 2.5 0.6 300 72.77 32.96 0.45 0.45 1.00
200 2.5 0.7 300 72.77 26.42 0.36 0.34 1.06
200 2.5 0.8 300 72.77 18.05 0.25 0.24 1.06
200 1 0.6 450 31.46 14.81 0.47 0.45 1.04
200 1 0.7 450 31.46 11.43 0.36 0.34 1.06
200 1 0.8 450 31.46 7.40 0.24 0.24 1.00
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200 2 0.6 450 83.05 35.05 0.42 0.45 0.93
200 2 0.7 450 83.05 27.71 0.33 0.34 0.97
200 2 0.8 450 83.05 18.59 0.22 0.24 0.95
200 2.5 0.6 450 106.97 46.72 0.44 0.45 0.97
200 2.5 0.7 450 106.97 37.39 0.35 0.34 1.02
200 2.5 0.8 450 106.97 25.58 0.24 0.24 1.02
200 1 0.6 600 37.31 18.03 0.48 0.45 1.07
200 1 0.7 600 37.31 14.34 0.38 0.34 1.12
200 1 0.8 600 37.31 9.36 0.25 0.24 1.07
200 2 0.6 600 102.25 43.80 0.43 0.45 0.95
200 2 0.7 600 102.25 34.72 0.34 0.34 0.99
200 2 0.8 600 102.25 23.78 0.23 0.24 0.99
200 2.5 0.6 600 139.48 58.80 0.42 0.45 0.93
200 2.5 0.7 600 139.48 47.03 0.34 0.34 0.98
200 2.5 0.8 600 139.48 32.90 0.24 0.24 1.00
250 1 0.6 300 27.19 11.50 0.42 0.45 0.94
250 1 0.7 300 27.19 8.89 0.33 0.34 0.95
250 1 0.8 300 27.19 5.94 0.22 0.24 0.93
250 2 0.6 300 67.29 28.89 0.43 0.45 0.95
250 2 0.7 300 67.29 21.97 0.33 0.34 0.95
250 2 0.8 300 67.29 15.49 0.23 0.24 0.98
250 2.5 0.6 300 87.52 39.41 0.45 0.45 1.00
250 2.5 0.7 300 87.52 29.44 0.34 0.34 0.98
250 2.5 0.8 300 87.52 20.46 0.23 0.24 0.99
250 1 0.6 450 32.82 15.29 0.47 0.45 1.03
250 1 0.7 450 32.82 11.67 0.36 0.34 1.04
250 1 0.8 450 32.82 7.93 0.24 0.24 1.03
250 2 0.6 450 90.91 39.42 0.43 0.45 0.96
250 2 0.7 450 90.91 29.39 0.32 0.34 0.94
250 2 0.8 450 90.91 21.90 0.24 0.24 1.02
250 2.5 0.6 450 124.97 55.37 0.44 0.45 0.98
250 2.5 0.7 450 124.97 40.27 0.32 0.34 0.94
250 2.5 0.8 450 124.97 28.73 0.23 0.24 0.98
250 1 0.6 600 38.88 18.64 0.48 0.45 1.06
250 1 0.7 600 38.88 14.54 0.37 0.34 1.09
250 1 0.8 600 38.88 9.76 0.25 0.24 1.07
250 2 0.6 600 112.34 49.87 0.44 0.45 0.98
250 2 0.7 600 112.34 35.84 0.32 0.34 0.93
250 2 0.8 600 112.34 26.62 0.24 0.24 1.01
250 2.5 0.6 600 153.72 69.43 0.45 0.45 1.00
250 2.5 0.7 600 153.72 49.03 0.32 0.34 0.93
250 2.5 0.8 600 153.72 35.65 0.23 0.24 0.99
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Fig. 18: Comparison of proposed equation with numerical results

6 Comparison of FE results with LCB sections

SupaCee sections are much related to LCB sections considering section profiles and lip
arrangements. However, ribbed webs in SupaCee sections ensure better structural performance.
This section compares similar sections of SupaCee sections and LCB sections in terms of shear
behaviour. LCB sections were modelled with similar dimensions of SupaCee sections and
ultimate shear capacities of LCB sections were obtained. Fig. 19 indicates the selection of LCB

sections for the comparison purpose.
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Fig.19: Dimension of LCB section for the Comparison purpose with SupaCee section

Consequently, 27 numerical models incorporating three different section depths (150 mm, 200

mm and 250 mm), three differing thicknesses (1 mm, 2 mm and 2.5 mm) and three various

yield strengths (300 MPa, 450 MPa and 600 MPa) were created to replicate the same

characteristics of SupaCee sections in this study. Numerical results comparison with LCB

sections is stated in Table 11. The comparison revealed that shear capacity of SupaCee section

is higher than LCB. Moreover, the increment percentage is decreasing when thickness

increases. In this study, the increment could be observed between 3% to 30 % for considered

parametric study.

Table 11. Shear capacity comparison (LCB vs SupaCee)

Shear capacity (kN)
strength Increment
H (mm) | B (mm t (mm
(mm) (mm) (mm) (MPa) LCB SupaC | of SupaCee
section o
(%)
150 50 1 300 17.09 20.38 19.25
150 50 2 300 42.09 44.27 5.18
150 50 2.5 300 53.88 56.31 4.51
150 50 1 450 23.36 29.42 25.94
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396
397
398
399
400
401
402
403
404
405
406
407
408
409

150 50 2 450 61.44 64.84 5.53
150 50 2.5 450 79.27 82.38 3.92
150 50 1 600 28.22 36.84 30.55
150 50 2 600 79.45 84.81 6.75
150 50 2.5 600 103.83 108.05 4.06
200 65 1 300 19.76 25.55 29.30
200 65 2 300 54.8 57.29 4.54
200 65 2.5 300 70.05 72.77 3.88
200 65 1 450 25.48 31.46 23.47
200 65 2 450 78.94 83.05 5.20
200 65 2.5 450 102.15 106.97 4.72
200 65 1 600 30.17 37.31 23.67
200 65 2 600 95.38 102.25 7.20
200 65 2.5 600 130.69 139.48 6.73
250 75 1 300 21.36 27.19 27.29
250 75 2 300 61.74 67.29 8.99
250 75 2.5 300 82.6 87.52 5.96
250 75 1 450 26.8 32.82 22.46
250 75 2 450 84.65 90.91 7.40
250 75 2.5 450 117.28 124.97 6.56
250 75 1 600 31.43 38.88 23.70
250 75 2 600 106.62 112.34 5.36
250 75 2.5 600 148.44 153.72 3.56

Shear capacity of SupaCee section reduces with introduction of web opening and it
continuously decreasing with increasing web opening size. Therefore, the shear capacity of
plain LCB section was compared to the SupaCee sections with web openings (Fig. 20 to Fig.
22). Based on the comparisons, it was observed that the shear capacity of Supacee sections with
web opening ratio of 0.2 (dwn/d1 = 0.2) is greater than the shear capacity of LCB when thickness
is equal to 1 mm. For section 150x50x1 (300 MPa yield strength), Shear capacity of LCB
section is 17.09 kN, whereas shear capacity of SupaCee section with web opening ratio of 0.2
is 17.4 kN. Similarly, shear capacity of SupaCee sections with web opening ratio of 0.2 is
greater than the shear capacity of LCB sections for all selected same sections with 1mm
thickness. However, for thicknesses of 2 mm and 2.5 mm shear capacity of LCB is slightly
higher than the shear capacity of SupaCee with web opening ratio of 0.2 (dwn/di = 0.2). For
sections 150x50x2 and 150x50x2.5 (300 MPa yield strength), shear capacities of LCB are 42.09
kN and 53.88 kN, whereas shear capacities of SupaCee with web opening ratio of 0.2 are 40.57
kN and 50.88 kN, respectively. Similar pattern was observed for all yield strengths and
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413
414
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416
417
418

419
420
421
422
423

aforementioned comparison indicates that, the increment in thickness improves the shear
capacity of both LCB section and SupaCee section. However, SupaCee section has the better
shear performance and the introduction of web opening affects the shear capacity when
comparing to plain LCB section while increasing the thickness from 1 mm to 2.5 mm.
Therefore, it can be concluded that shear capacity of CFS sections highly depends on the
thickness of the web. Similar conclusions were made by Tsavdaridis and D’Mello [51-52] for
steel cellular beams where the thicknesses are smaller than 7mm as the shear capacity highly
depends on web thickness. Table 12 summarises the shear capacity of SupaCee section with

opening size of 0.2 (dww/d1 = 0.2) and shear capacity of LCB without web openings.

Based on the current study, SupaCee section with web opening ratio of 0.2 can be the
replacement for plain LCB sections as the replacement will lead to regain the shear performance
of LCB sections as well as the availability of web openings in order to accommodate the
services. Further investigations can be conducted by changing the locations of ribs at web of

SupaCee sections with openings to find out a better replacement for LCB.
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Fig. 20: Shear capacity comparison of LCB and SupaCee with web opening for section 150
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426
427 Table 12. Shear capacity comparison of LCB section with SupaCee section with openings
428 (dwn/d; = 0.2)
. ' Yield Shear capacity (kN)
Depth Width | Thickness .
0 B ¢ Strength S}lpaCee sectlpn (VsupaCee with web opening (dwh/d1
(mm) (mm) (mm) fy LCB | with web opening -02)-VLcB)/Vies %
(MPa) (dwn/d1 =0.2)
150 50 1 300 17.09 17.40 1.81
150 50 2 300 42.09 40.57 -3.61
150 50 2.5 300 53.88 50.88 -5.57
150 50 1 450 23.36 24.29 3.98
150 50 2 450 61.44 59.11 -3.79
150 50 2.5 450 79.27 74.47 -6.06
150 50 1 600 28.22 30.32 7.44
150 50 2 600 79.45 76.23 -4.05
150 50 2.5 600 103.83 96.90 -6.67
200 65 1 300 19.76 22.88 15.79
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200 65 2 300 54.82 54.77 -0.09

200 65 2.5 300 70.05 69.07 -1.40

200 65 1 450 25.48 29.90 17.35

200 65 2 450 78.94 75.72 -4.08

200 65 2.5 450 102.15 99.07 -3.02

200 65 1 600 30.17 35.53 17.77

200 65 2 600 95.38 92.80 -2.71

200 65 2.5 600 130.69 128.48 -1.69

250 75 1 300 21.36 23.72 11.05

250 75 2 300 61.74 58.05 -5.98

250 75 2.5 300 82.60 78.56 -4.89

250 75 1 450 26.80 30.57 14.07

250 75 2 450 84.65 80.40 -5.02

250 75 2.5 450 117.28 110.57 -5.72

250 75 1 600 31.43 36.88 17.34

250 75 2 600 106.62 100.61 -5.64

250 75 2.5 600 148.44 138.59 -6.64
429 7 Design Example
430 A design example is illustrated here to provide a guiding suggestion for practical engineering
431  problems. The design example demonstrates calculation procedure based on the proposed
432  equation in this paper, to determine the shear strength of Supacee section with openings in the
433  web area. The openings in the web area is punched for service purposes.
434  (a) Given: A SupaCee section with web height (H = 150 mm), flange width (B = 50mm),
435 thickness (t = 2.5 mm) and a circular opening with diameter of 80 mm (dwh = 80 mm) is
436 chosen for an engineering application purposes. Moreover, the material properties are
437 listed below.
438 Young's modulus = 200,000 MPa and Poisson’s ratio = 0.30.
439  (b) Problem: Shear strength of above described SupaCee section need to be calculated.
440  (c) Solution: Vy; = qV,
441  Where, V,= nominal shear capacity, V,;;= shear capacity with openings, q;= shear reduction
442  factor
443 At the first step of this calculation, shear reduction factor due to the openings (qs) was
444  calculated using proposed equation (Egs. 33-35) and then nominal shear capacity (V,) was
445  calculated according to Pham and Hancock [49] study to determine the shear capacity with
446 openings (V). .
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Step 1: This paper proposed the equation for shear strength reduction factor when openings are
accommodated in the SupaCee section. Therefore, strength reduction factor was calculated first

for the given problem.

As Equations are proposed in this paper (Eqgs. 33-35), diameter to effective depth ratio will play
a major role in predicting the shear capacity of SupaCee section with web openings and
diameter to effective depth ratio was calculated.

dyn 846

04<—=

d, 141 0.6

<0.8

Hence, according to the proposed Equation (Eq. 35)

d d
—wh for0.4<—2<0.8

~1.10 — 1.08
s [ d; d;

qs = 1.10 — (1.08 x 0.6) = 0.452
Step 2: Nominal shear capacity () of the SupaCee section is calculated in this step according

to Pham and Hancock [49] proposed equations.

k,m2Et,,3

Ay = vV Vy/vcra Vy = 0.6 fydlth Ver = 12(0-v2)d;
V, = 0.6 f,dit,, = 0.6 % 300 * 141 = 2.5 =63.45 kN

kym2Ety,® _ 12.204* ©2%200000% 2.53
12(1-v2)d; 12+(1-0.32)* 141

’V
— |y _ 6345 B
o= Vor \/ /244.461 = 0.26 <0.815

Since 4, = 0.26 < 0.815,
V, =V, = 63.45 kN

V., = =244.461 kN

Finally, Shear capacity with openings can be calculated
Vi = qsV, = 0.452 x 63.45kN = 28.68 kN
From Table 5, obtained shear capacity for the section =27.59 kN

8 Concluding Remarks

The paper has discussed the shear behaviour of SupaCee sections with web openings carrying
out detailed numerical studies. Initially, numerical models were developed for the validation of
experimental study. Consecutively, comprehensive parametric studies were conducted
including various parameters such as thicknesses, yield strengths, section depths and web

opening ratios. Overall, 162 numerical models were developed and the results were noted to
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analyse the shear behaviour of SupaCee section with respect to aforementioned parameters.
The results were compared with available shear design equations for LCB sections as there are
no experiments on SupaCee sections with web openings. Since the comparison indicated that,
the available equations are inappropriate to predict the shear capacity of SupaCee sections with
web openings, new shear reduction factor equations were proposed based on opening depth
ratio factor. In addition, similar plain LCB sections were modelled to compare the results of
SupaCee sections with and without web openings. Comparisons indicated 3% - 30 % shear
capacity increment in SupaCee section. Moreover, detailed analysis was carried out to check
the possibilities of replacing plain LCB sections by SupaCee sections with web openings and
the recommendation from the analysis was stated. Therefore, this study concludes that proposed
equations are accurately predicting the shear capacity of SupaCee sections with web openings
and recommends the replacement of LCB sections by SupaCee sections with web openings

based on better or similar shear performance with the accommodation of service integration.
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