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ABSTRACT

For several reasons, cold-formed steel (CFS) beams are usually manufactured
with holes. Nevertheless, because of holes, the reduction in the web area causes a
decrease in the bending strength. Edge stiffeners are now added around the holes
to improve the bending strength of flexural members. This thesis studies CFSZ
beams with stiffened holes and investigates how edge stiffener affects the bending
strength and failure modes. A nonlinear study was conducted utilizing ABAQUS
software and the developed finite element (FE) model was verified against tests
from previous studies. Utilizing the verified FE model, a parametric analysis of
104 models was generated to examine the influence of key parameters on the
bending capacity of Z-beams. The results indicated that adding edge stiffeners
around the holes improves Z-beam flexural capacity and sometimes restores the

original bending capacity.

Because the computational techniques to solve the CFS buckling mode with
stiffened holes are still unclear, a numerical model for estimating the critical
distortional buckling moment for a wide variety of CFSZ sections with stiffened
holes using constrained and unconstrained finite strip method (CUFSM) software

was suggested.
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A numerical method with two procedures was applied and validated. Upon
comparison, the numerical method with the two procedures accurately predicted

the distortional buckling moment of such sections.

Keywords: Flexural strength; CFSZ sections; Stiffened holes; Distortional buckling moment.
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Summary
In this research, emphasis was placed on the study of cold-formed steel beams with edge stiffened
holes, to study the effect of steel thickness, hole size and shape, and the height of the edge
stiffener on the flexural strength of this type of beams, and to conduct a numerical study using
(ABAQUS) software, to compare previous numerical and experimental results, on a number of
cold-formed steel beams, and also to make a parametric study on a number of beams to study the
impact of the aforementioned parameters, followed by a numerical and analytical study using
CUFSM program to calculate the elastic distortional buckling moment of the sections under

study.
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Chapter 1 Introduction

1.1 Overview

In the 1850s, the United States was the first country to use CFS in the building industry. Since
there was a lack of material knowledge and a lack of standard code, this material was limited
in applications until 1946 when the American Iron and Steel Institute (AISI) issued the first
edition of its standard to design CFS members (AISI, 1946). Today, it is common practice to
use CFS members in construction as primary and secondary members of frame systems,
including roof purlins, sandwich panels, and walls. CFS is widely used due to several
characteristics, including its high capacity-to-weight ratio, wide variety of section shapes,

corrosion resistance, and the ease of installation [1].

Z and C purlins are commonly used in steel buildings to carry the roof panels and transmit the
roof wind loads to the main frames and provide lateral stability to the main frame parts. It is
recommended to use Z-sections over C-sections for shipping purposes since they can be nestled
easier and produce a more compact package. Furthermore, the economy of a continued span
purlin can be easily attained by lapping and nesting the Z-section. There is no other way to
provide continuity for the channel section except through coupling two channel sections
cascading. Moreover, the benefit of utilizing Z purlins is due to the unrestricted depth and
thickness choice, which provides the necessary freedom for the designer to create the most

economical purlin [2].

CFS sections are generally more efficient than hot-rolled sections. Nevertheless, they are
exposed to numerous complicated buckling modes since they are often thin sections with

unsymmetric or singly symmetric cross sections [3].
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Generally, CFS beams (purlins/joists) are exposed to five failure modes and such modes are
lateral torsional buckling (LTB), local buckling (LB), distortional buckling (DB), web
crippling, and web shear buckling. In the case of CFS members employed as floor beams, floor
decks are usually built over such members. Floor decks supply lateral bracing for CFS joists,
which prevents them from failing by lateral torsional buckling. Supplying web stiffeners at the
support locations can prevent the web crippling of these joists. Consequently, CFS floor
joists/purlins are expected to fail due to local buckling, distortional buckling, and shear buckling

of the webs.[4]

CFS beams are often manufactured with holes to thread services through (piping, heating ducts,
etc.). Figure 1.1 presents varied shapes of openings generated in beams and columns. Web holes
in beams reduce the bending strength. Edge stiffeners are sometimes added around openings to
improve the bending strength. These edge stiffeners cause stress redistribution in the opening

position and alteration in the boundary condition of the web [5].

D)

Figure 1.1 Various openings shapes
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1.2 Research Objectives

Our knowledge of CFS beams with stiffened holes is largely based on limited data, and the
elastic buckling moment has not yet been investigated in depth (as will be seen in Chapter 2).
Moreover, motivated by the lack of information about CFSZ beams with stiffened holes, the
aim of this thesis was to study the behavior of CFSZ beams with stiffened holes numerically
and observe the hole edge stiffener impact on the flexural capacity, as well as failure modes.
Hence, the elastic distortional moment of such beams will be proposed utilizing numerical and
analytical procedures. So, the Direct Strength Method (DSM) based design equations could be
extended to indicate the bending strength of such beams. Since the DSM for calculating the
distortional buckling strength of CFS beams with holes is primarily based on the elastic
distortional buckling moment, introducing a numerical model to accurately calculate the elastic

distortional buckling moment, for the beams under consideration, can improve the DSM.

1.3 Thesis Organization

The thesis contains six chapters, and the contents of such chapters are briefly depicted as

follows:

Chapter 1: This chapter highlights the content and the purpose of this thesis and provides a

brief introduction on cold-formed steel members.

Chapter 2: This chapter presents an introduction of CFS members in more detail. Moreover,
different design procedures, according to different standard codes, to estimate the bending
capacity of CFS flexural members with /without openings are presented. Finally, a summary of
the current literature review associated with CFS beams (experimental, numerical, and

analytical studies) is introduced in this chapter.
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Chapter 3: A definition of the numerical modeling approach, which is adopted in this thesis, is

included in this chapter as well as a validation study on the used finite element model.

Chapter 4: This chapter describes the adopted FE model in more detail and develops a
parametric investigation on CFSZ beams to study the effect of a group of parameters such as
steel thickness, opening size, opening shape, and stiffener height on the bending capacity and

failure modes.

Chapter 5: A numerical method with two different procedures utilizing the finite strip method
IS suggested in this chapter to estimate the elastic distortional buckling moment of the studied

beams.

Chapter 6: The major findings of this research as well as suggestions for forthcoming research

are highlighted in this chapter.



Chapter 2

Literature Review
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2Chapter 2 Literature Review

2.1 General

This chapter summarizes experimental and theoretical researches relevant to this thesis, which
are available in the literature. Previous studies conducted on different configurations of CFS
beams are widely discussed. Furthermore, this chapter considers a variety of design formulas
as suggested by a code of practice and previous research. In general, this chapter provides the

necessary background for this thesis.

2.2 Introduction

Steel structures are mostly made of hot-rolled and cold-formed members. Members made of
hot-rolled steel are fabricated at high temperatures, whereas those made of CFS are fabricated
at room temperature [6]. The CFS members are made up of sections that have been cold formed
from steel strips, sheets, flat bars, and plates, using roll-forming equipment, press braking, or
bending brake processes. Steel sheets or strips with a thickness between 0.4 and 6.4 mm are
typically utilized in CFS members. Cold forming can be used to successfully create structural

shapes out of bars up to 25 mm thick [7].

Openings are usually set in the webs of CFS members such as purlins/beams to permit installing
a plumbing system, piping, and bracing. Also, because the effective width approach considers
the removal of parts which exposed to the local buckling from the calculations; it can be
achieved from the beginning by making holes in the web. Figure 2.1 presents an illustration of

members of the CFS with holes [1].
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Figure 2.1 An illustration of members of the
CFS with holes [1]

CFS members have a lot of advantages in building structures. Some of these advantages are

listed below:

1- Cold-formed steel light sections can handle comparatively light loads and/or small lengths,
as compared to heavier hot-rolled sections.

2- Load-bearing decks can offer practical surfaces for the construction of a floor, roof, and
walls. Under different circumstances, such decks could even supply enclosed partitions for
conduits.

3- Cold-forming processes enable the economically efficient production of unique sectional

shapes, leading to the achievement of good strength/weight ratios [7].
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The following characteristics of CFS structural members can be achieved in comparison with

other materials, for example, concrete and wood:

1- Lightness.

2- High stiffness and capacity.

3- ltis easy to prefabricate and mass produce.

4- Installation is fast and straightforward.

5- Greater accuracy in the details.

6- Transportation and handling costs are reduced.
7- Incombustible.

8

Recyclable material.

9

At ambient temperatures, the material does not shrink or creep. [7]

Although CFS members have many advantages, there are several disadvantages such as weak
torsional stiffness, low resistance to fire, and lowered ductility [8]. A major drawback of the
CFS member is its raised slenderness, which allows it to be buckled primarily through one or

more of the following modes [9]:

e Local buckling (does not include any translation only rotation of the intersection
between the web and the flange. The flange and web deformation generally take the
form of a sine wave with a half wavelength equal to or smaller than the biggest
dimension of the element subjected to compressive stress) [9].

e Distortional buckling (includes rotation and translation at the flange-web junction,

resulting in significant deformation of both the web and the flange.
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The web is exposed to a flexural distortion corresponding to a sine wave shape. The
half wavelength lies between the half wavelength of local and overall buckling [9].

e Global buckling (LTB or/and flexural buckling) happens with no deformation of the
cross-section parts at long half-wavelengths. The cross-section is translated and/or

rotated as a rigid body) [9]. Figure 2.2 shows the different buckling modes of the Z-

beam.
| . 1 A
[T— [ ==
(1) @) 3)

Figure 2.2 Different buckling modes of CFSZ beam. (1) Local buckling, (2)
Distortional buckling, (3) Global buckling

To manufacture the CFS sections, several methods can be used as will be shown in the next
subsection.

2.2.1 Methods of manufacturing

Cold-formed sections are produced using one of three techniques:

1. Cold roll forming (construction parts including individual members, floor, and wall
panels are produced using this technique). The machine of cold roll forming is shown
in Figure 2.3 (a).

2. Press brake process (Figure 2.3 (b)). This method is used under some restrictions such

as:
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e The section is of uncomplicated configuration.
e The section to be created is comparatively broad (typically larger than 457 mm).

e The required amount is less than 91.5 m/min).

Using a press brake, simple shapes like angles, C-channel, and Z-sections can be created in a

maximum of two processes. Sections with greater complexity might require multiple processes

[7].

3. Bending brake process ( Figure 2.3 (c)).

(b)

(c)

Figure 2.3 Methods of forming of CFS sections: (a) Cold rolling machine,
(b) Press brake operation, (c) Bending brake process [10]

These methods can produce different shapes of CFS sections as will be presented in the next
subsection.
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2.2.2 Shapes of CFS sections and their implementations

There are a lot of shapes that can be produced for CFS sections. Some of them are used to
produce the individual members such as channels, Z-sections, angles, hat sections, I-sections,
T-sections, and tubular sections, and others are used to produce panels and decks as shown in
Figure 2.4 [7]. Sometimes, there is a need to create holes in the CFS members, as shown in

Figure 2.5.

. L)

RN

|—A

I_ Section
A A-A

Figure 2.5 CFSC member with web opening
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CFS members are used in the following implementations [11]:

1. Systems for the roof and walls of commercial, industrial, and agricultural structures.
2. Structural components for plane or space trusses.

3. Residential structures.

4. Roof deck or steel floor.

5. Utility poles.

6. Automotive implementations.

The existing standards, including the AISI-16 [12], EN 1993 [13], and the Australian and New
Zealand Standards (AS/NZS) [14], handle the flexural capacity of CFS sections with solid webs
and with web holes. In contrast, they don’t supply procedures for determining the bending
capacity of CFS sections with edge-stiffened openings. So, a design method is needed to
consider the impact of adding edge stiffener around openings. The following subsections

provide an overview of the different standards used to design the CFS flexural members.

2.3 Design methods for CFS flexural members in different codes

In the current CFS design codes, there are two primary design procedures, the effective width
method (EWM) and the direct strength method (DSM). The EWM depends on the reduction
area supplied by each element in the cross-section undergoing to local buckling. However, the
DSM considers the stability of the whole cross-section along with the interaction among the

elements. [15]



Chapter 2 Literature Review 14

2.3.1 Design of CFS flexural members according to AISI code (2016) [12]
Two design procedures are presented by the AISI for CFS members, the DSM provided in the

Main Specification (AISI-S100-16, Chapter F) and the EWM in the (AISI-S100-16, Appendix

1). The detailing of each procedure is presented below.

2.3.1.1 EWM for CFS beams

The calculations of effective width (b) for CFS members are summarized in the following

equations:

1) The effective width (EW) of uniformly compressed stiffened elements

b should be determined such that:

b=w when A <0.673 Eq. (2.1)
b=wp when A>0.673 Eq. (2.2)
Such that

w = Flat width

p = Local reduction factor

_(1-0.22/3)

A
A = Slenderness factor

_ ’L Eq. (2.4)
Ferl

f = Stress in compression element

Eq. (2.3)

m?E

Fopp =k ————<
crl 12(1_#2)

[t/w]? Eq. (2.5)
Such that

K = Coefficient of plate buckling
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t = Thickness of compressed parts.
E = Elasticity Modulus
u = Poisson’'s ratio.

2) The EW of uniformly compressed unstiffened elements

b should be considered as the b of stiffened elements, with the exception that, k, shall be taken
equal to 0.43.

3) The EW of uniformly compressed stiffened elements with holes

b for circular openings is defined as:

when 0.5 > d,/w = 0,and w/t < 70, and the opening spacing = 0.5w and > 3d,

b=w-d, when A1 <0.673 Eqg. (2.6)
0.22 0.8d,  0.085d,
wl-=7 -+t ) when 1> 0.673 Eq. (2.7)

A
Where dh represents the hole diameter.

While for a uniformly stiffened element with openings that are not circular, the element should
be comprise of two unstiffened strips of flat width (c) neighboring to the openings as shown in
Figure 2.6. Then, b of each unstiffened strip should be calculated as b of stiffened elements as

mentioned earlier. But here the coefficient of plate buckling should be taken = 0.43.

Some limits must be taken into account when using these provisions, these limits are presented

in AISI (Appendix 1).
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Figure 2.6 Details for calculation of EW of elements with non-
circular openings [12]

4) The EW of stiffened elements exposed to a stress gradient

For webs exposed to a stress gradient, the coefficient of plate buckling and EW should be
defined such that:

k=4+4+2(1+w)?+2(1+ w) Eq. (2.8)

When h,/b, < 4

by =b./(3+ w) Eq. (2.9)
b, =b,/2 For w > 0.236 Eq. (2.10)
b, = b, — by For w < 0.236 Eqg. (2.11)

For h,/b, > 4

b, = b,/(3 + ) Eqg. (2.12)

b, = b,/(1+ w) — b, Eq. (2.13)
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Such that

be = Effective width calculated as the b of uniformly compressed stiffened element, with the
exception that, k, shall be taken equal to Eq. (2.8)

b1, b2, and are effective widths (as defined in Figure 2.7).

bo = The width of the compression flange (out-to-out) (Figure 2.7).
ho = The web depth (out to out) ( Figure 2.7).

w = |f2/fil,

where

f1 = Stress in compression region (Figure 2.7).

f, = Stress in tension region (Figure 2.7).

bo

fi(compression) —

fo(tension) —

Figure 2.7 Notations for webs subjected to the stress gradient [12]

After calculating the effective width in the previous ways (as mentioned before), the nominal
flexural capacity could be determined such that:

M, =SBy < Setfy Eq. (2.14)

Such that
Se = Effective section modulus estimated at outer fiber compressive stress of Fn.

Fn = Flexural stress for global buckling. The detailing of the calculation of the (Fx) is presented

in AISI standard (section F2.1).
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Set = Effective section modulus estimated at outer fiber tension stress of fy.
fy = Yield stress.

Note: Se is calculated for members without openings using the EW of each component in the
cross-section. For sections with unstiffened openings, the parts neighboring the opening should

be handled as unstiffened elements.

2.3.1.2 DSM for CFS beams
DSM is an appropriate way for determining the strength of CFS members. Regarding the design

of CFS flexural members with openings, it will be summarized below:

The nominal flexural strength (M) is equal to the minimum of Mne, Mni, and Mng (LTB strength,

LB strength, and DB strength) respectively.

1) LTB moment (Mne):

For M. < 0.56M,,

Mpe = Mcre Eq. (2.15)

For 2.78M, = M. = 0.56M,,

10M
y ] Eq. (2.16)

Mp, = 10/9M, |1 —
e = 1079|1357

For M¢. > 2.78M,,

My, = M, Eq. (2.17)
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Where
Mcre = Critical elastic LTB moment (including the impact of openings).

2) LB moment (Mn):

For A= My /M. <0.776 Eq. (2.18)
My, = My, Eq. (2.19)
ForA; > 0.776
M ’ 0.4 Mcrl 0.4
M, = [1- 0.15[ "] “ ] M Eq. (2.20)
nl l Mne Mne ne

Mecn = Critical elastic LB moment (including the impact of openings).

3) DB moment (Mng):

Forig < Ag¢q

Myg = Mypet Eqg. (2.21)

Fordg: < 14 < Aaz

M t— M
Mug = My — (S22 (2 — 2) Eq. (2.22)
d2 dl
Ford; > A4
0.5 0.5
M, d Mcrd
My, = 1—0.22[ =i l “ M Eqg. (2.23)
" My My Y
Where

Mcra = Critical elastic DB moment (including the impact of openings)
Ag = (My/Mcrd)O'S

Adl = 0-673(Mynet/My)3
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Aaz = 0.673(1.7(My/Mype)?” —0.7)
Mynet = Yield moment (for net section) = Seetfy, Where Smet = net section modulus.
Note: Critical elastic moment is calculated according to Appendix 2 in AISI (2016) or from

CUFSM software as will be presented in Chapter 5 [16].

2.3.2 Design of CFS beams according to AS/NZS 4600 code (2005) [14]
The EWM and DSM that are provided by the AISI standard are presented likewise in the

AS/NZS 4600 code for CFS members. The detailing of each method is discussed here.

2321 EWM

The M,, for C and Z - sections is the minimum of the M, calculated according to initiation of

yielding, LTB, and DB.

1) According to the initiation of yielding

My, = Sef, Eq. (2.24)

Where
fy = Yield strength.

Se = The effective section modulus defined at the yield stress.

2) Accordingto LTB

The M,,of the laterally unbraced sections is determined as follows:

My = Scfe Eq. (2.25)

Where S is the effective section modulus computed at a stress fcand fc = % where St represents
f

the full unreduced section modulus for the outer compression fiber and Mc is the critical LTB
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moment. The detailing of the calculation of the (M) is presented in AS/NZS standard in section

3.3.3.2.1.

3) According to DB

The M, of sections is determined such that:
Mupp = Scfc Eq. (2.26)

The detailing of calculations of the S, and f, for DB, are presented in AS/NZS standard in

section 3.3.3.3.

As mentioned before, to determine the effective section modulus of the cross-section, the EW
of each compression element should be defined first. The procedures and the equations of

calculation of the effective width are the same as those provided by AISI.

2.3.2.2 DSM
The M is the minimum of the M, for LTB, LB, and DB strengths (Mne, Mni, Mnd) respectively.

1) For LTB (Mne)
For M¢. < 0.56 M,

Mype = Miye Eq. (2.27)

For 2.78M, > M., = 0.56M,

My, = 10/9M,[1 — 10M,, /36 M| Eq. (2.28)

For M¢., > 2.78M,,

Mye = M, Eq. (2.29)
Such that

Mcre = Elastic LTB moment.
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My = Stfy, where (Sy) is the full section modulus of the outer fiber.

2) For LB (Mny)
ForA; = Mp./M.; < 0.776

M, = My, Eq. (2.30)
For A, > 0.776
M . 0.4 Mcrl 0.4
M, = [1- 0.15[ "] “ ] M Eq. (2.31)
nl l Mne Mne ne

Mcri = Elastic LB moment.

3) For DB (Mnq)

ForAy = (My/Myq < 0.673

Mna = M, Eqg. (2.32)

For 1, > 0.673

0.5 0.5
M, M,
M, = [1—0.22[ A;”’l “Afl”’l M, Eq. (2.33)
y y

Where

Mcrg = Elastic DB moment.

2.3.3 Design of CFS beams according to EN 1993 [13]
2331 EWM
The detailing of the EWM is developed in Clause 4.4 of BS EN 1993-1-5, and presented as

follows:

b, = pb Eq. (2.34)
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p=1 For 1, < 0.673 Eq. (2.35)

Ap —0.055(3 + ) _
p= = <1 For 1, > 0.673 Eq. (2.36)
14

A, = Slenderness ratio of plate

_ |fy _ b/t
- \/ ocr  28.4&k, Eq. (2:37)

Such that

€= fzjf—s , k, represents the buckling factor, and (p) represents the reduction factor.
y

@ = the stress ratio determined according to clauses 4.4(3) and 4.4(4) in BS EN 1993-1-5.
o, = the critical buckling stress of the plate.
For an unstiffened element, the same way is used to calculate its effective width with some

changes:

p=1 For 4, < 0.748 Eq. (2.38)

A, —0.188(3 + ¢) _
p= -2 X For 1, > 0.748 Eq. (2.39)
1%

2.4 Previous studies

The following subsections summarize experimental, numerical, and analytical research

available in the literature relevant to the subject being discussed.
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2.4.1 Experimental studies on CFS beams
2.4.1.1 Experimental studies on CFS beams with solid web

In 2003, Yu and Schafer conducted an experimental investigation on C and Z sections [17]. The
study focused on local buckling failure. All samples were simply supported and loaded at 1/3
point of the span. A comparison was made between the bending strengths defined by the test
and those determined by the DSM. By comparison, for thin and thick specimens, it was found

that the DSM provides satisfactory capacity predictions.

The behavior of CFSZ beams with different stiffener configurations was carried out by Nguyen
et al. in 2006 [18] (see Figure 2.8). Four points loading test was carried out as presented in
Figure 2.9. All specimens were simply supported. From the test, it was observed that at the
maximum load, the LB and DB failures were noticed in all samples. Moreover, compared to
thinner samples, thicker samples reached the maximum moment more slowly. The bending
strengths obtained from the test were compared with those obtained from the AISI [12], and
AS/NZS [14] standards. In general, the strengths predicted by those standards were

conservative for the studied samples.

The study involved a numerical analysis using ABAQUS program to verify the experimental

results, and it presented a reasonable agreement with the experimental findings.

| . | I

Figure 2.8 Z sections with different stiffener configurations [18]
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Figure 2.9 Scheme of bending test configuration [18]

An experimental study was adopted by Pham and Hancock (2013) to determine the flexural
capacities of CFS build-up sections with high-strength steel [19]. Figure 2.10 shows the section
types used in this investigation. An arrangement consisting of four-point bending was used for
the test. Two sets of samples were used in the test. A set of them was restricted from the failure
of DB by attaching the straps between the two loading points in the bending area whereas the
other group was not restricted (to fail under DB). From the findings, it was found that the
bending strengths of type 2 sections were improved by 4.5% to 22.4% compared to type 1

sections, with the thin sections showing the greatest improvement.
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1 [
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I I S
Type 1 Type 2
Figure 2.10 Types of sections [19]

In 2013, Laim et al. investigated experimentally the bending strength of four types of sections
as shown in Figure 2.11 [20]. In this study, structural performance and the modes of failure of
these types of sections were compared. All samples were loaded at 1/3 points of the beam
length. The authors concluded that, in comparison with other types of studied beams, type 4
demonstrated a significantly higher on average maximum load capacity. Moreover, Type 2
could increase the bearing capacity of beams by 1.45 times when compared with type 3. In
addition, beams with type 1 and type 3 failed due to the LTB, but type 2 and type 4 beams failed

due to the DB.

Type 1 Type 2 Type 3 Type 4

Figure 2.11 Sections of tested beams [20]
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The research presented by Wanniarachchi and Mahendran (2017) discussed experimentally the
flexural strength of CFS beams with rectangular hollow flange (screw-fastened) RHFBs [21]
(see Figure 2.12). All samples were simply supported and loaded by four-point bending. Test
findings were compared with the capacities determined by AISI S100 [12] and AS/NZS 4600
[14] standards. From the comparison, the moment strengths of the RHFBs which are
intermittently screw fastened can be determined using the AS/NZS 4600 and AISI S100 design
rules, that are relied on effective width rules. Furthermore, a comparison between test findings
and the capacities obtained from DSM was conducted. When DSM is used, it is possible in
most cases to obtain the bending strengths of adopted beams (which screw fastened) with

reasonable accuracy.

e

Figure 2.12 RHFB section [21]

An experimental study of CFS tubular beams was adopted by Li and Young (2017) [22]. The
effectiveness of tubular sections exposed to web crippling was studied. Both rectangle and

square hollow sections were tested.
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Comparisons were made between the test findings and AS/NZS, EC3, and AS4100 strengths.
From the findings, the authors stated that the web-crippling equations in the existing codes are

not appropriate to estimate the web-crippling strength of such sections.

In 2019, Muftah et al. studied experimentally the deflection and bending capacity of bolted
built-up sections [23]. Two types of channel profiles were under investigation as shown in
Figure 2.13. To create the first built-up section, two CFS channels from type 1 (extended
stiffener) were connected face to face by using a screw on web element. To create the second
one, two CFS channels from type 2 (outstand stiffener) connected face to face by using a screw
on stiffener. The samples were examined by using four-point loading tests. After testing, it was
observed that the bending resistance of the built-up section with outstand stiffener was higher
than the built-up section with extended stiffener. Moreover, the flexural resistance of the built-

up section with outstand stiffener was dependent on the load location.

— —
I —
Typel Type2

Figure 2.13 Types of CFS channel sections [23]
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The research reported by Chen and Young (2019) studied the flexural capacity of CFS semi-
oval hollow sections (SOHS) (see Figure 2.14) [24]. In the experimental investigation, the
tested beams were loaded in two ways. Three points and four points loading configurations
were performed on studied beams. The test results showed that no shear failure was noted in all

studied beams.

Figure 2.14 Cross section of SOHS [24]

In addition to the experimental test, the authors created a FE model to verify the test results
using the ABAQUS program. Furthermore, the performance of the studied section under
flexural strength was examined in a parametric study. A comparison of the experimental and
numerical findings with DSM strengths was conducted. From the results, it was found that the

DSM gives quite conservative predictions. Therefore, some modifications were made to DSM.

In 2019, Manikandan and Thulasi examined how CFS built-up beams performed under flexural
moment [25]. In the Experimental investigation, there are different kinds of sections were tested
(see Figure 2.15). Simply supported C-channel sections connected back-to-back and loaded in

two points on the beam length were generated.
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The authors noted that the use of a channel section with both intermediate web and edge

stiffeners enhanced the capacity of the section.

B

N
N

I R N e N B A

Figure 2.15 Types of sections [25]

The authors, also, created a FE model to verify the experimental test by using the ABAQUS
program. Also, a parametric analysis was performed to study the impact of the change of section
dimensions and bolt spacing on the bending capacity of adopted beams. It was observed that
the section dimensions and bolt spacing considerably affect the capacity of the section. Results
from both the experimental test and FE model were compared with the DSM and the convenient

modifications were elaborated.

The impact of fastener arrangement on the bending rigidity of CFS members was studied by
Phan and Rasmussen (2019) [26]. In the experimental test, the samples were two C-sections
linked back-to-back. The beams were simply supported. All samples were loaded about the

weak axis (four-point loading test).
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The authors, also, conducted a numerical study using the ABAQUS program and an analytical
study on the same samples used in the experimental study. From the results of all these studies,
the authors observed that when the stiffness of the fastener was increased, the flexural rigidity
was also increased. In addition, the flexural rigidity of the members was increased by increasing

the fastener rows number.

2.4.1.2 Experimental studies on CFS flexural members with openings

The research developed by Schudlich et al. (2011) [27] studied experimentally the moment
resistance of CFS C-sections with rectangular perforations. All tested beams were simply
supported and loaded at 1/3 points along beam length. From the findings, it was stated that the
existence of web perforations in the tested sections reduced section capacity as well as increased
distortional buckling deformation. A comparison was made between test strengths and DSM
strengths for flexural members with perforations. The findings showed that the DSM was
accurate to predict flexural strength when Ilnet/ly = 0.9. On the other hand, the DSM was

unconservative when Inet/lg = 0.8 (Inet and lg describe the inertia moment of the net and gross

section).

In 2012, Uzzaman et al. studied experimentally the performance of CFS channel beams with
circular holes under web crippling [28]. The test was arranged under interior two flange loading

conditions (ITF) as presented in Figure 2.16.



Chapter 2 Literature Review 32

A nonlinear analysis was also created by the authors to verify the experimental test using the
ANSYS program. The significance of hole size and hole position on the web crippling was
examined using parametric studies. The web-crippling capacity of the studied sections is

primarily influenced by the hole size and location.

Depending on the findings of both numerical and experimental analyses, the reduction factor

of web crippling strength was predicted for the ITF.

l

O O

T

Figure 2.16 Interior two flange configuration [28]

The shear behavior of CFS built-up sections with circular holes was presented by Keerthan and
Mahendran (2013) [29]. The samples were simply supported and loaded at mid-span.
Experimental shear resistances were compared with the shear resistances obtained by AS/NZS
4600. It was noted that, according to AS/NZS 4600, the equations are conservative for studied
sections with small openings and unconservative for studied sections with large openings. The

authors made some modifications to the shear strength design equations.
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They found that the suggested formulas are accurate to determine the shear strength of channel

beams with perforations.

An experimental investigation on the elastic buckling moments of CFS channel sections with
rectangular perforations was conducted by Moen et al. (2013) [30]. All specimens were loaded
at 1/3 points of the specimen length. According to the results of the experiment, there was
unstiffened strip buckling of the compressed web associated with the distortional buckling
deformation. This was when the hole depth was about 2/3 of the web depth. In addition, when
the hole height approached the web height, the compressed flange above the hole buckled

suddenly.

The behavior of CFS sections with different edge stiffeners and web perforations under LB and
DB was studied by Wang et al. (2013) [31]. The study concentrated on C and X sections as
illustrated in Figure 2.17. The samples were simply supported at their two ends. It was observed
that the flexural strength of the X-sample was increased by 6.06% more than C-sample.
Moreover, the stiffness of the X-section decreased the effect of the openings as compared to
samples of the C-section. A numerical investigation was also performed by the authors on the
same samples. Regarding buckling modes and flexural strength, the FE findings were

reasonably consistent with the experimental findings.
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Figure 2.17 Cross section of samples [31]

In 2013, Karmazinova studied the performance of CFS X — sections with circular holes
according to lateral flexural torsional buckling [32]. All samples were under four points bending
condition. A comparison was made between the lateral-torsional buckling strengths determined

from tests and those determined from EN 1993-1-1 code.

In (2013), Uzzaman et al. extended their experimental research to study the impact of openings
on web crippling under end two flange loading conditions (ETF) [33]. All samples were C-
sections. The authors, also, established a FE model to verify the experimental test by using
ANSYS program. It was found that the findings of the FE model agreed with the findings of
the experimental study. Furthermore, the main parametric effect on web crippling was the hole
depth and the hole location. A comparison was made between the web crippling strengths
determined from both the FE model and experimental and those determined by NAS

specification. From this comparison, the authors proposed the reduction factor for the ETF.
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In 2015, Wang and Young investigated the moment strength and modes of failure of two kinds
of CFS built-up sections with circular perforations [35]. One of them was two channels
connected back-to-back and the second one was two channels connected face-to-face. An
experimental examination was created to obtain the bending resistance and study the effect of
hole size on the bending resistance. A simply supported beam was tested and loaded in four
points bending. The circular perforations were positioned in the moment region. The results
indicated that the ultimate moment decreased when the value of hole depth/web height
increased. A Comparison was made between the test bending strengths and DSM strengths. It
was found that the DSM is suitable for designing CFS built-up open and closed sections with

openings.

In 2016, Degtyareva and Degtyarev introduced an experimental test on CFS C-sections with
slotted web exposed to shear strength [36]. The sections that were tested are presented in Figure
2.18. A concentrated load was applied at mid span for all samples. The results indicated that
the ultimate shear resistance of the adopted sections was reduced by 50% to 71%. In addition,
substantial plastic deformation of the steel strips among the slots resulted in a more ductile

behavior of the slotted sections than the solid sections.
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A set of tentative equations was presented for the shear strength of the slotted sections with and
without tension field action. The tested shear strength and the formulas that take tension field

action into account demonstrated reasonable agreement.
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Figure 2.18 Sections used in the experimental test [36]

The bending behavior of CFSC sections with rectangular openings was investigated by Zhao et
al. (2019) [37]. In the experimental investigation, a group of samples with different sizes of
openings and lip of flange were examined under four points bending. Simply supported channel
beams were linked back-to-back. From the findings, it was stated that the holes modify the
modes of failure of members from just LB or just DB to distortional-local buckling interaction

(restricted by DB or LB).

A numerical investigation was conducted by the authors to verify the experimental test using
the ANSY'S program. The capacities evaluated from tests and FE analyses were compared with
those estimated by DSM. The DSM was unconservative to calculate the capacities of CFS
channels with opening. Some modifications were made on DSM to improve the design of beams

with perforations.
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2.4.1.3 Experimental studies on CFS flexural members with stiffened openings

In 2006, Sivakumaran et al. examined the moment resistance of C-sections with openings
accompanied by stiffeners around the openings [38]. The test sample assembly was constructed
by putting the channel sections face-to-face. The samples were loaded in four points bending.
The shapes of the openings under investigation were square, circular, and rectangular. Two
reinforcement schemes were performed (scheme A and scheme B) as shown in Figure 2.19.
The results demonstrated that the influence of the stiffener (reinforcement) was based on the
type of stiffener and it is length, bolt spacing, and bolt pattern. In addition, CFS sections with

large holes can be reinforced with cost-effective schemes.
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Figure 2.19 Reinforcement schemes [38]

An experimental study of C-sections with stiffened circular perforation was created by Keerthan
and Mahendran (2015) [39]. The study was to explore the strength of CFS beam with large web
opening when a plate attached around it. A concentrated load was applied at a mid-span of all
simply supported samples. Different web stiffening configurations were used around holes. A
numerical study was created by the authors using the ABAQUS program to verify the test

findings.
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The experimental and numerical findings displayed that AISI recommendations for plate
stiffeners are insufficient for restoring the original shear strength of CFS beams with holes. An
alternative plate stiffener system with appropriate dimensions and screw-fastening
configurations has been presented by Keerthan and Mahendran to restore the original shear

capacity.

The moment resistance of C-sections with circular stiffened perforations was examined by Chen
et. al. (2020) [40]. In the experimental investigation, all samples were examined under a four-
point loading condition. It was noted from the test findings that most of the studied samples
with stiffened openings failed under DB failure. On contrary, for studied samples without
stiffened openings, combined local and distortional buckling was noted. Thereafter, the authors
performed a numerical model using the ABAQUS program to verify the experimental results.
In addition, the influence of stiffener length, perforation size, and beam length on the bending
strength of such sections was investigated. It was demonstrated that, when compared to a solid
beam, the presence of five stiffened perforations enhanced the bending strength by 14.5%.
Moreover, when the ratio of perforation diameter to web depth was raised from 0.1 to 0.5 and
the strength increased by 2.7%. Since the LB near the perforations provides better performance.
The strengths calculated by the experimental and numerical investigation were compared with
those estimated by the AISI, AS/NZS standards for C- sections without perforations. Moreover,
they were also compared with strengths calculated by formulas for C- sections with unstiffened
perforations presented by Moen and Schafer [41]. These comparisons indicated that AISI and

AS/NZS bending strengths for C- sections without perforations were found to be conservative.
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Using the formulas of Moen and Schafer [41], the determined bending strengths of C- sections
with stiffened/unstiffened perforations were very conservative and hence not suitable for

stiffened openings.

2.4.2 Theoretical studies on CFS beams
2.4.2.1 Theoretical studies on CFS beams with solid web
In 2011, Haidarali and Nethercot discussed numerically the bending strength of Z-beams [42].

Single and double sections were examined. The ABAQUS program was utilized to conduct a
nonlinear FE investigation. The behavior of Z-beams was studied utilizing two sets of nonlinear
models. The first allows combined local and distortional buckling, and the second only allows
local buckling. Two concentrated loads implemented at 1/3 points of the loaded length were
performed on simply supported beams. The authors concluded that a combined purlin/sheeting

configuration can be effectively represented using the generated FE model.

In (2012) Haidarali and Nethercot extended their numerical study to investigate the
performance of CFSZ sections with intermediate stiffeners [43] as presented in Figure 2.20.

The study was to examine the bending strength under LB and DB.
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Figure 2.20 Z section with stiffened flanges [43]

The beams were loaded at 1/3 points of the beam length. The effect of intermediate stiffener
size and its location in compression was examined. From the FE results, it was found that in
response to changes in the location of the intermediate stiffener, the maximum change in the
bending strength ranged from 1% to 5% with a general average of 3%. In addition, the capacity
of the Z-section increased with increasing dimensions of the intermediate stiffener; however,
the increase rate was reduced when the intermediate stiffener became larger. A comparison of
the numerical strengths with the strengths predicted by Eurocode was conducted. It was

concluded that the equations of the Eurocode need to modify for intermediate stiffeners.

Law et al. (2012) proposed new simplified procedures for predicting the critical distortional
loads of C and Z sections [44]. The authors observed that the new simplified procedures
predicted by them were more consistent and precise predictions for the critical distortional load

than the existing AlSI results.
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A nonlinear FE analysis using ANSYS on hollow flanged Z-sections was conducted by
Karunakaran and Santhi (2013) [2]. All models were simply supported and tested under four
points bending. In comparison to the Z-section with a solid flange, the hollow flanged Z-section
exhibited better deformation properties. However, the stiffness of the hollow flanged Z-beam

was four times higher than that of the solid one.

The research conducted by Yerudkar and Vesmawala (2017) studied the capacity and buckling
behavior of CFS-stiffened beams [45]. FE analyses were created using the ANSYS program.
All sections were Z- sections with different shapes of stiffeners as shown in Figure 2.21. All
studied beams were simply supported and loaded at 1/3 points along beam length. From the
results, it was obvious that for sections with a ratio of flange width-to-section thickness >20
and a ratio of web depth-to-section thickness <100, it was appropriate to provide stiffeners in

both the web and the flange.
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Figure 2.21 Different shapes of sections [45]

The research presented by Ghannam (2018) studied the bending strength of CFS built-up
sections [9]. Two profiles were under study as illustrated in Figure 2.22. A numerical
investigation using the ANSY'S program was used to investigate the moment strength of such

profiles. In the FE model, a simply supported beam was created.
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All beams were loaded at two points on the loaded length. A parametric investigation was made
to study the impact of material thickness, yield strength, and the distance among the vertical
components (to generate the built-up profile). Based on this investigation, it was concluded that
as yielding stress and steel thickness increase, the bending moment capacity also increases.
Furthermore, there was no substantial difference in bending strength when the length among

vertical components was increased.

Moreover, the moment strength of the web with stiffeners is higher than the moment strength
of the web without stiffeners. The author used the EWM and DSM to evaluate the moment
capacity of such sections. It was found that the EWM and DSM gave conservative results. So,

some modifications were applied to the DSM.
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Figure 2.22 The studied built-up profiles [9]

In 2018, Ye et al. presented a numerical study to analyze the bending resistance and deflection
of C-sections [46]. The FE model was created using the ABAQUS program. Simply supported
C- sections connected back-to-back were generated. A comparison was performed between the
numerical findings and the experimental findings created by Ye (2016) [47]. In addition, the

FE results were used to measure the precision of EC3 and DSM equations.



Chapter 2 Literature Review 43

The authors found that the FE predictions can be changed by approximately 7% when geometric
imperfections are taken into account. Moreover, flexural strengths predicted by both EC3 and

DSM were accurate.

2.4.2.2 Theoretical studies on CFS beams with openings

In 2010, Moen and Schafer presented some modifications on the DSM to determine the moment
resistance of CFS flexural members with perforations [41]. Finite strip method utilizing the
CUFSM software and manual calculations were involved to derive the equations used to
estimate the moment resistance of such beams. It was demonstrated that the modified DSM was

accurate and suitable to calculate the moment resistance of beams with perforations.

It must be pointed out that the DSM equations for flexural members with holes that were
predicted by Moen and Schafer (2010) [41] were added to the current AISI standard. These

equations were presented previously in sub-section 2.3.1.2.

The research performed by Keerthan and Mahendran (2014) examined the behavior of C-
sections with circular perforations [34]. Experimental and numerical analyses were created to
examine the shear performance of such sections. In the experimental test, all samples were two-
channel sections connected back-to-back. The samples were loaded at mid-span. A numerical
study using the ABAQUS program was conducted by the authors to verify the experimental
studying. A comparison of the test and FE model shear strengths with AS/NZS 4600 and AISI

shear strengths was conducted.
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It was found that the design formulas from AS/NZS 4600 were conservative for beams with
small perforations and unconservative for beams with large perforations. New equations were

suggested by the authors to obtain the shear capacity of C- beams with circular openings.

In 2015, a numerical investigation of the LTB behavior of C-purlin with web perforations was
addressed by Ling et al [48]. The LUSAS program was used to create the finite model. A
uniformly distributed load was applied along the beams. Fixed support was generated for all
models. The shapes of the openings under investigation were C-hexagon, circle, regular
octagon, elongated circle, and diamond shapes. From this investigation, it was found that the
sections with small holes showed a negligible difference in the bending strength. Moreover, a
web with C-hexagon holes presented the smallest reduction in LTB strength compared to other

opening shapes. Also, the buckling strength decreased whenever the opening size increased.

In 2017, the influence of web openings on the DB moment of CFS C-sections was studied by
Yuan et al. [49]. The numerical investigation was created by using the ABAQUS program.
simply supported boundary conditions were applied for all models. All models were subjected
to the concentrated moment at their ends about the major axis. The authors created an analytical
investigation by using the DB model of EN1993-1-3. They found that the impact of circular
perforations on the critical stress of such sections can be explained as their influence on the
rotational constraint to the compressed system of flange-lip by utilizing the DB model of

EN1993-1-3.
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In 2017, Wang and Young presented the failure modes and moment resistance of CFS built-up
beams with circular openings [50]. A numerical investigation was used to calculate the moment
strengths by using the ABAQUS program. In the FE model, A simply supported beam was
generated and subjected to four-point bending. The numerical model was created to verify the
experimental results created by the authors [35]. A comparison was made between the moment
strengths calculated from numerical and experimental results and those determined by DSM for
sections with holes. From the results, it was stated that DSM is suitable to design built-up open
sections with holes and conservative to design built-up closed sections with holes. Some

modifications were made on DSM to improve the design of CFS built-up beams with holes.

The research addressed by De'nan et al. (2017) investigated the shear capacity of Z-beams with
perforations [51]. FE analyses were created using the LUSAS program to examine the impact
of perforation size, perforation shape, and section type. Fixed-pinned supports were the
boundary conditions in this investigation. From the results of analyses, it was noted that as the
perforation size is increased, the shear strength is reduced. In addition, the performance of
diamond shape perforation under shear loading was better than the performance of the circle-
hole shape. Furthermore, the shear buckling strength of Z beams with smaller section depths

was higher than that of Z beams with larger section depths.

The behavior of web crippling strength on Z-beams with circular openings was highlighted by
Kumar et al. (2018) [52]. A nonlinear FE analysis was created using the ANSYS program. All

models were subjected to uniform load with simply supported boundary conditions.
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In comparison with the test findings conducted by the authors, the resistance determined from
the numerical model was compared. From the comparison, it was demonstrated that the ratios
of perforation diameter to web depth and web depth to section thickness were the main variables

that affect the web crippling resistance of Z-beams with openings.

In 2019, Lawson and Basta studied the deflection of C-sections with circular perforations [53].
Two formulas were derived by the authors. Such formulas were compared with the results of
the test created by the authors and FE using the ABAQUS program. The restrictions of the

deflection formulas were presented.

In 2019, Yu et al. reported a numerical and analytical investigation to evaluate the DB moment
for C-sections with circular perforations (see Figure 2.23) [54]. The authors presented a simple
analytical formulation based on the DB model introduced by Hancock (for solid beam) to
evaluate the DB moment of the studied sections. Linear buckling analysis was generated using
the ANSYS program. A simply supported beam was performed under a pure moment. A
comparison was generated between the findings from the numerical analysis and those from the
analytical formulation. The authors noted that the modified formulation was accurate to

evaluate the DB moment for the CFS C-sections with circular perforations.
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Figure 2.23 CFSC beam with circular holes [54]

2.4.2.3 Theoretical studies on CFS beams with stiffened openings

The equations for estimating the elastic buckling load/moments of members with stiffened
perforations were proposed by Grey and Moen in 2011 [55]. They were among the first to
suggest using reduced thickness to calculate the distortional buckling capacity of CFSC beams
with stiffened holes. However, their suggested equation requires justification to be more
applicable, especially for CFSZ beams (as will be presented in Chapter 5). The elastic buckling
load/moment of global, local, and distortional buckling predicted by their equations was

compared with the FE eigen buckling analysis by using the ABAQUS program.

The bending resistance of the C-sections with stiffened perforations was reported by Yu (2012)
[5]. The FE model was created utilizing the ABAQUS program. Linear and post-buckling
analyses were performed. The linear buckling model was generated to find the optimized profile
of the holes, then used such profile in post-buckling analysis. In the nonlinear buckling model,
the beams were simply supported and loaded at two 1/3 points of the loaded length. The author
proposed a new procedure (see Eq. (2.40) and Eq. (2.41)) according to DSM to compute the

local buckling strength of C-members with stiffened perforations.
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When the suggested method was compared with the FE model findings, the authors observed
that the new procedure can be use to obtain the LB capacity of C-members with stiffened

openings for edge stiffener length to web depth less than 0.06.

My, = M, when A <0925 Eq. (2.40)

M 0.35 M 0.35
l l
M, = (1 - 0.05 ( MC; ) )( MC; ) M,  when A, > 0925 Eq.(2.41)

In 2015, Garifullin et al. presented numerically the impact of stiffeners around perforations on
the local buckling of C-sections [56]. They examined the influence of perforation spacing and
perforation size on elastic buckling moment. The FE model was created using the SCAD
program. Simply supported beams were performed and loaded at two L/3 points of the loaded
length. From the results, it was found that creating edge stiffeners around holes improved the
LB moment of such sections. Moreover, if the spacing between the holes is sufficiently large,
the buckling will appear at the region between openings and the tested beams will perform

similarly to the solid beams.

The impact of stiffeners around perforations on the behavior of web crippling for C-beams was
reported by Uzzaman et al. (2017) [57]. The numerical study was generated utilizing the
ABAQUS program. The results of the FE model were validated by an experimental test
performed by the authors. Parametric studies were generated to examine the influence of
perforation size, stiffener height, and perforation position on the web crippling capacity. The

authors concluded that a substantial increase in web crippling resistance is shown by adding
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edge stiffeners around holes in such sections. In addition, web crippling resistance is

significantly affected by the stiffener height-to-web depth ratio.

The DB strength of C-sections with edge stiffeners around perforations was investigated by
Perampalam et. al in 2019 [58]. The numerical model was performed utilizing the ABAQUS
program. Two concentrated loads were applied to all models and boundary conditions were
simply supported. The impact of material thickness, hole depth, and stiffener length was
examined. From the findings, it was demonstrated that the edge stiffener increased the bending
strength significantly beyond the original capacity of the solid sections. The authors made some
modifications on DSM for the distortional buckling strength of solid members to be suitable to
estimate the strength of C-members with stiffened rectangular openings. The authors stated that
the proposed DSM equation was applied at opening width and yield strength equal to 150 mm
and 450MPa, respectively. Hence, they recommended conducting more studies to expand the

application of the proposed DSM equations.

A novel model to predict the bending strength of CFS C-sections with edge-stiffened holes was
presented by Dai et al. (2022) [59]. The authors use a machine learning model to compute the
bending strength of the studied sections by modifying the elastic buckling capacity of the
studied beams without holes. The presented equations were for all buckling modes of CFSC
sections with stiffened perforations. It should be noted that the equations of Dai et al. [59] did
not consider the effect of the ratio of hole depth to web height, or the effect of edge stiffener

height.
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These factors have a noticeable effect on the behavior of the beams investigated in the current
study (see Chapter 4), which raises questions about the ability of these equations to predict the

buckling strength of CFSC beams with stiffened holes.

A great effort was made by Liu and Duan (2023) [60] to present an analytical method for
estimating the bearing capacity for the distortional buckling of CFS channel beams with edge-
stiffened rectangular web holes. The proposed method was validated by a comprehensive finite
element analysis. The comparison between the analytical results and the finite element results
showed quite consistency. Hence, Liu and Duan [60] advise the researchers to pay more
attention to more analytical, experimental, and numerical studies on CFS beams with edge-
stiffened web holes so that relatively simple calculation formulas for the calculations of the pure
buckling critical loads, which are necessary for the DSM design of CFS members, can be

obtained.

2.5 Summary and comments

An overview of experimental and theoretical research relevant to this thesis was presented in
this chapter. Our knowledge of CFS beams with stiffened holes is largely based on limited data
as stated before, and the elastic buckling strength of such beams has not been dealt in depth.
Moreover, the existing CFS design criteria handle the moment capacity of CFS members with
solid webs and un-stiffened web perforations. Although some previous studies suggested
formulas for designing CFS beams with stiffened perforations, they need to be justified to be

more applicable, especially for CFSZ beams.
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From all previous, the elastic buckling strength of CFS sections with stiffened openings is still
poorly understood. Therefore, motivated by the lack of information about CFSZ section beams
with stiffened holes, this thesis concentrates on the bending behavior of CFSZ beams with

stiffened openings and the elastic distortional buckling moment of such beams.



Chapter 3

FE Analysis and Verification
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3Chapter 3 FE Analysis and Verification
3.1 General

This chapter aims to characterize how CFS beams were modelled in this thesis and validate the
adopted FE model by employing findings identified in the literature. Several levels of validation
were conducted. Several four-point bending tests available from earlier studies were used to
check the FE models. According to the experimental findings performed by Pham and Hancock
[19], numerical results conducted by Perampalam et al. [58], nonlinear FE analyses reported by
Haidarali and Nethercot. [42], and numerical results obtained by Yu [5], all the forthcoming
model's features for bending have been evaluated. These previous researches were utilized as a

base for creating the FE models.

The numerical analyses in the current chapter were created using the FE software ABAQUS
(2020) [61]. The forthcoming sections provide an overview of the FE analysis and the steps
applied to FE modeling. At the end, a comparison of numerical and experimental findings is

discussed.

3.2 Overview of Finite Element Analysis (FEA)

In engineering applications, the FEA of CFS structures is becoming more and more significant.
Comparing it to physical experiments, particularly when a parametric analysis of cross-section
IS concerned, it is comparatively inexpensive and time-effective. Additionally, it is difficult to
conduct experimental tests to examine the impacts of geometric imperfections and residual

stresses of members [6] .
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Consequently, provided the FE method (FEM) is precise and the findings could be verified by
adequate experimental findings, FEA is more cost-effective than physical experiments [6]. The
simulation models in this study were performed using ABAQUS software [61]. The software
has a predetermined material property database for almost all materials that structural engineers
might be interested in [15]. This study took into account nonlinear and buckling analysis; the
differences between them and the explanations behind their use are outlined in the following

subsections.

3.2.1 Nonlinear analysis

The three nonlinear analyses types available in ABAQUS are as follows:

e Geometric nonlinearity

This source of nonlinearity is connected to modifications made to the structure’s geometry
during the analysis. Geometric nonlinearity happens whenever the magnitude of the

movements influences how the structure reacts. This could be a result of:

1. Large deformations or rotations
2. Stiffening of the load or initial stresses [15].

e Boundary nonlinearity

If the boundary conditions vary throughout the analysis, boundary nonlinearity will
happen. Consider, for illustration, the cantilever beam in Figure 3.1 that bends when a load
is applied until it comes to a “stop”. If the deformation is small, the tip’s vertical

deformation is linearly connected to the load until it reaches the stop.
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The boundary condition then changes, restricting any further vertical deformation at the

tip, and so stiffening the response of the beam. [15]

%

Figure 3.1 An illustration of a cantilever beam used to illustrate boundary
nonlinearity [15]

e Material nonlinearity

At small strain values, most metals have a linear stress-strain relationship, but when the
material yields, which occurs at more increased strains, the response becomes nonlinear
and permanent. Other factors besides strain may be involved in material nonlinearity.
Material nonlinearity can take the form of material failure or strain-rate-dependent material

data [15].

3.2.2 Buckling analysis

The buckling loads and associated buckling shapes are estimated by the buckling analysis. For
the sake of calculating the post-buckling capacity of structures, the buckling load is typically
utilized as a parameter. Although the distribution of the imperfection is unknown, its buckling
shape is known. In post-buckling analysis, superimposing various buckling shapes could be
utilized as the initial geometric imperfection. To analyze the load-deflection behavior, a post-
buckling analysis is required. Several strategies are viable based on the algorithm chosen and
how the boundary conditions are employed. The increment method, in which proportional
displacements are used, is employed when the loads can be added using the defined

displacement [6].
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In other instances, the modified Rix method, which employs proportional loads, is used to be
able to cross boundary points. Both methods are successful in achieving nonlinear static
equilibrium conditions throughout the unstable stage of the response. In both methods, it is
necessary to introduce initial geometric imperfections to get some response in the buckling

shape before reaching the critical load [6].

3.3 Verification Methodology for FE Model

The accuracy of the FE model must be checked prior to the forthcoming parametric
investigation on CFSZ sections with stiffened holes in order to obtain accurate results. There
are no experimental or numerical findings existing in the literature regarding the behavior of
CFSZ sections with stiffened openings. In contrast, the previous research included results
regarding CFSZ sections without openings, as well as CFSC sections with stiffened openings
that were subjected to bending moment. Accordingly, these findings were utilized to verify the
accuracy of the FE model. In the following sections, the ability of the model to simulate the
performance of CFS beams with stiffened rectangular openings was validated by the
experimental findings of Pham and Hancock [19], and the numerical findings of Perampalam
et al. [58]. Furthermore, the accuracy of the model to simulate CFSZ sections under flexural
strength was compared to the nonlinear FE analysis of Haidarali and Nethercot [42]. Finally,
the behavior of the model of CFSC beams with stiffened circular perforations was checked with

the numerical findings of Yu [5].
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3.4 Simulation of CFSC Beams; Specimens of Pham and Hancock [19]

The upcoming model characteristics for bending were validated with the experimental findings
achieved by Pham and Hancock [19]. The testing was carried out in a four-point bending
configuration and composed of 2.6 m long CFSC beams. Figure 3.2 describes the test setup
configuration. Six tests for channel sections were selected (using straps only at loading points
and supports) to make the validation. The main aim of the straps is to avoid distortion in those
regions. Table 3.1 shows the dimensions of the test cross-sections and their yield strength fy.

Figure 3.3 presents the symbols utilized for cross-section dimensions.

&P" Loading Ram
Spherical Head

Br : 1 Beam with Stiffeners

Load Transfer atel ckling
Plate Lateral Buckling

Bracing

Lateral Buckling
Bracing

Two Channel
Fega) Half Round == Section Members

BL.i ']
LVDTs 2,5 LVDTs 3.6,

il i

ol 800 [ 1000 | 800 |

Figure 3.2 Test setup configuration [19]

Load Transfer
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Table 3.1 Samples dimensions and properties

Samples t H B D fy
(mm) (mm) (mm) (mm) (MPa)
C15015 1.5 153.0 65.0 17.0 541.1
C15019 1.9 153.4 64.5 16.0 534.5
C15024 2.4 153.0 63.0 20.0 485.3
C20015 1.5 204.0 76.1 16.4 513
C20019 1.9 203.0 78.0 17.3 510.5
C20024 2.4 203.4 77.0 21.0 483.5

N | s

Figure 3.3 Definitions for cross-sectional dimensions

3.4.1 FE model configuration

For the FE model, it was regarded as a model with a single member: just the sample beam was
simulated and the other parts of the experiment were modeled using suitable stiffeners and
constraints. The general configuration for the model is shown in Figure 3.4. FE model of CFSC
sections was as a four-point bending installation with simply supported end conditions. The
members have a total length of 2.60 m and a mid-span of 1 m. The loads and supports were
generated by assigning web side plates that were 20 mm thick. Each side plate was tied to the

web using the tie option with surface-to-surface contact.
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The Static, General procedure in ABAQUS was used to solve the nonlinear problem of the

models.

Lateral supports

Roller support

Loading points through displacement Side plates

control approach

Pin support

Figure 3.4 FE model configuration

3.4.2 Material Model

The strain hardening of CFS is negligible; then the FE models were performed as perfect
plasticity models. The elastic modulus and Poisson's ratio were taken as 210 GPa and 0.3,
respectively. All web side plates were assumed as rigid bodies by establishing a high elastic

modulus of 2100 GPa.

3.4.3 Loading and supports

At the shear center of channel sections, the points load and simply supported boundary
conditions were carried out as illustrated in Figure 3.4 and Figure 3.5. Lateral supports were
implemented at the loading and support locations in the both upper and lower flange. Table 3.2

summarizes the FE model boundary conditions.
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I

Figure 3.5 Concentrated loads at shear center

Table 3.2 The boundary conditions for the FE model

Locations U, U, U, URy UR, UR,
Pin support C C C F F ¢
Roller support C C F F F c
loading points C F F F F c
Lateral support C F F F F c

Note: C represented the "constrain” and F represented the "free” boundary conditions

3.4.4 Element type and mesh

Since the thickness of CFS sections is considerably lower than the other dimensions, shell
elements were utilized for modeling in ABAQUS [61]. The shell element S4R, which is a 4-
noded quadrilateral shell element with reduced integration (see Figure 3.6), was used to
simulate the entire FE model components. This element is advocated for both elastic buckling
and nonlinear analyses in the element library. The mesh size was examined to provide accurate

results for test results. The final mesh size was 5x5 mm.
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Stress/ displacement shell (S) Ej N Reduced integration

Number of nodes
Figure 3.6 Scheme of the S4R shell element
3.4.5 Imperfection

In CFS structures, geometric imperfections can particularly affect the ultimate strength based
on their shape and magnitude. The deformations were superimposed on the nonlinear FE model
before applying the actual load. The possible buckling modes of the beam were performed by
Eigen value linear buckling analysis in ABAQUS [61]. According to the statistical investigation
by Schafer and Pekoz [62], the magnitude of the imperfection was set to 0.64 times the beam

thickness.

3.4.6 Validation of the FE model
Versus the test findings (Pham and Hancock, 2013) [19] of distortional buckling tests, the

previously mentioned FE model characteristics were validated. Table 3.3 demonstrates the
comparison of the moment strengths determined from the test and the FE model. The mean and
standard deviation (SD) values for the six beams were 0.95 and 0.03, respectively. Those values
show an acceptable agreement. Figure 3.7 presents the comparison between the failure mode

obtained from the analysis of the test and the FE for tested specimen C20015.

Figure 3.8 illustrates the comparison of load-deflection behavior obtained from the analysis of

the test and the FE.
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It was found that the load-deflection curves between the test and FE are compatible and suggest
the moment strength with a satisfactory agreement. The failure mode between the FE model

and the test is also much the same.

Table 3.3 Validation of the FE findings versus the test findings (Pham and Hancock [19])

Sections Miest (KN.m)[19] Mee (KN.m) Mres/Mre
C15015 9.47 10.16 0.93
C15019 12.94 14.00 0.92
C15024 17.76 18.00 0.99
C20015 12.20 12.64 0.97
C20019 18.85 20.80 0.91
C20024 27.88 28.32 0.98
Mean - - 0.95
SD - - 0.03

Figure 3.7 The comparison of failure mode between [19] and the FE for
C20015
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3.5 Simulation of CFSZ Beams; Specimen of Haidarali and Nethercot [42]

Since the focus of this thesis is the study of the CFSZ beams, this section includes the simulation
of Z beam that was validated using a numerical model established by Haidarali and Nethercot

[42].

3.5.1 Description of the FE model
For the FE model, section (D8.5Z120-4) has been selected to conduct the verification. Table

3.4 presents the properties of the sample (D8.52120-4) and its yield strength fy. The symbols
used for the dimensions are presented in Figure 3.9. FE model of the CFSZ beam was as a four-
point bending installation with simply supported end conditions (see Figure 3.10). The sample
has a total length of 4.9 m. At the supports and points load, the side plates, with a thickness of
6 mm and a length of 162,7 mm, were connected to the beam web (to prevent localized failure
in those zones) using the “Tie” option. All plates were adopted as rigid bodies by establishing
a high elastic modulus E of 2030 GPa. Whereas E of 203 Gpa was assigned to the beam. The
loads were implemented at the central nodes of the plates (1/3™ points of the sample). Figure

3.10 demonstrates the details of the FE model.

Table 3.4 Section dimensions

SECtion H Bc B[ Dc D[ 00(; 901
D8.52120-4 | 214 67 63 24 25 54.2 50.2 3 422.7
Note= Yield strength in Mpa, and the dimensions in mm.

—
—h
3
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~—B —"J

Figure 3.9 The symbols of the Z-section dimensions

Lateral supports (Ux=0) are located along the
shear span

Pin support
Ux=Uy=Uz=URz=0

Y

L,

Uz=0
At the mid span

Ux=0, at two points of each third-located side

plates (at loading points) Applied loads at third-poeints of Z beam

Roller support
Ux=Uy=URz=0

Figure 3.10 The boundary conditions and the configuration of the FE model

According to [42] , the stress-strain curve chosen to represent the material model ( Romberg —

Osgood model) is shown in Figure 3.11.

700 -
600
=500
o
=400
3300
&200
100
0 T T T T 1

0 0.01 0.02 0.03 0.04 0.05
Strain €

Figure 3.11 Material model for D8.52120-4 [42]
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The S4R shell element with a mesh size of 10.2 mm was applied to each part of the FE model.
The magnitude of the imperfection was set to 0.94t (t is the material thickness). The Static-

General procedure in ABAQUS was used to solve the nonlinear FE analysis.

3.5.2 The comparison of the findings

Against the numerical result (Haidarali and Nethercot) [42], the previously mentioned FE
model characteristics were verified. Table 3.5 compares the bending strength determined by

Haidarali and Nethercot’s model and the bending strength estimated by the FE analysis.

Table 3.5 Verification of the FE model against the numerical result of [42]

. MHaidaraIi MFE
Section (kN.m) (kN.m)
D8.57120-4 273 28

Figure 3.12 presents the comparison of load-deflection behavior determined from the numerical
study of Haidarali and Nethercot [42] and the FE model. As presented in Figure 3.12, the load-
deflection curve between Haidarali and Nethercot [42] and the FE is compatible and suggests

moment strength with good agreement.
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Figure 3.12 The comparison of load-deflection curve obtained
from the FE model and those in [42]

3.6 Simulation of CFSC Beams with Rectangular Stiffened Holes; Specimens
of Perampalam et. al [58]

In previous studies, stiffened holes have been studied in CFS beams, and one of these studies
is the numerical study performed by Perampalam et. al [58], which was selected to perform the

verification here.

3.6.1 FE model arrangement

FE model of CFSC beams with rectangular stiffened holes was established. The total span of
the model is 2600 mm, two symmetric loads were applied at 800 mm from supports as presented
in Figure 3.13. Side plates with a width of 70 mm and a thickness of 5 mm were attached to
provide loads and supports. In order to ensure that the rectangular openings would significantly

impact bending capacity, they were located in the pure bending region of the beam.
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Figure 3.13 The beam with four-point bending arrangement

For verification, one channel section with 1 mm thickness (t) was selected (see Figure 3.14).
The ratio of perforation depth to web height was 0.6. The width of the hole was 150 mm and
the edge stiffener length equals 0, 5, 15, and 20 mm.

| 50 mm |
\

=1 mm

283 mm

Figure 3.14 Dimensions of channel section

The material of the CFS beam was regarded as perfect plasticity. The yield strength of the FE
model was 450MPa, while the yield strength of the side plate was 1350 MPa in order to prevent
any failures in side plates. In the FE model, the S4R shell element was used with a 5 mm mesh
size. The model was created with simply supported boundary conditions at the middle of the
side plates, which are linked to the CFSC model with “tie” constraints. The boundary conditions
applied here were the same as the boundary conditions applied in subsection 3.4.3 (see Table

3.6 and Figure 3.15).
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Table 3.6 Boundary conditions

Locations Ux Uy Uz URX URy UR;z
Pin support C C C F F ¢
Roller support C c F F F C
loading points C F F F F ¢
Lateral support C F F F F C

Note: C represented the "constrain™ and F represented the "free" boundary conditions

Lateral supports

Roller support

L

Side plates

Displacement control
points
Pin support

Figure 3.15 The loads and supports of the model

Linear and non-linear analyses were both generated. The linear buckling model was conducted
to introduce the initial shape and magnitude of geometric imperfection into the non-linear

model. The magnitude of imperfection was considered as 0.64t (t = thickness of CFSC section).

3.6.2 Comparing results

Table 3.7 presents a comparison of the moment strengths determined by Perampalam et al. [58]
and FE models. Mean and Standard deviation values of 1.04 and 0.058, respectively, resulted

from the validation process for the 4 models. A satisfactory agreement is shown by these values.
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Table 3.7 Verification of the FE model against the numerical result (Perampalam et al.

[58])

Sections M [Zegi“zpkﬁ.r?;)t al. (kl\[<IIFrEn) M Perampalam et al. I Mee
415-0-1-0.6-0 8.41 7.5 1.12
415-0-1-0.6-5 8.8 8.66 1.02

415-0-1-0.6-15 8.85 8.72 1.01

415-0-1-0.6-20 8.96 9.01 0.99
Mean - - 1.04
S.D. - - 0.058

3.7 Simulation of CFSC Beams with Circular Stiffened Holes; Specimens of
Yu [5]

Yu [5] conducted numerically elastic buckling analysis and nonlinear buckling analysis on
CFSC beams with circular edge stiffened holes. Both analyses were performed and verified in

the following sub-sections.

3.7.1 Description of the elastic buckling model

The S4R shell element with a mesh size of 12.7 mm was utilized to simulate the components
of the FE model. Both ends of the model were simply supported. In the middle of the span, the
model was restrained against the Z direction. Both ends of the model are subjected to a stress
gradient in order to create a uniform moment along the model span. The FE model for the elastic
buckling analysis is shown in Figure 3.16. The modulus of elasticity was 203.4 GPa and
Poisson’s ratio was 0.3. The length of the model was 6100 mm. The opening spacing ranges
from 305 mm to 1219 mm; the hole depth/web height ratio was 0.4 and 0.5, and the ratio of the

stiffener length/web height was 0.06. The dimensions of the studied beams are shown in

Table 3.8.
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Uniform moment along the
beam span

Ux=Uy= 0 atend
nodes

Uz = 0 at the nodes of
mid span

Ux=Uy= 0 atend

nodes

Figure 3.16 Details of FE model of elastic buckling analysis

Table 3.8 Details of Yu’s [5] sections

Section H B D t
1000S162-43 254 41.3 12.7 | 1.1455
1000S250-97 254 63.5 159 | 2.5832

Note: The dimensions in mm.
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3.7.1.1 Comparing results
Table 3.9 presents the elastic moment ratios of 1000S162-43 and 1000S250-97 with stiffened

holes versus no holes and the comparison between the FE results and Yu results [5]. Moreover,
Table 3.10 presents the comparison (mode shape) between the elastic buckling model of Yu [5]
and the presented FE for CFSC 1000S162-43 with stiffened circular holes spaced 305 mm.
Those values and shapes show an acceptable agreement. From the above, it can be concluded
that the FE model is suitable for determining and evaluating the elastic behavior of CFS sections

with stiffened holes.
Table 3.9 The comparison between the FE elastic moment ratios and Yu results [5]

1000S162-43 (Hole depth/web height = 0.4)
(mSm) ELtere EvLevu[5] Evtere/ELte v Eisre EII:'SB']YU Erere/Ere v
305 0.97 0.98 0.99 1.15 1.17 0.98
610 0.98 0.99 0.99 1.04 1.03 1.01
914 0.99 1 0.99 1.02 1.02 1.00
1219 0.99 0.99 1 1.01 1.01 1.00
Mean - 0.99 - - 1.00
1000S250-97 (Hole depth/web height = 0.5)
(mSm) Evrere Eveyu[5] Evrere/ELtevu EbeFe E[ngYu Ebe Fe/Eps,vu
305 0.93 0.93 1 1.08 1.08 1.00
610 0.96 0.96 1 1.03 1.03 1.00
914 0.97 0.97 1 1.01 1.02 0.99
1219 0.98 0.98 1 1.02 1.02 1.00
Mean - - 1 - - 1.00

Note: E, 1 = elastic LTB moment of CFSC section with stiffened holes/ elastic LTB moment of CFSC section without
holes ratio, E g = elastic LB moment of CFSC section with stiffened holes/ elastic LB moment of CFSC section
without holes ratio, Mpg = elastic DB moment of CFSC section with stiffened holes/ elastic DB moment of CFSC
section without holes ratio, S = Hole spacing.
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Table 3.10 Comparison between the elastic buckling model of Yu [5] and the presented
FE for CFSC 1000S162-43 with stiffened circular holes spaced 305 mm

CFsC FE presented by Yu The presented FE model
1000S162- The first eigen mode shape The first eigen mode shape
43
LTB LB LTB LB
model

Without holes

0.5)

holes (hole

depth/web height

With edge stiffened

0.96 13 0.96 13

The ratio of elastic moment of
CFSC section with stiffened
holes/ elastic moment of CFSC
section without holes
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3.7.2 Description of the nonlinear buckling model

The model consists of a simply supported CFSC section with stiffened circular holes regularly
spaced (S = 305 mm) along the beam span. The 6.1 m long beam is loaded at two 1/3 points of
the beam length. The section geometries and the yield stresses of the studied beams are shown
in Figure 3.17 and Table 3.11, respectively. The shell element S4R with a mesh size of 12.7
mm was applied to simulate the models. The FE models were generated as perfect plasticity

models. 203.4 GPa and 0.3 were chosen as the elastic modulus and Poisson's ratio, respectively.

Figure 3.17 Cross-section of CFSC beam with stiffened
holes
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Table 3.11 The dimensions of the studied beams

Section H B D t a q fy
(N/mm?)
600S250-97 | 1524 | 63.5 15.9 2.583 76.2 9.1 345
800S250-97 | 203.2| 635 15.9 2.583 101.6 12.2 345
1200S250-97 | 254.0 | 63.5 15.9 2.583 152.4 18.3 345

Note: The dimensions in mm.

The possible buckling modes of the beam were performed by Eigen value linear buckling
analysis. The magnitude of the imperfection was set to 0.034 times of the beam thickness.
Simply supported boundary conditions were located at the ends of the model in the bottom
flange. In the meantime, lateral supports were introduced at the corner nodes on the upper flange
for each 305 mm. The beam was restrained laterally at the corner nodes on the lower flange at
loading locations. The boundary conditions are illustrated in Figure 3.18. The Static, General

procedure was utilized to solve the nonlinear buckling analyses of beam models.

Two concentrated loads
applied at 1/3 points l

Ux = Uy = 0 at lower flange

Ux = 0 at corner nodes on the
upper flange for every 305 mm

\ Ux = Uz= 0 at corner nodes on the lower flange

at loading points

A \ Ux = Uy = Uz = 0at lower

z X flange

Figure 3.18 The nonlinear buckling model of CFSC beam with stiffened holes
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3.7.2.1 Comparing results

The moment strengths predicted by the FE model and Yu's model are compared in Table 3.12.
The mean and standard deviation for the three beams were 0.97 and 0.01, respectively. Those

values show an acceptable agreement.

Table 3.12 Comparison of the moment strengths determined from the FE and Yu’s [5]

model.

Section Myy [5] (KN.m) Mre (KN.m) Myu/MFre
600S250-97 12.65 12.9 0.98
800S250-97 18.38 18.9 0.97

1200S250-97 30.91 318 0.97
Mean - - 0.97
S.D. - - 0.01

The nonlinear buckling FE model having the desired failure mode stated by Yu [5] (see Figure
3.19 ) showed that the distortional buckling failure mode of the CFSC beams, stated in Table

3.12, matched with the finding of Yu [5] in his study.
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600S250-97 |

800S250-97 |

12005250-97 '

Figure 3.19 Distortional failure for 600S250-97, 800S250-97 and
1200S250-97 beams with stiffened holes

3.8 Summary

A series of analyses carried out in this chapter was verified by a group of previous studies (on
the CFSC beams of Pham and Hancock [19], CFSZ beams of Haidarali and Nethercot [42],
CFSC beams with stiffened holes of Perampalam et. al [58], and Yu [5]). It can be concluded
that the comparison between the FE model and the results reported in the literature are
compatible and predict the bending strength with good agreement. Hence, the model's
confidence is enhanced by all of the previous results. Throughout this thesis, the validated FE
was utilized for parametric study purposes to monitor the key parameters affecting the behavior

of CFSZ beams.
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Chapter 4 Parametric Study on CFSZ Sections with
Stiffened Holes
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4Chapter 4 Parametric Study on CFSZ Sections with Stiffened
Holes

4.1 General

Chapter 3 illustrated the FE model that simulated a series of four-point bending tests known
from earlier studies. Nevertheless, Chapter 3 only regarded the phases of FE model progression
and validation to simulate tests. This chapter, therefore (using the verified FE model) discuss
the impact of different variables on the behavior of CFSZ beams with stiffened holes under

bending moment.

4.2 Description of FE Model

A series of nonlinear FE models were generated based on the FE models that were validated
versus a group of bending tests (Pham and Hancock [19], Haidarali and Nethercot [42],
Perampalam et. al [58], and Yu [5]), were utilized for the objectives of the parametric

investigation.

The shell element S4R was used to simulate all components of the studied FE models. The mesh
size of 5x5 mm was adopted as suggested by [58]. The mesh shape of CFSZ with edge-stiffened

holes is shown in Figure 4.1.

To accurately predict the behavior of the studied sections the geometrical and material
nonlinearity were formed in the full-scale 3D model. Initial geometric imperfections were
considered for an accurate FE with geometrical nonlinear. Two steps were introduced: first, the
possible buckling modes of the beam were determined by eigenvalue linear buckling analysis

using ABAQUS [61].
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Then, deformations of the buckling mode with the lowest positive eigenvalues were
superimposed on the FE model, and the nonlinear large deformation analysis was then
performed. According to the statistical analysis by Schafer and Pekoz [62], the magnitude of
the imperfection was set to 0.64 times the beam thickness (cumulative distribution function =

25%).

To simplify the analysis as well as highlight the impact of the opening size and the edge

stiffened dimension on the plate stability, all edges were simulated sharp, as suggested by Yu

[5].

Web side plates, with dimensions 70 mm wide and 5 mm thick, were attached to the web. These
plates were implemented at the loading and support points, this technique was presented by
Haidarali and Nethercot [42] to prevent localized failure in the web plate at these places. Each

side plate was tied to the web using the tie option with surface-to-surface contact.

It should be noted that to investigate the impact of edge stiffened openings on the behavior of
the CFSZ sections under bending, the stiffened openings were arranged in the mid panel (pure
bending region) between the loading points. Hence the end panels have not any web opening to

prevent failure at the edge panels and localized failure at the mid panel.
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CFsz

Lipped web opening at
the mid-panel

Figure 4.1 Mesh shape of the FE model

Simply supported boundary conditions were at the end of the beam in the mid-point of the web
at side plate locations. In the meantime, lateral supports were at the upper and lower flange
points at the location of the loading points as well as supports. The beam pinned at one end and
rolled at the other. The pinned support was prevented to move in all directions (Ux, Uy, and Uz
are prevented) as well as rotation in the direction of the beam span (Rz is prevented). The roller
support was permitted to move only in the direction of the beam span (Ux and Uy are prevented),
and the rotations were prevented only along the beam direction (Rz is prevented). The lateral
supports were prevented to move in the out-of-plane direction (Ux is prevented) and to rotate
along the beam direction (Rz is prevented). Figure 4.2 presents the details of the boundary
conditions. All the beams were subjected to displacement-controlled loading, which was

applied until failure occurred.
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Lateral supports for
upper and lower flanges

7 d

A
13
‘.
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Roller support

b 4
X
‘42 Displacement
control points
Boundary conditions Translations Rotations
Ux Uy Uz Rx Rv Rz
Pin support 1 1 1 0 0 1
Roller support 1 1 0 0 0 1
Lateral support 1 0 0 0 0 1

Note: “1” represented the "restrain" and “0” represented the "free".

Figure 4.2 Description of the boundary conditions applied in the FE model

The strain hardening of CFS is negligible; then the FE models were created as perfect plasticity
models as mentioned before in Chapter 3. The elastic modulus and Poisson's ratio were taken
as 210000 MPa and 0.3, respectively. The elastic modulus of all web side plates was set to
2100000 MPa by assuming they were rigid bodies. The impact of residual stresses and corner
strengths on the bending strength of CFS beams has been investigated by some researchers and
it was found that residual stresses and corner strengths can be neglected [63][64]. Therefore,

they were not incorporated into the FE models.

4.3 Parametric Study

As demonstrated in Chapter 3, the FE model performed for this study could accurately estimate
the bending capacity of Z-sections with and without holes. Utilizing the verified FE model, a
parametric investigation composed of 104 models was accomplished to examine the impact of
section thickness (t), the height of hole edge stiffener (q), hole depth to web height (a/H) ratio

as well as the hole shape (rectangular/circular) on the bending strength of such Z- sections.
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The main objective of the parametric study is to study the behavior of Z- sections with stiffened
holes until failure and to determine the main parameters that affect the bending strength of these

sections.

4.3.1 List of key parameters

In the parametric study, full-scale CFSZ beams with steel S450 were considered, and the yield
stress is 450 MPa. The CFSZ beams under consideration have the same span length (L) equals
2600 mm (1000 mm length for the mid panel), it should be noted that the specified span was
successfully utilized in earlier works to model the behavior of CFS beams in both numerically
and experimentally [19] [58]. The sections were divided into two groups of beams G1 and G2.
Such that the dimensions of the cross-section of each group were selected to have the same
coiled length (C), refer to Figure 4.3. The coiled length equals 337 mm and 415 mm for G1 and
G2, respectively. Each group has two different cross-sections. The details of the symbols and

dimensions of the adopted sections were given in Figure 4.3 and

Table 4.1, respectively.
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Figure 4.3 Finite element model dimensions (a: cross-section, b: unstiffened holes, c:
Stiffened hole)

Table 4.1 Dimensions of the adopted Z- section

Web | Flange | Edge d:mtlf]/ Height of
No. of height | width | stiffener [Thickness P hole edge
Speci Groups | CFSZ The hole shape | web .
pecimens H B depth t (mm) height stiffener
(mm) | (mm) | D (mm) a/H g (mm)
Gi(C=| 721 205 50 16 1
337 Z2 193 50 22 2 Rectangular 0.0, 0,5,10
mm) . - 0.2,
84 G2(C= with a width 0.4 06 15and
- | Z3 283 50 16 1 Y
415 of 150 mm and 0.8 20
mm) Z4 265 50 25 2
0.52
G2(C= Z3 283 50 16 1 Oargir 0.5, 10
20 415 Circular* : 15 and
mm) 0.54 20
Z4 265 50 25 2 and
0.66

*The diameter of the circular holes was chosen such that the area of the circular holes = the area of rectangular holes
with a/H = 0.4 and 0.6
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As shown in

Table 4.1 the steel thicknesses (t) were considered as 1 and 2 mm. The edge stiffener inclination
angle (¢) was chosen to be 90 Degree for all studied sections. The web holes were arranged at
the mid-panel, and the holes were chosen to be rectangular holes with constant width (150 mm)
or circular holes. The hole depth to web height (a/H) ratio ranged from 0.2, 0.4, 0.6, to 0.8. It
should be noted that the holes were arranged regularly at the mid panel as shown in Figure 4.4.
Finally, the parametric study considers the unstiffened hole (g = 0 mm) and stiffened holes.

The height of the hole edge stiffener (q) equals 5, 10, 15, or 20 mm.

Table 4.1 includes details about the parameters that have been employed in this chapter. The Z-
sections examined in the parametric analysis were labelled so that the number of the group (G),
the thickness of the section (t), the ratio of hole depth to web height R =(a/H), and the height of
the hole edge (q) were specified by the label. For instance, the label “G1-1-R0.2-g5” can be

explained below:

» The notation “G1” means the group number (Group = 1).
* The number “1” means the thickness of the specimen (t = 1 mm).
» The notation “R0.2” means the ratio of hole depth to web height (a/H = 0.2).

» The notation “g5” means the height of the edge stiffener (g = 5 mm).
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Figure 4.4 The hole location in the beam web

4.4 Examination of The Results

The bending strengths for solid beams without holes (Mus) and beams with holes (Mun) were
predicted from the nonlinear FE model. Then the impact of each parameter on the moment
strength and the modes of failure of CFSZ beams are presented and discussed in the following

sub-sections.

4.4.1 Effect of the section thickness (t)
The effect of steel thickness on the bending strength of CFSZ beams with rectangular edge

stiffened holes was investigated. As can be seen, the studied sections were divided into thin
sections (t = 2 mm) and very thin sections (¢t = 1 mm). The results shown in Figure 4.5 are
for G1 and G2 beams. The normalized strength of the CFSZ beams with rectangular holes

(a/H = 0.6) are presented.

As expected, the presence of the holes affects both thin and very thin sections, such that the
reduction in bending strength is higher for thin sections than for very thin sections, as stated in
[4]. For example, Mun/Mys equals 0.94 and 0.85 for beams G1-1-R0.6-90 and G1-2-R0.6-q0,

respectively.
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And for G2 beams Mun/Mys equals 0.94 and 0.88 for beams G2-1-R0.6-g0 and G2-2-R0.6-q0.
That can be explained such that the very thin section (t = 1) tends to fail under the LB of the
web for the solid section or LB of the web in the solid part between the holes. Hence it should
be noted that the edge stiffened existence increases the strength of the CFSZ beams with holes
and enhance the bending behavior of the beams. And that effect is highly observed for thin
sections than for very thin sections due to LB of very thin sections as explained before such that
the bending strength of the CFSZ beams with edge stiffened hole can sustain the strength of

solid section or higher as for G1-1-R0.6.

Maximum
increase

= @ = Thin Section (G1)
==X == Thin section (G2)

0.7 —@— Very thin section (G1)
--«s--+\ery thin section (G2)

0.6
0 5 10 15 20 25

g (mm) for G1 & G2 beams with rectangular hole (a/H = 0.6)
Figure 4.5 Normalized bending strength for studied beams G1 and G2 with rectangular
holes (a/H = 0.6)

The same observations are presented in Figure 4.6, the studied beams have rectangular holes
with an edge stiffened height of 10 mm. For very thin sections with edge-stiffened holes, the

studied sections can compensate for the resistance of the solid section (Mun/Muys> 1).
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On contrary, for thin sections (t = 2) with various (a/H) ratios, the influence of holes is
observed, such that the studied section can’t achieve the solid section strength (Mun/Mys< 1),
especially for bigger holes (a/H =0.8). In other meaning, the edge-stiffened holes are unable to
regain the original strength for thin sections (2 mm thickness) with rectangular holes, especially

for larger holes.

The influence of the thickness (t) on the failure is presented in Figure 4.7, where very thin
sections with rectangular holes tend to fail due to LB. Whereas the failure of the thin sections

with rectangular holes is expected to battle between local or distortional buckling.
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a/H for G1 beams with rectangular hole (q = 10 mm)
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Figure 4.6 Normalized bending strength for sections with edge stiffened holes (g = 10
mm)
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Figure 4.7 The failure modes of CFSZ beams with varying cross-section thickness

4.4.2 Effect of the hole depth to web height ratio (R=a/H)
To study the effect of hole depth on the moment strength, the hole depth to web height ratio (R)

changed from (R = 0.0) for solid web to 0.2 then 0.4, 0.6, and 0.8 as indicated in Table 4.2.
Table 4.2 demonstrates the reduction in bending strength of CFSZ beams due to the existence
of rectangular holes, with unstiffened edges (q = 0), and with stiffened edges (0 = 5 mm and
15 mm). It should be noted that Z2 and Z4 beams listed in Table 4.2 indicate that the effect of
the hole is more obvious in thin thickness than in very thin thickness as discussed in the previous
subsection. As expected for beams with unstiffened holes, increasing hole depth/web height

causes a decrease in the bending capacity of the CFSZ beams up to 23%, as for G1-2-R0.8-q0.
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However, for beams with stiffened holes, the bending strength of the CFSZ beams was affected
by both the hole size (R) and the height of the hole edge stiffener (g), where the reduction in
bending strength was obvious for beams with large holes (R > 0.5). In other words, for small R
(R <0.5) the presence of the hole stiffener enhances the behavior of the section, such that, CFSZ

beams with edge-stiffened holes can sustain the bending strength of solid beams.

Table 4.2 Reduction in the bending strength of the CFSZ section with the variation of R

and q
g=0mm g=5mm g=15mm
R (k'\lilltjr:]) Difference %** (k|\|<||l.1:n) Difference %** (kl\lﬂlf;q) Difference %**
for G1-2 beams (Z2)
0 (Solid web) | 16.42* - 16.42* 16.42*
0.2 15.69 4.4 16.45 -0.2 15.74 4.1
0.4 14.80 9.9 15.70 4.4 16.00 2.6
0.6 13.93 15.2 14.65 10.8 16.31 0.7
0.8 12.64 23.0 12.98 21.0 13.65 16.9
for G2-2 beams (Z4)
0 (Solid web) | 22.71* - 22.71* 22.71*
0.2 22.54 0.7 22.77 -0.3 23.20 -2.2
04 21.74 4.3 22.91 -0.9 24.57 -8.2
0.6 19.89 12.4 22.04 3.0 22.60 0.5
0.8 18.29 19.5 19.13 15.8 20.84 8.2

*The given values are the bending strength of solid webs without holes (a/H = 0) and so without edge stiffener (q = 0)

**Difference between Mus and Mun divided by Mus.
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4.4.3 Effect of edge stiffener height (q)

Concerning the impact of the hole edge stiffener height (q), the results, shown in Table 4.2,
indicate that adding edge stiffener around rectangular holes improves the bending strength of
CFSZ beams, and sometimes it can restore the original bending strength of the solid section, or
it can increase the bending strength beyond the original strength. In other words, an increase in
bending strength is observed when the bending strength of CFSZ beams with unstiffened holes
q = 0 (2" column of Table 3) is compared to the bending strength of the same beams with
stiffened holes g = 5 and 15 mm (4" and 6" columns of Table 3). Furthermore, in most cases,
as the edge stiffener height increases, the bending behavior of the CFSZ becomes better and the

reduction of the bending strength decreases.
The impact of stiffened rectangular holes on the bending strength of CFSZ beams is shown in

Figure 4.8. It was observed that for G1-1 beams, for example, bending capacity reduced up to
18.21% due to the existence of unstiffened rectangular holes with R equals 0.8. Hence for
specimen G1-1-R0.8-q15, the use of stiffened holes, with an edge stiffener of 15 mm, could

raise the bending strength up to 7.78%., when compared with that of the solid specimen.

To statistically analyze the effect of changing the edge stiffened height, a box plot for 80
specimens is presented in Figure 4.9. The given plot analyses the normalized bending strength,
of all beams G1 and G2 with rectangular holes that have different R ratios (0.2: 0.8), when the
edge stiffened height varied from g = 0 mm to g = 5,10, 15, and 20 mm. The plot indicates that
for CFSZ beams with unstiffened holes (16 specimens), the normalized bending strength is less
than 1 with a wider range of data, that means the bending strength of CFSZ beams with

unstiffened holes can’t sustain the bending strength of solid sections.
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Whereas 75% of CFSZ beams with stiffened rectangular holes of g = 20 mm achieve
normalized bending strength of more than 1 with a narrow range of data. In other meaning, 75%
of CFSZ members with edge-stiffened holes of 20 mm have bending strength higher than the
strength of the solid members with the same section. On contrary, by using an edge stiffened
height equals to 5 mm nearly 25% of the studied beams have a normalized bending capacity of
more than 1, which by attention to the importance of the edge stiffener height on the bending
capacity. It should be noted that the x-mark in the plot indicates the mean of each group, hence
the means of studied beams with g equals 10, 15, and 20 are nearly the same and equal to 1.
The average of the bending strength of the studied beams with q = 10, 15, and 20, is equal to

the bending strength of the solid beams with the same sections.

Figure 4.10 displays the failure modes of Z beams with varying rectangular hole edge stiffener
lengths. DB, LB, and distortional-local buckling interactions were observed. It should be noted
that changing the g/H ratio did not affect the failure mode of the very thin section, due to the
LB of the solid part between openings as discussed before. Hence the effect of the g/H ratio

was observed in the thin section.
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Figure 4.8 Relation between bending strength and displacement for CFSZ without holes,
with unstiffened holes, and with stiffened edge holes
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Figure 4.9 Box plot for 80 CFSZ specimens with rectangular web openings showing the
effect of edge stiffened height (q)
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Figure 4.10 The failure modes of the CFSZ section with varying stiffener height

4.4.4 Effect of hole shape (Rectangular/Circular)

The effect of the hole shape on the moment capacity of CFSZ beams with stiffened holes was
examined. The findings presented in Table 4.3 are for Z3 and Z4 beams. The studied beams had
circular holes with R equals (0.52, and 0.64) for Z3 and (0.54, and 0.66) for Z4. These beams
were compared with rectangular holes having the same hole area such that R = 0.4 and 0.6.
Also, the studied beams had different hole edge stiffener heights (g =0, 5, 10, 15, and 20 mm).
From Table 4.3, it can be noticed that the impact of stiffened circular holes on the compensation
of original bending strength (for solid beams) was greater than that of stiffened rectangular
holes, especially for G2-2. For example, the moment strength was increased by 18.5% for
specimen G2-2-R0.52-g20 with circular holes. On contrary, for G2-2-R0.4-q20 with rectangular

holes, the moment strength was increased by only 9.6%.
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Table 4.3 The effect of hole shape on the bending strength

Hole G2-1 (Z3) beams (Mus = 8.64 KN.m) G2-2 (Z4) beams (Mus= 22.7 KN.m)
. Mun : Ok : Mun H Ok
shape Specimen (kN.m) Mun/Mys | Difference % Specimen (kN.m) Mun/Mys | Difference %
G2-1-R0.52-qg0 | 8.13 0.94 5.9 G2-2-R0.52-q0 | 21.7 0.96 -04.4
G2-1-R0.0.52-g5|  8.60 0.99 -0.5 G2-2-R0.52-g5 | 25.1 1.11 +10.6
G2-1-R0.52-q10| 8.60 0.99 05 Gz'z'fg&' 26.5 1.17 +16.7
@ | G2-1-R052-q15| 8.60 0.99 05 02-2(1-550.52- 26.8 1.18 +18.1
o
= G2-1-R0.52-q20| 8.60 0.99 -0.5 GZ'Zq';?BZ' 26.9 1.19 +18.5
(15}
= G2-1-R0.64-g0 | 8.10 0.94 6.3 G2-2-R0.64-q0 | 20.0 0.88 -11.8
2 G2-1-R0.64-g5 | 8.60 0.99 -0.5 G2-2-R0.64-95 | 23.0 1.01 +01.3
O | Ga-1-Ro6a-ql0| 880 | 102 1.9 Gz'ifgﬁ“' 246 | 108 +08.4
G2-1-R0.64-q15| 880 | 1.02 1.9 Gz'ﬁfg'“' 253 | 11 +115
G2-1-R0.64-g20| 880 | 1.02 1.9 Gz'zq';?'“' 255 | 112 +123
G2-1-R0.4-q0 8.10 0.94 -6.3 G2-2-R0.4-q0 21.7 0.96 -04.4
8 G2-1-R0.4-g5 8.48 0.98 -1.9 G2-2-R0.4-g5 229 1.01 +00.9
S G2-1-R0.4-q10 | 8.61 0.99 -0.4 G2-2-R0.4-10 238 1.05 +05.2
= G2-1-R0.4-q15 | 8.65 1.01 +0.1 G2-2-R0.4-q15 | 246 1.08 +08.2
‘_3‘5 G2-1-R0.4-q20 | 8.69 1.01 +0.6 G2-2-R0.4-q20 | 2438 1.10 +09.6
> G2-1-R0.6-q0 8.08 0.94 -6.5 G2-2-R0.6-q0 19.8 0.90 -12.4
§ G2-1-R0.6-g5 8.53 0.99 -1.3 G2-2-R0.6-g5 22.0 0.97 2.9
3 G2-1-R0.6-q10 | 8.65 1.00 +0.1 G2-2-R0.6-q10 | 22.7 1.00 00.0
4 G2-1-R0.6-g1 8.83 1.02 +2.2 G2-2-R0.6-q15 | 226 0.99 -00.4
G2-1-R0.6-g20 | 8.68 1.00 +0.5 G2-2-R0.6-g20 | 228 1.00 +00.4

*Difference between Mys and Myn divided by Mys.

Table 4.4 shows the influence of the hole shape on the failure mode. It can be noticed that
changing edge stiffener heights affect the failure mode of the very thin section (Z3) with circular
holes but this does not occur in the same section (Z3) with rectangular holes. For instance, for
Z3 with circular holes, LB was observed in beams with edge stiffener heights of 0-5 mm.
However, for the same section, DB was demonstrated in beams with edge stiffener heights of
10-20 mm. No effect on failure mode was observed for the Z3 section with rectangular holes
with different edge stiffener heights (LB was noted to be the primary failure mode). On the
other hand, for thin beams (Z4), DB, LB, and distortional-Local buckling interactions were

observed in both cases (stiffened circular and rectangular holes).
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Table 4.4 Influence of hole shape on failure modes of beams

o @
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O © - -
R G2-1(Z3) G2-2 (Z4)
Local buckling failure
Local buckling failure between holes . . Local buckling failure
e ) \ Local buckling failure N
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Table 4.5 (continued)

G2-1(Z3)

G2-2 (24)

G2-1-R0.4-q20 G2-1-R0.6-q20

G2-2-R0.4-q20
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<
o
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Local buckling failure Local buckling failure
between holes _____——between holes Local buckling failure
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7
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L

o
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>
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< Local buckling failure Local buckling failure Local and distortional Local and distortional
g . between holes between holes interaction failure — interaction failure
g i

G2-2-R0.6-420
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4.5 Summary

The extended parametric study was performed to examine the effect of the thickness of the

cross-section, the ratio of hole depth to web height, edge stiffener height, and hole shape on the

bending capacity of CFSZ beams.

The findings acquired from the parametric investigation showed that:

With the presence of holes, thin sections have a higher reduction in bending strength
compared to very thin sections. Since the very thin section tends to fail under the LB of the
web for the solid section or the LB of the web in the solid part between the holes.

The bending strength of the CFSZ beams with unstiffened holes decreased up to 23% with
an increase of (a/H) ratio.

The bending strength of CFSZ beams is enhanced by adding edge stiffener around holes.
In some cases, this can restore the original bending strength or even increase the strength
to become greater than the original strength.

By increasing the edge stiffener height, the bending strength becomes better and the
reduction of strength decreases. The bending strength of 75% of CFSZ beams with 20 mm
edge stiffened holes is greater than the capacity of solid beams with the same section. On
the other hand, nearly 25% of the examined beams have normalized bending strengths
greater than 1 when using an edge stiffener height of 5 mm, drawing attention to the
significance of the edge stiffener height on the bending strength.

Stiffened circular holes have a greater influence than stiffened rectangular holes on

compensating for original bending strength.
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5Chapter 5 Investigation on the elastic DB moment of CFSZ
sections with stiffened openings

5.1 General

In this chapter, a numerical technique to estimate the elastic distortional buckling moment of
CFSZ with edge-stiffened holes is introduced, as it is necessary for the DSM design of CFS
members. Buckling analysis of CFS members without openings and with unstiffened holes
using finite strip methods is well-defined and is an effective method studied by previous
researchers [41][63][65][66]. However, to the best of our knowledge, the buckling model of
CFSZ beams has not been addressed in depth since computational techniques solving buckling
modes of CFS with stiffened holes are still unclear. As indicated in Chapter 2, the justification
of previous work concerning CFS beams with stiffened holes is thoroughly discussed. Criticism

and limitation for the previous techniques for solving buckling modes were also presented.

CFSZ sections are thin sections subjected to local, distortional, and global modes of failure. For
our case of study, the global failure mode is ignored assuming the continuous lateral restrain of
compression flange by floor (reinforced concrete slab or metal deck). Furthermore, the LB of
the CFSZ with stiffened holes is assumed to be the LB capacity of the CFSZ without holes, as
edge stiffeners increase web bending stiffness locally and LB occurs between holes[67]. This
observation is also indicated by our nonlinear analysis presented in chapter 4. From all the
previous, and to prevent the LB mode for all studied beams, the distances between holes were
chosen to be 110 mm, which is less than the half-buckling length of the LB mode of the studied

sections.
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From all previous, the numerical computational method to calculate the elastic DB moment of

CFSZ with stiffened openings will be discussed in the next subsections.

5.2 Introduction of Finite Strip Method (FSM)

Finite strip analysis offers a practical and effective way to find out the elastic buckling stress
and related modes. The fundamental distinctions between the FSM and the FEM are explained
in this section. The FSM could be classified as a section of the FEM. Both methods share the
same fundamental theory and methodology. The division of a member is the only distinction
between the FEM and FSM. In the FSM, the longitudinal direction is modeled by a single
element (strip) (see Figure 5.1). In comparison to a standard finite element solution, the overall
number of equations required for the solution is drastically decreased when employing the finite

strip method [68].

Finite Element

Figure 5.1 Finite strip and finite element discretization.
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The finite strip program CUFSM [16] presents an implementation of the semi-analytical finite
strip method appropriate for CFS beams with pinned end conditions and subjected to uniform
moments. CUFSM program has many capabilities as illustrated by Schafer et al. [63], such as
the automatic conversion of FSM cross-sections to shell element meshes appropriate for FEM,
and the potential to include holes along the length. It performs a series of eigen-buckling
analyses over a range of buckled half-wavelengths. The program can consider the three
categories of elastic buckling (local, distortional, and global buckling needed in the DSM) to
present the elastic buckling moment and its corresponding half-wavelength. The analysis is
conducted to establish the buckling shape and the load factor of a member by methodically
increasing half wavelengths [42]. The CUFSM was used in this chapter to obtain the elastic DB
moment of the CFSZ beams with stiffened openings. The buckling curve is the main result from
the CUFSM. Understanding CUFSM results is illustrated in Figure 5.2 The minimum of this
curve is particularly significant because they reveal the load factor and half-wavelength for a

specific buckling mode.

35 T T T T T —— T

T 71T
«  CUFSM results

| ~
buckling
|
buckling
e

102 10°

Half- wavelength (in)

Figure 5.2 The buckling curve in CUFSM
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5.3 Calculation of the distortional elastic buckling moment (Mcrd)
The elastic DB moment, M4, is determined for the CFS beams with holes as:
M, = minof {IIZCM" Eq. (5.1)
crdw

where:

M_,qr is the DB moment for the studied section with the same dimensions but without holes,
which can be determined by FSM in the open source program (CUFSM) [16] or by (AISI-S100
2016) [12]. M, .4y, IS the DB moment for the same studied section including holes. The
presented computational method depends on calculating M,.4,, using CUFSM for unstiffened
openings by simulating the influence of the opening with a reduced web thickness (t,) in a
finite strip analysis, as reported by Moen and Schafer [41][69]. The method used to calculate

M_,4 is summarized in the given flow chart shown in Figure 5.3.
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Figure 5.3 llustration of the numerical model for calculating elastic DB moment

Hence, the influence of an edge stiffener around holes on the elastic DB moment was predicted
by varying the web thickness to t,. in CUFSM using two procedures. The first procedure is
based on the assumption suggested by Grey and Moen [55]. The second procedure, which is a
new procedure for predicting ¢, is suggested by the author. Both procedures of predicting ¢,
needed to estimate the elastic DB moment of CFSZ beams with stiffened openings, are derived

in the next subsections.

5.4 Calculating tr based on the assumption of Grey and Moen [55]

The First procedure is based on the assumption presented by Grey and Moen [55] along with

analytical equations for elastic analysis of CFS, subjected to flexure, and presented by AISI-
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S100 2016 [12]. The opening existence reduces the bending stiffness of a web with holes (Eq.
(5.2)), while the existence of edge stiffeners around the openings increases the bending stiffness
of the web (Eq. (5.4) and Eq. (5.5)). Across a half-wavelength of DB, L., , the reduced

transverse rotational stiffness of a web with an unstiffened hole Ky, xo: is reported as:

Lp

Konote = (1= 72=) Ko Eq. (5.2)

Such that:

Lera

Ky is the accumulative web stiffness without a hole calculated from Eq. (5.3) as stated by AlSI-
S100 2016 [12]. L, is the opening length which is calculated as the width of the rectangular
openings, or for circular openings, it is determined by supposing that the circular opening area
is equal to equivalent rectangular opening area with a depth of opening diameter, a, as presented
in Figure 5.4. L., is the half-wavelength of DB of CFS without holes (gross section) calculated

from CUFSM.
_( EB 3 n \2 19H n \* [ H3
K= (e 5+ () o+ () (i) Lera £a-(53)
where:

v is the Poison ratio, E is the elastic modulus of steel.
The two hole edge stiffeners, in the direction of the web height, add rotational restraint Ko, sigener
to the web across L.,-4 [55]. It can be calculated as:

KG,stiffener: % (%) (L_p)3 Eq. (5.4)

LCT'

Such that:
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L, is the effective hole length, and for circular holes, it is determined as half the perimeter of a

circle. Hence, for rectangular holes, it equals the hole length L;, directly.

The equivalent accumulative web rotational stiffness, Ky ., can be formulated by comprising

the loss of web material and the existence of edge stiffeners as:

KG,r: KG,hole + 2K9,stiffener Eq- (5-5)

At the same time Ky ,- can be calculated as the transverse rotational stiffness of a web without

holes and having a reduced thickness t,..

Et3 3 T \219H T \*( H3
Kor = (12(1 - v2)> [E * (Lm) 60 ' (Lm) (240)] Lera Ea. (5.6)
| |
| : | :
. | . | .
\ : | : | :
| .| : | Ly
L L

Lipped ( Ly

W stiffened g R qur_neter @) N ——
hole ? o ' Pu .
re : re : f
B - I A B R
: | :
: | :

Sl
L=

4

i : i : | Equivalent
Rectangular ' : Circular ' : rectangular hole
stiffened hole stiffened hole with the same
depth
@) (b) ©) (g)

Figure 5.4 lllustration of the web hole: a) cross-section, b) web with a rectangular
opening, ¢) web with a circular opening and equivalent rectangular to the circular
opening

Replacing Eqg. (5.2) and Eq. (5.4) into Eq. (5.5) and equate with Eq. (5.6)

1/3
Ly 3 1-v2)\ ¢3¢ 4 a\ [ Lp 3
ot = (1 _E) 3+ (%)T<[3 - )21%' = )4(,,3)]) (;) <m> ‘ Eq. (5.7)

ENERR H
H' \Lgpg) 60 " \Lgpg) \240
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5.5 A new procedure for calculating t;

The second procedure is based on the analytical equations for elastic analysis of CFS, presented
by AISI-S100 2016 [12]. For a CFSZ section with stiffened holes shown in Figure 5.5, the
flange/web juncture is connected to the upper half of the web above the hole (indicated by the
red line) and the stiffened flange (indicated by the blue line). Along hole length, the web above
the hole and the flange are considered partially stiffened members subjected to compression.
From that point of view, the elastic rotational stiffness presented by the web above the hole to
the flange/web juncture can be defined as the procedure presented by [12] to the rotational

stiffness of the flange.

X axis for effective
part of the web
(xwe)

Web/flange juncture Lipped stiffened
flange subjected
to compression

Y axis for effective |
part of the web ‘\
| 4:

(ywe)

Llpped stiffened upper

S half of the web
< v Subjected to compression

Figure 5.5 Rotational stiffness of the web/flange juncture for CFSZ with stiffened hole



Chapter 5 Investigation on the elastic DB moment of CFSZ sections with stiffened openings
115

Based on the previous assumption, the elastic rotational stiffness of the effective part of the web

above the hole can be defined as:

Kowe = |(5) 8+ () G| L Eq. (5.8)

Where L is the minimum of L.,.4 or L, G is the shear modulus for steel, /., is the St. Venant

torsional constant for the web above the hole, and g is coefficient calculated as follows:

2
I xywe

.8 = Elxwe(xowe - hxwe)z —F (xowe - hxwe)z Eq- (59)
ywe

Lewes Xowes Rxwe @Nd Iy, are geometric properties for the web above the hole with stiffened
edges. To get the reduced effective web thickness (t,.); the transverse rotational stiffness of a
web without holes and having a reduced thickness (Ky,) Eq. (5.6), equalized to the elastic
rotational stiffness provided by the effective part of the web (Ky,,.) EQ. (5.8). Hence t,. can be

calculated as:

1/3

2 Ly12(1 — p2)

Eq. (5.10
Al E 9. (5.10)

e

o[+

2 4 3
3 19H H
where a equals = + (L) — + (L) (—)
H ' \Lga/ 60 Lera! \240

The impact of the edge stiffener around holes on the elastic distortional moment can be
predicted by varying the web thickness to t,. in CUFSM, as discussed in the numerical model
presented in sub-section 5.3. The validity of the procedures to calculate ¢, will be proved in the

next sub-sections.
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5.6 The validation of the numerical model

Two steps of validation were produced. The first step is that the elastic DB moments for the
CFS with stiffened circular openings obtained by Yu [5] are compared with the proposed
numerical model presented in sub-section 5.3 and elastic FE eigen buckling analysis in
ABAQUS. It should be mentioned that the elastic DB moments estimated by the proposed

numerical model were determined twice, with different values of ¢, (sub-section 5.4 and 5.5).

The second step is to compare the different procedures of t,. calculation and verify the accuracy
of the elastic distortional moments calculated using the two procedures if applied to a variety

of CFSZ available on the market and have different cross-sections.

5.6.1 Validation with Yu [5]

The result of the numerical model, illustrated in Figure 5.3 using CUFSM, was compared to the
elastic distortional moment stated by Yu [5] (Mecrg, vu) for four channels with stiffened holes.
Mecrdt1 and Merg 12 are the DB moment formulated using the presented numerical model with tr

and tr2, respectively.

Table 5.1 shows that the mean values for Mcrd,11/Merd, yu and Merd t2/Merd, vu are 0.97 with standard
deviations 0.04 and 0.07, respectively. Clearly, both approaches show comparable results. In
the meantime, linear buckling FE analysis for four specimens of Yu [5] was set (the details of
the linear buckling analysis were explained in chapter 3), and the distortional moment
determined from the linear buckling FE analysis (Mcrd, Fe) were compared with Yu’s (Mecrd, vu).
The mean and standard deviation values for the four beams were 0.99 and 0.02, respectively.

Those values show an excellent agreement. In the meantime, the elastic DB moments (Mcrd,tc)
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calculated based on the reduced web thickness t,.; proposed by Grey and Moen [55] were listed
in

Table 5.1. The results of Grey and Moen were compared to the elastic distortional moment
given by Yu [5]. The mean value for Mcrd,e/Mecrg, vu is 1.10 with standard deviations of 0.25.

This result has further strengthened our confidence in the proposed model to predict the elastic

distortional moment more accurately than Grey and Moen’s formula.
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Table 5.1 Verification of the Numerical model against the results in Yu [5]
Height of
Hole hole ed Merd, [Merd, Y tr1 Merd,ex tr tre
0 e e e cra, cra, Yu I cra, I r
Section (mHm) (rr?m) (mDm) (mtm) (dii?ﬁ;?er) % e | ) l\l\/l/lddFyE/ Eq.5.7 (mﬁ) Mers, - |EQ 5.10 ('Ilﬂlilrdfz) I\Z/Idd;z [55] (I\Iflilrdftrf) /mf
a (mm) stiffener \(kN.m)| (kN.m) | (mm) ' w | (mm) ' Y (mm) ' *
q (mm)
600S250-97| 152.4 | 63.5 |15.9 [2.5832| 76.2 9.1 |2441| 2513 | 097 [2455| 2350 | 0.94 | 2269 | 2150 | 0.86 | Y,¢¢Y | 23.0 0.92
800S250-97| 203.4 | 63.5 |15.9 |2.5832| 101.6 122 |31.00| 3117 | 099 |2441| 29.10 | 093 | 2474 | 3022 | 0.97 | Y,£¢0 | 29.0 0.93
1000S250-97 254.0 | 63.5 |15.9 |2.5832| 127.0 152 |3570| 3532 | 101 [2471| 3350 | 0.95 | 2.647 | 3560 | 1.01 | Y,Y)A | YAY 1.08
1200S250-97 304.8 | 63.5 [15.9 |2.5832| 152.4 183 3551|3579 | 099 |2584| 3710 | 1.04 | 2.817 | 3720 | 1.04 | Y10 | °Y.0 1.45
Mean - - - - - - - - 0.99 - - 0.97 - - 0.97 1.10
Standard | : : : : 002 | - : 004 | - = | 007 0.25

Deviation
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5.6.2 Accuracy of the tr procedures

The elastic DB moments, for a wide variety of CFSZ sections with stiffened holes illustrated in
Table 5.2, were calculated using the presented numerical model with two procedures for
calculating t,. Then, the accuracy of the results was stated by comparing numerical model
results with the results of the FE linear buckling analysis. In this sub-section Mcran, Mcraw, for
beams were identified using numerical analyses, hence M« is set to be the minimum value as
stated by Eq. (5.1). Note that Mcraw,er;, and Meraw,er2 Were determined with a reduced web
thickness t,; (Eq. (5.7)), and ¢t,, (EQ. (5.10)) in CUFSM, respectively. Mcrqaw 7z wWere calculated

with FE linear buckling analysis by simulating the stiffened holes.

For CFSZ beams with stiffened openings regarded in this study, the procedures of t,; (sub-
section 5.4), and t,, (sub-section 5.5) are on average an accurate predictor of M. (mean of
1.05 and 1.07 for the procedures of t,,and t,,, respectively). However, the Standard deviation
of the Mcrd re/Mcra e are 0.04 and 0.13 of t,;and t,,, respectively, which indicates the accuracy
of the first procedure and then the second procedure. It is worth mentioning that, the ratios of
Mecraw, FE/Mcraw, erwere introduced to directly justify the numerical calculation of DB moment
M- The mean values for Mcraw, re/Merdw, er1, and Merdw, re/Merdw, 2 are 1.07 and 1.05 with
standard deviations 0.05 and 0.31, respectively, that did not affect the accuracy of Mcrd, as
shown in Table 5.2 and discussed for the values of Mcrd, re/Merd, tr. Since the elastic distortional
buckling moment (Mcrq) is the minimum of Mcran and Mcraw. However, it gives an advantage for

t,, than t,,.
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It should be noted that, as shown in Table 5.2, the second procedure of reduced thickness (tr2)
calculation is adequate and accurate in estimating Mcraw When the web height is more than 145
mm and (a/H) ratio is larger than 0.3. In addition, the best ratio of (a/H) that makes this
procedure more effective is 0.5. Hence on average, both presented procedures are accurate
numerical calculations to predict the DB moment of CFSZ beams with stiffened holes, with the

privilege of the results of the first procedure.
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Table 5.2 The accuracy of the presented model to calculate Mcra

_ H B|D|t Ale | gl |Mum|Muwe] Magr Meri E b2\ Mont1 | M Mear/ | Meinrs/ G2 | Mt 2| Mert 2 Megis) | Mednis/
Section alH [ oH e 50 6.7) Meges | Medwaz =4 0.0 Magez | Madwaz
mm |mm | mm | mm mm  Hegree| mm | MpPa | KNm | KNm | kNm | kNm | mm | kNm |kN.m ’ mm | kNm [kNm ’

714620 [145.00/62.5|20.0{2.00 |0.5|0.06 | 72.5 8.7 182 | 189 ] 182 | 165 | 1.928 | 165 |16.5| 1.10 1.15 1.646 | 14.0 |140] 1.30 1.35
0.310.08] 52.5 14.0 323|323 323 31.8 | 2433 | 306 |30.6 | 1.06 1.06 3.888 | 58.0 |31.8] 1.02 0.56

717625 [175.00/62.5 |20.0 |2.50 |0.5 |0.06 | 87.5 10.5 323 | 337|323 | 31.8 | 2.387 | 30.0 |30.0| 1.08 1.12 2184 | 272 |27.2] 1.19 1.24
0.7 |0.08 [122.5 14.0 323|350 (323|318 | 2379 | 29.7 |29.7 | 1.09 1.18 1.810 | 22.3 |22.3] 1.45 1.57

720620 [200.00(65.0 |20.0[2.00 0.5 [0.06 {100.0 12.0 21.8 | 21.8 | 21.8 | 21.3 | 1.916 | 20.0 |20.0 | 1.09 1.09 1.850 | 19.4 |19.4 | 1.12 1.12
226625 |225.00]165.0 120.012.50]0.510.06 |112.5 135 369 | 371|369 363 | 2377 | 341 |34.1] 1.08 1.09 2.388 | 344 |344] 1.07 1.08
0.3]0.08]72.0 19.2 31.7 | 311 | 311 | 314 | 2.236 | 30.2 |30.2| 1.03 1.03 4574 | 85.2 |31.4| 0.99 0.37

724623 [240.00|65.0 |20.0[2.30 |0.5 |0.06 |120.0| 90 [14.4 }450.0] 31.7 | 33.0 | 31.7 | 31.4 | 2.196 | 29.6 |29.6 | 1.07 1.11 2.265 | 319 |314] 1.01 1.03
0.7 |0.08 [168.0 19.2 31.7 | 331 | 31.7 | 314 | 2329 | 29.2 |29.2 | 1.09 1.13 1.917 | 275 |275] 1.15 1.20

226630 |265.00]65.0120.013.00]0.510.06 |132.5 15.9 506 | 624 | 59.6 | 58.9 | 2.844 | 549 |549 | 1.09 1.14 2.966 | 60.0 |58.9] 1.01 1.04
0.310.08 ] 90.0 24.0 388 | 372|372 394 | 2439 | 376 |37.6] 0.99 0.99 5.317 [123.6 |39.4 | 0.94 0.30

730725 [300.00{75.0 |20.0{2.30 |0.5 [0.06 |150.0 18.0 38.8 | 403|388 | 394 | 2410 | 37.1 |37.1| 1.05 1.09 2.462 | 38.7 |38.7] 1.00 1.04
0.7 |0.08 [210.0 24.0 38.8 | 48.0 | 388 | 39.4 | 2.747 | 45.1 |39.4| 0.98 1.06 2.113 | 315 |315] 1.23 1.52

Z30730 }300.00]75.0120.013.00]0.510.06 |150.0 18.0 59.3 | 59.3 | 59.3 | 58,5 | 2.868 | 55.5 |55.5| 1.07 1.07 3.065 | 61.2 |585 ]| 1.01 0.97
734130 [345.00{ 100 |30.03.00|0.5 [0.06 [172.5 20.7 777 | 777 | 777 | 764 | 2876 | 72.2 |72.2| 1.08 1.08 2927 | 742 |742] 1.05 1.05
720312 [203.20|58.4 |22.8 [1.27 |0.5 |0.06 |101.6 | 50 [12.2 65 | 63 | 63 | 65 | 1229 | 6.3 |63 | 1.00 1.00 1.301 | 6.7 | 65 | 0.97 0.94
721517 [215.90|63.5 |22.8|1.77|0.5]0.06 |107.9| 50 [13.0 124 | 129 | 124 | 136 | 1.707 | 12.9 |12.9| 0.96 1.00 1.750 | 13.4 |13.4] 0.93 0.96
729202 [292.10|88.9 |22.8|2.03 0.5 |0.06 |146.1| 50 [17.5 2034 19.2 | 196 | 19.2 | 19.2 | 1.962 | 18.3 |18.3| 1.05 1.07 2.136 | 205 |19.2 | 1.00 0.96
721322 [213.36|66.0 |22.8 |2.28 |0.5|0.06 |106.6 | 51 [12.8 253 | 223 | 223 | 243 | 2179 | 22.2 |22.2| 1.00 1.00 2.162 | 22.2 |22.2] 1.00 1.00
721529 [215.90(66.0 |25.4 [2.98 |0.5 [0.06 |107.9] 48 [12.9 40.8 | 41.4 | 408 | 42.6 | 2.829 | 39.7 |39.7| 1.03 1.04 2.754 | 385 |385 | 1.06 1.08
721402 [214.88]63.5 |24.12.05]0.50.06 |107.4| 49 [12.8 172 | 179|172 | 186 | 1.958 | 175 |17.5| 0.98 1.02 1.964 | 17.6 |17.6] 0.98 1.02
Mean 1.05 1.07 1.07 1.01
S.D. 0.04 0.05 0.13 0.31
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5.7 Summary

In this chapter, a numerical method with two procedures for calculating t, was proposed to
estimate the elastic DB moment for a wide variety of CFSZ sections with stiffened holes using
CUFSM. The accuracy of the findings was then determined by comparing the findings of the
numerical model with that of the FE linear buckling analysis. Upon comparison, the elastic DB

moment of CFSZ sections with stiffened holes was predicted accurately with the two procedures.
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6Chapter 6 Conclusions and Trends for Future Research

6.1 General

The manufacturing of CFS beams often involves openings for multiple reasons. Even so, because
of openings in the web, the web area is reduced and their bending strength is decreased. To
improve the bending strength of flexural members, edge stiffeners have now been added around
the openings. Accordingly, this thesis presents a numerical investigation of CFSZ beams with
stiffened openings. The thesis primarily focused only on the bending capacity of the

prementioned beams.

Thus, a numerical investigation was performed, utilizing the ABAQUS program, on CFSZ
beams with different parameters. These parameters were generally, steel thickness, edge stiffener
height, hole depth to web height ratio, and hole shape. Finally, a numerical model using FSM
was carried out with two procedures for defining the critical elastic DB moment of the studied

sections.

6.2 Conclusions

The key conclusions that can be drawn from the examination conducted in this thesis are as
follows:

1. With the presence of holes, very thin sections have a lower reduction in bending capacity
compared to thin sections. A possible explanation is that the middle portion of the web
of the very thin sections contributes less to maximum moment strength, as the middle
portion experiences less stress because of the web buckling. As a result, cutting out areas

with low stress would be less likely to affect the maximum strength of the beams.
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no

The very thin sections with edge-stiffened rectangular holes can make up for the strength
of the solid sections (Mun/Mus> 1).

The edge-stiffened rectangular holes are incapable to recover the original strength for
thin sections, especially for large holes (R = 0.8).

Generally, very thin sections with rectangular holes fail due to local buckling while thin
sections with rectangular holes typically fail due to distortional buckling.

Adding edge stiffener around holes enhances the bending strength of CFSZ beams. The
strength can be restored to the original value or even increased in some cases to become
greater than the original value, especially for small R (R< 0.5).

The bending capacity becomes better and the reduction in capacity decreases as the
height of the edge stiffener increases. The capacity of 75% of CFSZ beams with 20 mm
edge stiffened holes is greater than the capacity of solid ones with the same section. On
contrary, about 25% of the investigated beams have capacities greater than 1 when the
edge stiffener height was 5 mm, attracting attention to the significance of the stiffener
height on the bending capacity.

LB, DB, and the combination of DB and LB were noted in the examined beams with
stiffened rectangular holes. changing the g/H ratio did not affect the failure mode of the
very thin section, whereas, affected the failure mode of the thin section.

Stiffened circular holes have a more significant influence than stiffened rectangular holes
on compensating for the original bending strength. Sections with circular holes that have
edge-stiffening experienced an average increase in bending strength of 9.3% (when
compared to solid sections). In contrast, sections with rectangular holes that have edge-

stiffening experienced an average increase in bending strength of 2.78%.
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9. The DB moment, for a wide variety of CFSZ sections with stiffened holes, was predicted
with the two procedures. Therefore, on average both suggested approaches are accurate
and suitable numerical calculations to predict the distortional moment of CFSZ beams
with stiffened openings (mean of 1.05 and 1.07 for the procedures of t,;and t,,,

respectively), with the privilege of the results of the first procedure.

6.3 Future works

The theoretical and experimental research in CFSZ sections with stiffened perforations can be

further extended to:

1. Further study using the proposed FE model and the numerical method to consider a
broader range of dimensions is required.

2. Study the impact of edge stiffener around perforations on the bending resistance about
the minor axis of the Z section.

3. Determine the impact of stiffened openings on the Z- beam deflection with long spans.

4. Evaluate the impact of stiffened openings on the LTB moment of Z-beams.
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