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Thesis summary

This research investigated compressive and flexural strengths exhibited by cold-formed
steel (CFS) members with channel and Z-profiles. The study encompassed a
comprehensive investigation of 500 CFS members. Numerical analysis utilizing finite-
element (FE) models based on ABAQUS is conducted. Existing experimental test results
were used to validate the accuracy of the FE models, which were then utilized to assess the
influence of various parameters on the capacities of these CFS members. Parameters such
as the member length-to-depth ratio, the section depth-to-width ratio, the plate slenderness
ratio, the lip-to-flange width ratio, and material yield stress were analyzed in detail. The
results obtained from FE models were comparatively analyzed against those derived from
the codified Effective Width Method (EWM), as specified in current design standards, and
the newly progressed Direct Strength Method (DSM). The North American Specification,
Eurocode-3_partl.3, and the Egyptian Code of Practice have been used as an example of
the EWM. Appendix 1 in the North American Specification is utilized as an example of the
DSM. To improve the computational and calculation process, a graphical user interface
(GUI) is developed to program the EWM and DSM calculation procedures. This
advancement streamlined the analysis, enabling more efficient and accurate evaluations of
the innovative CFS profiles’ capacities. This research offers valuable insights into the

performance of innovative CFS channels and Z-profiles, facilitating a deeper understanding
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Sttisdirdtrnetifen thpserieeahd providing a foundation for potential applications in modern
engineering design and construction practices.
This thesis tracks in the following order: -
Chapter (1):
This chapter includes the introduction, research objective, and arrangement of the thesis.
Chapter (2):
This chapter includes CFS steel design standards and provisions, an overview of CFS and
a detailed review of the previous research worked in the field of CFS.
Chapter (3):
This chapter includes several code equations and formulas for comparison purposes based
on Egyptian, American, and European codes.
Chapter (4):

This chapter has a guidebook that covers the whole software manual and gives the user
tips on how to use the software more successfully. In addition to verifying the validity
and accuracy of the program results, it also contains parametric study based on different
codes.

Chapter (5):

This chapter describes the numerical models using a finite element (FE) package and the
verification of the results.

Chapter (6):

This chapter generates further data by conducting parametric studies on ultimate CFS
capacities using the verified FE model. Additionally, it presents a comparative analysis
between different codes and the FE model.

Chapter (7):

This chapter includes summary, conclusions, and recommendations for future work.

Keywords

Cold-formed steel; Axial load capacity; Flexural strength; Finite element model; Effective
Width Method; Direct Strength Method; and Codes.
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ABSTRACT

ABSTRACT

This research investigated compressive and flexural strengths exhibited by cold-
formed steel (CFS) members with channel and Z-profiles. The study encompassed a
comprehensive investigation of 500 CFS members. Numerical analysis utilizing finite-
element (FE) models based on ABAQUS is conducted. Existing experimental test results
were used to validate the accuracy of the FE models, which were then utilized to assess
the influence of various parameters on the capacities of these CFS members. Parameters
such as the member length-to-depth ratio, the section depth-to-width ratio, the plate
slenderness ratio, the lip-to-flange width ratio, and material yield stress were analyzed in
detail. The results obtained from FE models were comparatively analyzed against those
derived from the codified Effective Width Method (EWM)), as specified in current design
standards, and the newly progressed Direct Strength Method (DSM). The North American
Specification, Eurocode-3_part1.3, and the Egyptian Code of Practice have been used as
an example of the EWM. Appendix 1 in the North American Specification is utilized as
an example of the DSM. To improve the computational and calculation process, a
graphical user interface (GUI) is developed to program the EWM and DSM calculation
procedures. This advancement streamlined the analysis, enabling more efficient and
accurate evaluations of the innovative CFS profiles’ capacities. This research offers
valuable insights into the performance of innovative CFS channels and Z-profiles,
facilitating a deeper understanding of their structural capacities and providing a
foundation for potential applications in modern engineering design and construction

practices.

Keywords

Cold-formed steel; Axial load capacity; Flexural strength; Finite element model;
Effective Width Method; Direct Strength Method; and Codes.
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CHAPTER (1)

INTRODUCTION

1.1 BACKGROUND

Cold formed steel (CFS) sections are one of the most widely used sections in different
industrial and civil engineering fields, and their use is increasing day by day. Steel frame domestic
houses, low rise office buildings , industrial warehouses [1], bridges, storage racks, car bodies,
railway coaches, transmission towers and poles [2] depend mainly on CFS for their construction

and composition.

The history of using CFS sections in construction dates to the early 19" century, when the
first iron bridges were built using cold-formed steel sections. However, it wasn't until the mid-20"

century that the use of CFS started to gain widespread acceptance in the construction industry [3].

In the 1930°, the American Iron and Steel Institute (AISI) began conducting research on the
use of CFS in building construction. This research led to the development of the first CFS design
specification in 1946, which was based on the use of sheet steel with a thickness of up to 1.626
mm [3].

The role of cold-formed steel (CFS) in World War |1, which occurred from 1939 to 1945,
was significant, particularly in the construction of military equipment and infrastructure. CFS was
used to make various components of aircraft, such as wing spars, fuselage frames, and engine
mounts. It was also used in the construction of military vehicles, such as tanks and armored
personnel carriers. In addition, CFS was used in the construction of military infrastructure, such

as barracks, hangars, and storage facilities [3].

In the 1950° and 1960°, advances in manufacturing technology, such as the development of
high-speed roll-forming machines, made it possible to produce CFS sections with greater precision
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and at a lower cost. This, in turn, led to the increased use of CFS in construction, particularly in

the design of roof and floor systems for low-rise buildings [3].

In the 1970° and 1980°, the use of CFS expanded to include the construction of mid-rise and
high-rise buildings, as well as the development of new applications such as load-bearing walls and
curtain walls. During this time, new design specifications were developed to address the unique
properties of CFS, including its high strength-to-weight ratio and its susceptibility to buckling

under compressive loads [3].

In the 1990° and 2000°, the use of CFS continued to expand globally, driven by increasing
demand for sustainable and cost-effective building materials. In addition, new manufacturing
techniques such as cold-formed steel framing software and computer-aided design tools made it

possible to design and fabricate complex CFS structures with greater ease and precision [3].

The number of residential and low-rise structures constructed using cold formed steel in
the United States was estimated to be over 75000 in 1994. In 2002, this number increased by five
times [4]. Nowadays, there are many attempts and researches that have been done to find out the

potential and ability of using the CFS sections with larger spans and higher loads [5].

Today, CFS is used extensively in the construction of buildings, bridges, and other
infrastructure projects around the world. The high demand for the use of these sections is due to
several advantages, including:- their high strength to weight ratio, simplicity and adaptability in
their fabrication, their various cross-sectional shapes (Z-section, C-section, hat-section, and ¢-
section) which make them suitable for various works [6], economic design and forming process
[7], light weight making them easy to transport and erect , high resistance to corrosion with an
attractive surface finish and all traditional jointing techniques (riveting ,bolting , welding and
adhesives) can be used [4] . In addition, CFS meet the standards of sustainability. In fact, the use
of recyclable and light gauge materials, system flexibility, the dry building process, and the ability

to reuse elements at the end of the life cycle all help to reduce environmental impacts.

Research has been conducted on the disparities in time and expenses between utilizing
reinforced concrete (RC) frames and light gauge steel construction (LGS). The research shows that

CFS construction is 40% more cost-effective than regular concrete construction for a one-story
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structure with an area of 81 m2. In addition, it was discovered that CFS is four times quicker and

considerably more effortless to fabricate than RC [8].

Satpute and Varghese (2012) delved deep into analyzing a single-level industrial structure
spread across an area of 750 m?2 to draw a comparison between the expenses and weight of hot-
rolled steel (HRS) and CFS. Their research revealed that replacing HRS with CFS components
resulted in a significant decrease of 35% in overall cost and material consumption [9].

Using RC for construction yields a significant increase in total cost and construction time
by up to three times compared to CFS. Additionally, CFS may offer up to 86% more benefits
compared to using HRS [10].

Based on all these advantages, it was necessary to know the different methods of designing CFS
sections and study their behavior under the influence of different loads and this is the purpose of

our research.

Although the utilization of CFS symmetric shapes of compound sections is generally
preferred because of their ability to eliminate eccentricities between shear and gravity centers, thus
contributing to higher member stability [11], the focus of this research has been directed toward
single sections. This shift in attention is due to the more complex failure behavior associated with
single sections. Moreover, predicting the type of buckling that may occur when utilizing a single
section can present significant challenges [12]. The utilization of channel and Z-sections
encompasses various metal building roof and wall systems. These systems may comprise through-
fastened roofs (walls) , bracing system or standing-seam roofs that are subjected to either gravity
(pressure) or uplift (suction) loading [13]. In addition, these sections are used in purlins and girts

that are subject to flexural load.

Two methods commonly used for designing CFS sections are the Effective Width Method
(EWM) and the Direct Strength Method (DSM). The EWM, introduced by Von Karman [14] and
amended by Winter [15], is widely adopted for CFS member design. This method reduces the
efficacy of buckled plates within a cross-section by reducing each plate to its effective width. The
model of the effective cross-section accurately represents areas where the material's load-bearing
capacity is insufficient. However, it does not consider inter-element equilibrium and compatibility,

making the analysis of elastic buckling more complex. Moreover, the EWM lacks sufficient
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guidelines for anticipating distortion buckling failure. It necessitates multiple iterations to ascertain

the basic strength of the element, thereby augmenting the intricacy of section optimization [16].

The DSM is another design method for CFS members. Schafer [17] did a review on the
utilization of DSM in CFS design. It was adopted in 2004 as Appendix 1 of the North American
Specification [18]. It is an alternative to EWM for estimating CFS strength. It considers buckling
modes and avoids iterations or calculations of effective width [19]. It uses the cross-section's
properties and elastic buckling behavior to calculate strength. It is based on member elastic

stability. The section’s strength can be determined directly [16].

This study compares CFS capacities (compression, flexure, and their combination)
between Egyptian [20], American [21] and European [22] codes to identify the extent of
incompatibility and compatibility between their method for determining CFS capability and

encourage accelerated education with previously knowledge of one code.

This study includes computer software to assist designers in design and check the safety
of CFS sections and determining CFS capacity using different aforementioned codes. Furthermore,

it functions effectively under varied conditions and immediately gives complete calculation sheets.

1.2 RESEARCH OBJECTIVE:

The fundamental objective of the project is to create software for designing CFS sections
in various codes, as well as to highlight similarities and differences between various steel structure
codes. This software streamlined the analysis, enabling more efficient and accurate evaluations of
the innovative CFS sectional profiles’ capacities. This research offers valuable insights into the
performance of innovative CFS channels and Z-profiles, facilitating a deeper understanding of
their structural capacities and providing a foundation for potential applications in modern
engineering design and construction practices. With the help of this program, we can obtain for
each code a safe, economical and fast design of CFS sections and a comparison between the
Egyptian [20], American [21] and European [22] codes.
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The second objective is to investigate strengths exhibited by CFS members with channel
and Z-profiles and assess the influence of various parameters on the capacities of these CFS

members.

The third aim of this study is to investigate the performance of CFS members with channel
and Z-profiles subjected to bending, compression, or both, and to evaluate the impact of different

parameters on the behavior of these CFS elements.
1.3 RESEARCH METHODOLOGY:

The computer software was created to program the calculation procedure for the different
aforementioned codes with the aim of improving the computational speed of the calculation
process. This software was created in the C* programming language and can design, check, and
determine the maximum strength of CFS sections, specifically those with channel or z-profile that
are subjected to axial load, bending moment, or a combination of both, along with providing

calculation sheets.

The Finite Element Model (FEM), which has become indispensable in the engineering
field due to its relative affordability and time savings compared to physical and practical live lab
experiments, especially during the parametric study of cross-section geometries, was created using
the ABAQUS [23] program, which is a nonlinear finite element analysis tool.

1.4 ARRANGEMENT OF THE THESIS:

This section explains how the seven chapters of this study are organized.

Chapter (1): INTRODUCTION

This chapter includes the introduction, research objective, and arrangement of
the thesis.

Chapter (2): LITERATURE REVIEW
This chapter includes CFS steel design standards and provisions, an overview
of CFS and a detailed review of the previous research worked in the field of
CFS.
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Chapter (3):

Chapter (4):

Chapter (5):

Chapter (6):

Chapter (7):

Reference:

STUDY ON DIFFERENT CODES

This chapter includes several code equations and formulas for comparison
purposes based on Egyptian [20], American [21], and European [22] codes .

THE PRESENT PROGRAMME

This chapter has a guidebook that covers the whole software manual and gives
the user tips on how to use the software more successfully. In addition to
verifying the validity and accuracy of the program results, it also contains
parametric study based on different codes.

FINITE ELEMENT MODEL

This chapter describes the numerical models using a finite element (FE) package
and the verification of the results.

PARAMETRIC STUDY

This chapter generates further data by conducting parametric studies on ultimate
CFS capacities using the verified FE model. Additionally, it presents a
comparative analysis between different codes and the FE model.
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
This chapter includes summary, conclusions, and recommendations for future

work.

Reference contains the references which are used in this thesis.

Appendix (A):

This appendix includes details of different FE Modes and the comparisons
between Effective Width and Direct Strength Methods used in the parametric
study in chapter 6.
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Chapter (2)

LITERATURE REVIEW

2.1 INTRODUCTION

This chapter provides an overview of cold-formed steel sections, covering several key
aspects. It starts with a background on the topic and then delves into the various design
methodologies and philosophies that are used for cold formed steel sections. Additionally, it
includes a review of existing research on cold-formed steel sections, as well as an examination of
different design specifications and software programs that are available for their use. Overall, this
chapter serves as a resource for anyone seeking to gain a deeper understanding of cold-formed

steel sections and their design principles.
2.2 COLD FORMED STEEL SECTIONS OVERVIEW

Cold-formed steel (CFS) sections are unique structural elements crafted from thin
sheets of steel. The thickness of steel sheet or strip utilized in CFS structural members usually
ranges from 0.378 mm to around 6.35 mm, with steel plates and bars as thick as 25.4 mm being
successfully cold formed into structural shapes [24]. To prevent corrosion, the steel is often coated
with a protective layer such as zinc. The steel sheets are carefully fed into a roll-forming machine,
which gradually bends and shapes the steel into the intended profile [25]. An extensive range of
shapes, including C-sections, Z-sections, &-section, hat sections, and angle sections, may be
effortlessly produced by using roll-forming machines, as illustrated in Figure 2.1.

Once the CFS sections have been formed, they can be cut to length and further processed
as needed. Additional processing may include punching, drilling, or welding to create finished

products.
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Figure 2.1: Various shapes of cold-formed sections [26].

While CFS sections have a wide range of applications, including car bodies, railway coaches,
storage racks, grain bins, highway products, transmission towers, transmission poles, drainage
facilities, and bridge construction [1, 2, 24], the discussions in the following chapters primarily

concentrate on their use in construction industry.

In the 1850s, the utilization of CFS members in the construction of buildings was first
observed in both the United States and Great Britain. However, it was not until approximately
1940 that such steel components became commonplace in constructions [24]. Winter meticulously
examined the early development of steel structures [27, 28]. Following the issuance of numerous
editions of the "Specification for the Design of Cold-Formed Steel Structural Members™ by the
American Iron and Steel Institute (AISI), the use and advancement of thin-walled CFS
construction in the United States have been expedited since 1946. The initial versions of the
standard were predominantly derived from AlSI-funded research studies conducted at Cornell
University under the watchful guidance of George Winter since 1939 [24].

2.2.1 Manufacturing of Cold-Formed Sections

CFS members are commonly produced through either of two techniques. These techniques

include roll forming and the process of folding and press braking.
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Roll forming involves the continuous feeding of a steel strip through a series of opposing
rolls. This process gradually deforms the steel in a plastic manner to achieve the desired shape.
Each set of rolls applies a fixed amount of deformation in a specific sequence, as illustrated in

Figure 2.2.

1 2 3 4 5 ]

Fol . @__ e S
Flat sheet ? {f} _{'\?} {v J\j} &% f:ff

Stages in forming simple section

Profile at each stage

Figure 2.2: Roll forming [24].

Folding is a relatively straightforward technique used to produce specimens of short
lengths and simple geometries from a sheet of material. This is accomplished by creating a series
of bends, as shown in Figure 2.3 (a). However, the application of this process is quite limited. In
contrast, press braking is a more widely employed method that allows to produce a greater variety
of cross-sectional forms. In this process, a section is formed by pressing a length of strip between
shaped dies, resulting in the desired profile shape, as illustrated in Figure 2.3 (b). Typically, each

bend is formed individually.

Roll forming is commonly used for the fabrication of sections in circumstances where there
is a significant requirement for a particular shape. While the initial expenses associated with

tooling are substantial, the subsequent costs related to labor are minimal. On the other hand, brake
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pressing is typically utilized for production on a smaller scale, where a diverse array of shapes is

necessary, and the costs associated with roll forming cannot be reasonably justified.

a) Forming of folding b) Forming steps in press braking process

Figure 2.3: folding and press braking [24].
2.2.2 Types of Cold Formed Steel Sections

Cold-formed sections and profiled sheets are steel products that are manufactured from flat
strips or coils of hot-rolled or cold-rolled steel, with or without a protective coating. These products
have a variable or constant cross-sectional shape, falling within the allowable range of tolerances

[25]. There are two main types of cold-formed structural members: -

e Individual structural members

e Panels and decks
2.2.2.1 Individual Structural Members

Individual structural members, also known as bar members, can be obtained from "long

products™ and include the following types [25]:

e Single open sections, as shown in Figure 2.4 (a).
e Open built-up sections, as shown in Figure 2.4 (b).
e C(losed built-up sections, as shown in Figure 2.4 (c).

e Closed sections, as shown in Figure 2.4 (d).

10
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These sections are suitable for using as primary framing members in buildings up to six
stories height [29] and can be used as chord and web members of open web steel joists, space

frames, arches, and storage racks [24].

1227
11117 '
Ay L1

a) Single open sections b) Open built-up sections
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—— e —

c) Closed built-up sections d) Closed sections
Figure 2.4: Typical forms of sections for cold-formed structural members [25].

Cold-formed individual framing members are typically between 51 and 305 mm deep,
with a thickness of material between 1.2 to about 6.4 mm. However, some members may be as
deep as 457 mm and have a thickness of 13 mm, particularly for transportation and building.
Additionally, steel plate sections with thicknesses up to about 19 or 25 mm have been used for
various applications such as transmission poles and highway-sign support structures. The

possibilities for cold-formed steel are vast and continue to expand in construction and engineering
[24].

2.2.2.2 Panels and Decks

Panels and decks have a widespread application in the construction industry for creating

roof and floor decks, wall panels, siding material, and bridge forms [25]. To manufacture these

11
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panels and decks, profiled sheets and linear trays (cassettes) are commonly used, as depicted in
Figure 2.5. The panels have a depth range between 38 to 191 mm and are composed of materials
with thickness varying from 0.5 to 1.9 mm [13].

VAR VARV VAR VARV

SN R
B S T
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Figure 2.5:- Profiled sheets and linear trays [25].

To enhance the rigidity of cold-formed steel sections as well as sheeting, the utilization of
edge and intermediate stiffeners is demonstrated in Figure 2.6.

A :

a) Single edge fold stiffeners b) Double edge fold stiffeners
/ /
m —\_
c) Intermediate flange stiffeners d) Intermediate web stiffeners

Figure 2.6:- Typical forms of stiffeners for cold-formed members and sheeting [25].

Our research will focus on studying the behavior of single open cold formed sections with

channel and Z-profile and have Single and vertical edge fold stiffeners under static compressive
and flexural loads.

2.2.3 Advantages of Cold-Formed Steel Sections

In 1997, Grub and Lawson authored a guide titled "Building Design Using Cold-Formed
Steel Sections: Construction Detailing and Practice” which was released by the Steel Construction
Institute (SCI). The guide highlights the benefits of utilizing cold-formed steelwork for

construction purposes and service, providing a comprehensive list of advantages [30].

12
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The research by Qureshi et al. reveals that the creation of a single level edifice with a total
area of 81 m? with cold-formed steel (CFS) is 40% more economical than using reinforced concrete
(RC). Not only that, but the CFS construction method is also four times quicker and simpler to
produce compared to RC. This is demonstrated in Tables 2.1 & 2.2, which provide a thorough
comparison of timeframes and ecological considerations between RC and CFS for the examined

structure [8].

Table 2.1: Comparison of Durations of RC and CFS Constructions [8].

Comparison factor RC construction CFS construction

Duration 66 days 16 days

Table 2.2 : Comparison of environmental considerations of RC and CFS constructions [8].

Comparison factor RC constructions CFS constructions

Recycled content 0% 60%

Recycling
End of lifetime

: 50% 98%
recycling rate

Sensitive to the audio
Noise pollution No preventive measures frequency ranging 250-1000
Hz

A study conducted on a four-story office building with a total area of 960 m? has revealed
that the use of CFS sections in mid-rise structures can result in substantial savings in terms of
material, building costs, and construction time when compared to reinforced concrete construction
(RCC) and hot rolled section (HRS) structures [10]. The advantages of constructing a CFS building
are manifold, with savings of 61% and 35% in overall cost (material + construction) when
compared to RC and HRS respectively. The construction time of a CFS building is also
significantly less, taking 38% and 164% less time than HRS and RC respectively. Figure 2.7
illustrates the differences between CFS and other building types. In comparison to RC, Using RC

for construction yields a significant increase in total cost and construction time by up to three times

13
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compared to CFS. Furthermore, the use of CFS may also provide up to 86% more benefits than

HRS, as shown in Figure 2.8.
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A study conducted by Sangave et al. [31] revealed that when it comes to constructing

buildings with ground plus six stories (G+6), reinforced concrete (RC) frames are more cost-

effective compared to hot-rolled steel (HRS) frames. The study showed that the bare steel frame

for a G+6 building costs 31% more than the RC frame. However, for ground plus ten stories
(G+10) buildings, the RC frame costs 34% less than the bare steel frame. On the other hand, a

2012 analysis [9] by Satpute and Varghese demonstrated that the use of CFS members instead of

HRS resulted in a 35% reduction in total material and cost for a one-story industrial building of

750 m?, as depicted in Figure 2.9.
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Figure 2.9 :- Relative differences between cost and weight of CFS and HRS [9].

The following are some of the major advantages of using CFS sections in construction:

1.

High strength-to-weight ratio: The CFS sections, with their lightness and remarkable
strength-to-weight ratio, have emerged as the perfect candidate for erecting edifices and
constructions that demand a high strength-to-weight ratio.

Cost-effective: CFS sections are cost-effective compared to other materials like concrete
and masonry. They can be manufactured quickly and easily, which reduces labor costs

and construction time.

. Versatility: CFS sections can be easily shaped and cut to fit any design requirement,

making them highly versatile. They can be used in a variety of applications, including
walls, roofs, floors, and frames.
Sustainability: CFS sections are not only eco-friendly but also sustainable. These

sections are crafted from reused materials and can be reused again when their life span is

15
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over. Additionally, they require less energy to manufacture, thereby diminishing their

carbon footprint, as compared to other materials.

2.2.4 Disadvantages of Cold-Formed Steel Sections

While cold-formed steel (CFS) has many advantages in construction industry, there are also

some disadvantages that should be considered, including:

1.

Susceptibility to corrosion: CFS is vulnerable to corrosion if it is not properly coated
or protected. This can lead to structural damage and reduced lifespan if not addressed.
To prevent corrosion in cold-formed steel, follow these steps: select appropriate
coating, handle and store properly, ensure proper ventilation, consider design factors,
and perform regular maintenance.

Limited fire resistance: CFS is not as fire-resistant as other materials such as concrete
or masonry. It can deform or even collapse under high temperatures, which can pose a
safety risk in some applications. Increasing the fire resistance of cold-formed steel
(CFS) structures can be achieved by increasing steel thickness, adding fire-resistant
insulation, using fire-resistant coatings, incorporating fire barriers, and properly
designing and installing fire protection systems.

Limited structural stiffness: CFS is not as stiff as other materials such as concrete or
timber, which can limit its suitability for certain applications. Additional bracing or
reinforcement may be required to achieve the necessary structural stiffness.

Noise transmission: CFS can transmit noise more easily than other materials such as
concrete or timber. This can be a concern in some applications, such as multi-unit
residential buildings.

Higher skill level required for installation: The installation of CFS requires a higher
level of skill and precision compared to other materials, which can result in higher labor

costs and longer installation times.

Overall, while CFS offers many advantages in the construction industry, it also has some

limitations and disadvantages that should be considered when selecting construction material.

16
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2.3 DESIG METHODS OF COLD-FORMED SECTIONS

In the design of CFS members, two widely used methods exist. The first one, referred to
as the Unified Method or the Main Specification Method, is commonly known as the Effective
Width Method. This traditional approach is utilized in design specifications all over the world. The
second technique, the Appendix 1 Method, is known as the Direct Strength Method, and is only

employed in North America, Australia, and New Zealand.

Multiple design methods are available, including the Reduced Stress Method, Effective
Thickness, the Q-factor approach, and the Erosion of Critical Bifurcation Load approach. While
these methods are worth mentioning, their comprehensive discussion is beyond the scope of this

text.

2.3.1 Effective Width Method

The Effective Width Method (EWM) is a commonly used design approach for CFS
members. This method is explained in detail in different codes, textbooks, and specifications.
EWM was originally introduced by Von Karman [14] and subsequently amended by Winter [15],
and has been widely adopted as the primary design method for CFS members. The fundamental
concept underlying this method is that when plates within a cross-section buckle locally, their
efficacy is reduced. The essential step of this method is to reduce each plate to its effective width
as illustrated in the following Figure 2.10. The model of the effective cross-section is a precise
representation of locations where the load-bearing capacity of the material is insufficient. Despite
this, it fails to take into account the vital aspects of inter-element equilibrium and compatibility,
thereby making the analysis of elastic buckling more intricate. Furthermore, the EWM does not
provide adequate guidelines to predict the failure of distortion buckling. Determining the essential
potency of a member necessitates several iterations, inevitably intensifying the intricacy of
optimizing the section [16].

17
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Figure 2.10 :- Fundamental step for the Effective Width Method [16].

For more than six decades, the conventional EWM has been the fundamental approach
towards gauging the potency of CFS components. Nonetheless, with the growing intricacy of
structural shapes, including lips and intermediate stiffeners, the precise computation of effective
widths of individual constituents within these shapes has become more arduous and less precise
[32]. Consequently, to tackle this challenge, the Direct Strength Method (DSM) was formulated.

2.3.2 Direct Strength Method

The DSM is an innovative technique for designing CFS components. Schafer [17] was a
pioneer in examining the DSM's application in CFS design, and it was subsequently included as
Appendix 1 in the North American Specification [18], providing an alternative to the EWM for
determining CFS strength. By taking into account various buckling modes and eliminating the
need for iterations or effective width calculations [19], this approach considers the interaction of
these modes. Instead of relying on effective width, the DSM employs the cross-section's gross
properties and its elastic buckling behavior to determine section or member strength. It is based on
accurate member elastic stability, so the section's strength can be determined directly [16], as

illustrated in Figure 2.11.
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Figure 2.11:- Fundamental step for the DSM Method [16].

2.4 SOFTWARE PROGRAMS

There are several software programs available for the design of CFS sections, which help
structural engineers and designers in analyzing and designing CFS members and systems
efficiently and accurately. These programs are divided into two basic types based on their reliance

on either Finite Element or Finite Strip Analysis.
2.4.1 Finite Element Analysis (FEA) Software Programs

Finite element analysis (FEA) software programs are computer programs modeling and
analysis tools for complicated engineering problems. These programs utilize numerical approaches
to predict a system's behavior and forecast its response to different loads and boundary conditions.
These software programs may be used to analyze the behavior of CFS structures and to determine
stresses, strains, and displacements in the structures under different loading conditions. There is
many popular FEA software such as ABAQUS, ANSYS, and SAP [23, 33-36].

2.4.2 Finite Strip Analysis (FSA) Software Programs

The finite strip (FS) method is a numerical approach for analyzing thin-walled structures,
such as cold-formed steel (CFS) sections. There are many popular FS software such as CUFSM,
CFS, and THIN WAL [37, 38].
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2.5 COLD-FORMED STEEL BUCKLING STRENGTH

When it comes to designing structures using thin-walled sections and cold-forming
manufacturing techniques, there are some distinctive design challenges that are not usually
encountered when using thicker hot-rolled sections. These challenges can include issues with

buckling strength.

Steel sections are susceptible to various types of buckling, namely local, global,
distortional, and shear. In the case of cold-formed steel sections, local buckling (L) is commonly
observed, which arises from the short-wavelength buckling of individual plate elements. The term
"global buckling," on the other hand, pertains to flexural (F) and flexural-torsional (FT) buckling
of columns, as well as lateral-torsional buckling (LTB) of sections. This type of buckling is also
known as "rigid body" buckling since the entire cross-section moves as a rigid body without any
distortion. Distortional (D) buckling, meanwhile, is recognized by the relative movement of the
fold-lines of the cross-section, with its wavelength generally between that of local and global
buckling [24, 25]. Figure 2.12 provides a visual representation of compression single buckling

modes.

us|

b) D ¢)F d) FT

Figure 2.12: - Compression single buckling modes [25].
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Local buckling (L) refers to the instability of a small portion of the member, typically
near the ends or at points of high stress. Local buckling can occur in the flanges or in the web of
cross sections. It involves deflection of the plate out of its initial plane. Distortional buckling (D)
happens when the section's flanges begin to deform out of plane due to compressive loads and can
lead to a reduction in strength and stiffness. Overall column buckling refers to the instability of
the entire member. It can occur in different modes, including flexural, torsional, and flexural-
torsional buckling modes. Flexural buckling (F) happens when a compression member bends about
a principal axis. This mode of instability is more common in members that are slender or have a
low flexural rigidity relative to their length. It involves transverse displacements of the member
cross section. Torsional buckling (T) occurs when a compression member twists about its shear
center. This mode of instability is more common in members that have a low torsional rigidity
relative to their length. It involves twist rotations of the member cross section. Flexural-torsional
buckling (FT) happens when a compression member both bends and twists simultaneously. This
mode of instability is more common in members that are both slender and have a low flexural and
torsional rigidity relative to their length. It involves both transverse displacements and twist
rotations of the member cross section. Lateral torsional buckling (LT) occurs when a flexural
member is subjected to a combination of bending and twisting moments. This can cause the
member to buckle laterally, reducing its load-carrying capacity and potentially causing failure.
Lateral torsional buckling is particularly common in thin-walled CFS members, which have a

relatively low torsional stiffness.

As the shapes of sections become more intricate, the calculations for local buckling
become more intricate as well, and distortional buckling becomes more significant. These modes
of local and distortional buckling are deemed "sectional” and can interact with one another, as well
as with global buckling, as stated by Dubina [25]. The coupled buckling modes of compression

interactive are depicted in Figure 2.13.
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Figure 2.13: - Compression interactive (coupled) buckling modes [25].

2.6 COLD FORMED SECTION RESEACHES

CFS is of great interest to researchers, as there are many studies that have dealt with it, and
these studies can be divided according to their field of interest as follows: -

2.6.1 Research on CFS Member Behavior

The behavior of built-up channel sections has been extensively studied in previous research
[39-47]. Various studies have been conducted on closed-compound sections [48-51]. Furthermore,
some studies have investigated the impact of web openings [52-54].
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Manikandan et al. [43] conducted a study on the bending behavior of innovative cold-formed
steel (CFS) back-to-back channel sections with folded flanges and complex edge stiffeners, using
both experimental and numerical methods. Their findings showed that the sections with complex
edge stiffeners and folded flanges exhibited the highest bending strength.

Wang and Young [40] conducted an investigation on the behavior of simply supported built-
up section beams with various web intermediate stiffeners under both four-point bending and

three-point bending tests.

Poologanathan and Mahendran [47] studied the shear behavior and strength of an innovative
CFS Beam section with box flanges. The specimens were tested in both a single and back-to-back
configuration, and the results showed significant improvement in shear strength compared to

conventional lipped channel sections.

In Yener et al. [55], a failure criterion was established for beams with uniform moment and
moment gradient, which was based on the ultimate compressive strain. Subsequently, the
researchers expanded their investigation to explore the load-bearing capacity of cold-formed steel
beams with compression flanges reinforced with stiffeners. Two years later, the authors shared
their discoveries on the application of partial section classification in cold-formed steel flexural
elements. Additionally, they provided equations for determining the ultimate moment capacity of

cold-formed steel sections that are utilized in design and analysis, as noted in [56].

The study conducted by Maduliat and colleagues [57] primarily concentrated on the inelastic
bending capability of cold-formed channel sections. They undertook both experimental and
analytical analyses on a total of 42 cold-formed channel sections, classifying them into three

distinct geometric groups.

Various studies have also studied the performance of CFS , for column design [58-61] [62],
for beam/purlin design [63-69]. Cheng et al. [70] has investigated CFS subjected to combined

bending and compression.

In order to explore the capacity of inelastic bending and the method of designing bending

members, Xingyou & Yanli [71] carried out experimental tests on 30 members of cold-formed
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steel-lipped channels. Furthermore, they analyzed the modes of failure in the bending members

through the application of shell finite element analysis.
2.6.4 Research on CFS Buckling Behavior

Numerous studies have been conducted on the CFS buckling modes. These studies include
investigations of CFS buckling behavior under axial compression and bending loads and the effect
of section shape on CFS buckling behavior [70, 72-79]. Much research has been conducted on the
buckling failure behavior of single plain channels [80, 81], lipped channels [82, 83] [70, 72-78],
and more intricate channel sections [84-87].

Schafer & Pekoz [88] investigated a cold-formed steel flexure member with edge-stitched
flanges that is laterally braced. The study aimed to determine the buckling stress in both local and
distortional modes. The standard design process does not consider distortion buckling. As a result,
the authors proposed a modified design approach that incorporates distortionary buckling into a

unified and effective width strategy.

Zhao and Schafer [89] described a rig for measuring and classifying global, distortional,

and local imperfections in cold-formed members.
2.6.1 Research on CFS Strengthening

The utilization of diverse forms of stiffeners, such as edge stiffeners and intermediate
stiffeners within the web, would bring about significant advantages for cold-formed light-gauge
steel open section members. Edge reinforcements play a crucial role in providing sufficient support
for slim-walled compression flanges and impeding the occurrence of distortional buckling in the
flanges, as studied by Schafer et al. [74].

The structural efficiency of light-gauge steel sections with reinforcements, encompassing
simple lipped sections, sections with intricate edge reinforcements, and sections with intermediate
reinforcements, has been extensively examined through theoretical, empirical, and numerical
investigations [90-95] [62, 74, 90, 96-102].

Bambach & Rasmussen [103] introduced an innovative method for constructing elements
without stiffener. When evaluating the strength of cold-formed steel (CFS), they neglected to
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consider lateral-torsional buckling, local buckling, or distortional buckling. Wang et al. [99]
carried out experiments on CFS channel columns, incorporating intermediate V-shaped web
stiffeners and return lip stiffeners. These columns were subjected to pin-ended boundary
conditions during testing. Yu [104] discovered that the strength of cold-formed steel channel
sections is significantly influenced by the ratio of edge-stiffener length to the flat portion of the

web.
2.6.2 Research on CFS Simulation

Numerous research papers have been published on the topic of simulating CFS sections [2,
36, 96, 105].

To investigate the impact of uniform bending on the lateral-torsional buckling behavior of
cold-formed steel-lipped channel beams, Kankanamge and Mahendran [106] developed a
numerical model. They employed reduced integration (S4R) and four-node shell elements with

five degrees of freedom per node in ABAQUS for this purpose.

Keerthan & Mahendran [107] examined the post-buckling and shear buckling behavior of an
advanced cold-formed steel beam. They utilized the same numerical investigation approach in
ABAQUS.

Abhishek [108] conducted a numerical study on the performance of cold-formed steel (CFS)

Z purlins when subjected to bending applied at the shear center of the proposed section.

G. Beulah [109] performed non-linear finite element analysis (FEA) using ABAQUS
software to predict the structural behavior of built-up cold-formed steel (CFS) sections under axial

loading.

Krishanu [110] proposed an improved version of design rules for back-to-back built-up cold-
formed steel channel sections subjected to axial compression. They validated the accuracy of their
proposed design rules through finite element analysis (FEA) using ABAQUS and ANSYS
software and by conducting test results.
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Marsel [111] provides the nonlinear buckling analyses results of light gauge C-shaped
compressed columns and then calculates the load-bearing capacity of the column members and its

influence of the imperfections on the columns.

Nagesh [112] presents the theoretical and analytical investigations on the maximum load
carrying capacity and the behavior of light gauge un-lipped channel sections with ends being fixed
then subjected to axial compression.

Karim [113] was able to enhance the efficiency of hat, I, and Z-shaped cross-sections
through the implementation of the neural network method. Lee et al. [114, 115] delved into the
exploration of the most optimal design for channel beams and columns by utilizing micro-genetic

algorithms.

Lu [116], on the other hand, focused on investigating the minimum weight of cold-formed
C-channel sections, both with and without lips. These sections had a fixed coil width and were
subjected to a prescribed axial compressive load. Leng et al. [117] combined various techniques
such as the Direct Strength Method (DSM), the gradient-based steepest descent method, as well as
genetic and simulated annealing algorithms to obtain cold-formed steel (CFS) sections with

maximum capacity.

In a separate study, Madeira et al. [118] conducted a multi-objective optimization of CFS
elements in compression. Uzzaman et al. [119] developed a finite element model that accurately
predicted the ultimate loads and failure modes of channel sections, whether they had web holes or

not, and were subjected to web crippling.

2.6.5 Other Investigations

Ye et al. [120] successfully implemented a framework to achieve the most optimal sections
for cold-formed steel (CFS) beams that align with the design requirements of Eurocode 3, while
also considering constraints associated with manufacturing and construction. Dundu [121]
presented an analytical study showcasing the potential utilization of CFS sections in portal frames
with a span of 12 m and a spacing of 4.5 m. Ongoing efforts and research are being conducted to
explore the application of cold-formed steel sections with larger spans and higher loads [5]. In
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[122], the authors made predictions regarding the inelastic reserve capacity of bending members,
taking into account both lateral-torsional and local buckling modes. Numerous studies aim to
enhance the corrosion protection of CFS sections by leveraging the benefits of galvanization and

other coating technologies [4].

While significant progress has been made in understanding the behavior and properties of
CFS elements under various loading conditions, there is still much to be learned and improved
upon. Ongoing research in CFS includes investigating the use of new materials and coatings to
improve corrosion resistance, developing new connections and fasteners to improve performance,
and exploring the use of CFS in new and innovative structural systems. As such, research on CFS

elements is far from finished, and is likely to continue for many years to come.
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CHAPTER (3)

STUDY ON DIFFERENT CODES

3.1 INTRODUCTION

The codes that govern the structural design of various countries offer engineers a wealth of
information and guidelines for constructing diverse structural elements. These codes may vary
significantly in the data provided for actions, such as loads, as well as for assessing the resistance
of sections, in addition to other durability and detailing requirements. This chapter presents a
comparative analysis between Eurocode-3 partl.3 (EC3), the North American Specification
(AISI), and the Egyptian Code of Practice (ECP-205) for designing CFS members with channel
and Z-section profiles. This chapter recognizes the resemblances and diversities found in the
measurements of strength, thus aiding the acquisition of knowledge in the realm of codes.
Moreover, it acknowledges the presence of expressions and boundaries outlined in the ECP-205,
EC3, and AISI codes.

3.2 STUDY ON DIFFERENT CODES

Numerous design guidelines at the national level have been formulated for cold-formed
steel (CFS) sections and structures, owing to extensive research and product advancement in the
past. Each global steel code of conduct consistently aims to enhance the analysis and design of
steel structural systems. These enhancements undergo a series of stages that are uniformly

implemented worldwide.

This study focuses on commonly different CFS steel codes including Eurocode-3_partl.3
(EC3) [22], the North American Specification (AISI) [21], and the Egyptian Code of Practice
(ECP-205) [20].
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Comparison between the European, Egyptian, and American codes is present herein. The
design methods for the European and Egyptian codes are summarized in EN 1993 [22] and ECP-
205 [20], respectively. The American code refers to both the EWM and DSM provided in AlSI
100-16 [21]. These codes are respectively referred to as EC3, ECP-205, AlSIewwm, and AlSlpswm in
the rest of the study. It is important to mention that, in order to make things easier, the symbols
utilized in the analytical equations have been adjusted to ensure consistency across various codes.

Therefore, they may not necessarily match the symbols used in each individual standard.

3.2.1 Comparison Between Dimensional Limits and Considerations

In the design of CFS structures, there are general terms and concepts that are commonly
used. These terms include the following definitions:

e An unstiffened compression element (u.c.e.) is a compression element that has a flat
shape and is stiffened only at one edge, which runs parallel to the direction of stress. This
is illustrated in Figure 3.1.

e Astiffened or partially stiffened compression element (s.c.e.) is a type of flat structural
component that is designed to resist compressive forces. This element has reinforcing
elements such as webs, flanges, stiffening lips, intermediate stiffeners, or similar features
along both edges that are parallel to the direction of stress, as shown in Figure 3.2. These
reinforcements provide additional stiffness and strength to the compression element,
helping it to better resist buckling under load. Such compression elements are commonly
used in various structural applications, such as buildings, bridges, and other large-scale
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Figure 3.1 :- Sections with unstiffened compression elements [24].
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Figure 3.2: - Sections with stiffened or partially stiffened compression elements [24].

When designing CFS sections, there are several dimensional limits and considerations in

each code that must be met before using the code, as shown in Table 3-1 and Figure 3.3. There

are several additional considerations in EC3 that should be noted. For instance, if % <0.2, the

stiffening lip should be disregarded (d = 0). Additionally, if r <5t and r <0.10 b, the impact of

rounded corners on the cross-section resistance may be ignored. In such cases, the cross-section

can be assumed to be composed of planar elements with sharp corners [22].

Table 3-1: - Different codes dimensional limits and considerations.

Criteria

Different codes

AlSlpsm | AlSlewwm EC3 ECP-205
. h H h
Compressed stiffened element T <500 T < 500 T < 300
b
. - <90 forls=>1,
Ciomprtessed edge stiffened ® <160 tb % <60 E <60
elemen 2 <60 forls<ls t
Compressed unstiffened 4~ 60 D g 4 < 40
element t t t
Stiffened element in bending - <300 % <200 % <500 % <200
Inside radius E <20 E <10 r < 0.04tE/Fy Not exist
. . D .
Simple edge stiffener g <07 0.2 < B < 0.6 Not exist
Edge stiffener type Simple and complex Simple only Simple only Not exist
Nominal yield stress (Fy) Fy <655 Mpa Fy <552 Mpa Fy > 140 Mpa Not exist

Angle of stiffener (0)

40° =0 = 140°

45° >0 = 135°

40° = 6 = 140°
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=>

Figure 3.3: - Sections used in this study.

All abbreviations and symbols in the previous table will be explained here as follows: -

t = Thickness of element.

B = Total width of element with edge stiffeners.

e b = Flat width of element with edge stiffeners.

e D = Total width of unstiffened element.

e d = Flat width of unstiffened element.

e H =Total depth of web measured along plane of web.

e h = Flat depth of flat portion of web measured along plane of web.
e r=inside bend radius.

e Fy=Nominal yield stress.

e E =Young modules.

e |5 = Moment of inertia of the full stiffener about its own centroidal axis parallel to the
element to be stiffened.

e |o = Adequate moment of inertia of stiffener.

3.2.2 Resistance Factors

The general equation for determining the axial (Py) and flexural (My) design strengths in any
codified design method is as in Equations (3.1) and (3.2). The resistance factors used in different
codes can vary depending on the design philosophy and safety requirements of the code. Table 3-

2 explores resistance factors in different codes.
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Pu= ®¢ Pn (3'1)
My= ®p Mn (32)

Table 3-2: - Comparison between resistance factors.

Stress AlSI EC3 ECP-205
Compression (®¢) 0.85 1 0.8
Bending (®p) 0.9 1 0.85

3.2.3 Comparison Between CFS Different Methods

There are two basic design methods for analyzing and designing cold-formed steel (CFS)
members, each with its own strengths and limitations. There are the traditional Effective Width
Method (EWM) and the Direct Strength Method (DSM). The EWM is spread in different forms
almost all over the world for formal use in design, while the direct strength method is only available
in AISI [21].

3.2.3.1 Design Resistance of Cross Section

This part of the study focuses on how to design the resistance of CFS members using

different methods.

3.2.3.1.1 Effective Width Method

The Effective Width Method (EWM) is a commonly used approach for designing Cold
Formed Steel (CFS) sections. The EWM involves the determination of the effective width of the
section based on the distribution of stresses across the cross-section of the beam. The effective
width is then used to calculate the moment of resistance of the section, which is the maximum

bending moment that the section can withstand without failure.

Effective width refers to the width of a beam or structural element that is actually
effective in resisting the applied loads. In other words, it is the width of the beam or element that
is contributing to the strength and stiffness of the structure. A method of effective width is utilized
where unproductive parts of a cross-section are eliminated, and the properties of the remaining

effective parts are used to determine section properties.
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Clause 4.4 of EN 1993-1-5 [123] defines the effective area of a flat compression element (Acefr )

as the product of the gross area of the compression element, denoted as Ac, and a plate buckling

reduction factor (p). The value of p must be less than or equal to one, as shown in equation (3.3).

The plate buckling reduction factor (p) is taken as the following Table 3-3.

Ac;eff =p Ac (3.3)
Table 3-3: - The EWM factors in different codes.
Different codes
AlSlewwm EC3 ECP-205
p=1 For A, <0.673 (3.4) | For stiffened element (3.5) | For stiffened element (3.6)
_ 22 _ Ap—.055(3+¥) _ 11Ap-16-1W
p="—2 Fori,>0673 Ty =1 -y st
The reduction factor (p) ) )
For unstiffened element For unstiffened element
_ 2Ap—.188 _ Ap—15-.05¥
Y <1 v <1
_ [ [y (®) For stiffened element (3.9)
kp Ferl (37) Ap - 0'_Cr T 284 £VK (38) b
The normalized plate | Where: - Where: - P~ T4z K
1 2E 2 ) ) e for unstiffened element
slenderness (&) Fen= K m (%) ¢ is the ratio /% with fy in ! i en n
a2 & [y
N/mm? » =5 L% !
in
compressed K=4 (3.10)
Plate Stiffened
buckling in
coefficient | compressed K=.43 (3.11)
(K) unstiffened
in flexural
] K = 4+2(1+|®|)3 +2(1+|¥]) (3.12) k=781-6.29¥ +9.78 ¥ 2 (3.13)
Stiffened

Where: - y is the stress ratio.
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In the case of designing plane elements with an edge stiffener (lipped flange), the
ECP-205 standards follow the AlSIewm except for how to calculate the plate buckling coefficient
(K), as shown in Table 3-4, the adequate moment of inertia of the stiffener (ls), as shown in
equations (3.14) and (3.15), and the calculations of the reduction factor (p), as mentioned before.

la= 399t (2- 328 < t(1152545)  inAlSleww (3.14)
— 4 b/t 3 i
=399 t* (2~ 328)° if .25<b/t <'S
in ECP (3.15)
_ b/t f
=t' (11522 +5) if  b/t=S
Where: - S=128,/E/f (3.16)

Table 3-4 :- Plate buckling coefficient (K).

Simple Lip Edge Stiffener
Codes
d/b<0.25 0.25<d/b<0.8
AlSlewm 3.57 (R)" +0.43< 4 (3.17) | (4.82-5d/b) (R)"+0.43<4 (3.18)
ECP- | SI3<bit<S |357 (R)¥?+0.43<4 (3.19) | (4.82—5d/b) (R)™ +0.43<525-5(d/b)  (3.20)
205 bt >S | 357(R)™+043<4 (3.21) | (4.82—5d/b) (R)™ +0.43<5255(d/b)  (3.22)
Where: -
« n=(0582-2L) > (3.23)
e |s = The moment of inertia of the full section of stiffener about its own centroidal
axis parallel to the element to be stiffened. [ls = (d>t)/12] (3.24)
e Ri=L/lh<1 (3.25)

In ECS3, the stiffener behaves as a compression member with continuous partial restraint,
which is represented by a linear spring (with stiffness K) that is located at the centroid of the
effective stiffener section, as illustrated in Figure 3.4. It functions as a partially restrained
compression member, and its spring stiffness is affected by the flexural stiffness and boundary

conditions of adjacent plane elements.
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Section 5.5.3 of EC3 outlines a recommended step-by-step procedure for designing
compression elements with edge or intermediate stiffeners. The first step is to determine an initial
effective cross section for the stiffener by assuming that it provides full restraint and using effective
widths. The second step is to calculate the reduction factor for distortional buckling (also known
as flexural buckling of the stiffener) using the initial effective cross section, while accounting for
the effects of continuous spring restraint. Optionally, the reduction factor can be refined through
iteration. To determine initial values for the effective widths, consult Figure 3.5 and assume that
the plane element is supported on both longitudinal edges. Finally, the effective cross section of

the stiffener and the reduction factor are used to determine the design strength of the stiffener.

A | A
K
K
(a) (b)

(@)

Figure 3.4 :- Assumed model for edge and intermediate stiffeners. (a) Single-fold edge stiffener.
(b) Double fold edge stiffener. (c) Intermediate stiffener [124].

e / /I

s S F |

Figure 3.5 :- Edge stiffener [25].
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The reduction factor Xq for distortional buckling resistance (i.e., stiffener flexural buckling)

can be found by calculating the relative slenderness Aq using the following equations: -

X¢ =1 if A < .65 (3.26)
Xg = 1.47 - 723 Mg if 65 < A < 1.38 (3.27)
Xq = = if M > 1.38 (3.28)
d
Where:-
— fy
¢ M= - (3.29)

e O is the elastic critical stress for the stiffener

= 2 /KB (3.30)

As
For a single edge fold stiffener, initial values of the effective width (Cef), refer to Figure 3.5,
should be obtained as follows:
Cett=pb (3.31)

The value of the buckling factor ks used to calculate the reduction factor for buckling of the
stiffener is given by a specific expression, while p is obtained as mentioned before. This expression
is used in place of the value of the plate buckling coefficient (K)

e if d/b<0.35 ks=0.5 (3.32)

. 3 d 2
e if035<d/b<06 ke =05+ /(3—.35) (3.33)

3.2.3.1.2 Direct Strength Method

The Direct Strength Method (DSM) is a design approach used in the North American
specification (AISI) [21] for cold-formed steel structures. The DSM approach is a relatively new
method for designing cold-formed steel structures that is based on the principles of mechanics and
engineering, and it has been shown to provide a more accurate prediction of the structural behavior

of cold-formed steel members than traditional design methods.

The DSM method allows for the direct calculation of the strength and stiffness of cold-formed
steel members, without the need for empirical adjustments or safety factors. This is accomplished
by using finite element analysis (FEA) to model the behavior of the member under load, and then

using the calculated stresses and strains to determine the member's strength and stiffness.
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The Direct Strength Method (DSM) is often preferred for designing optimized cold-formed steel
shapes over the main Specification. DSM provides a design method for complex shapes that is as
easy as for normal shapes, while the main Specification may be difficult or inapplicable. DSM has
practical advantages, such as no effective width calculations, no required iterations, and the use of
gross cross-sectional properties. It integrates elastic buckling analysis through computer software,
allowing for a general method of designing cold-formed steel members with broader extensions
than traditional Specification methods. Theoretical advantages of DSM include explicit design for
distortional buckling, element interaction inclusion, and exploration of all stability limit states.
DSM also encourages cross-section optimization, provides a rational basis for analysis extensions,
has a wider applicability and scope, and focuses on elastic buckling behavior determination rather

than empirical effective widths [17].

The use of DSM in AISI [21] has certain limitations, such as the absence of shear provisions and
web crippling provisions. It also does not provide any guidelines for members with holes and has
a limited number and geometry of pre-qualified members. Additionally, it does not incorporate
any provisions for enhancing strength due to cold work of forming.

The direct strength method depends mainly on the idea of the accurate member elastic
stability. It is mainly based on an idea of determining all of the elastic instabilities for the gross
section, i.e. local (McrL or PerL), distortional (Mcra Or Pera), global buckling (Mcre or Pere) and also
calculating the yielding straining action (My or Py ) , then the nominal strength can be directly
defined ,i.,e. Mn=F(Mer, Merd, Mere , My) & Pn=F (PerL, Perd, Pere , Py) .

3.2.3.2 Design of Different Buckling Resistances

Compression members are structural elements that experience compressive forces, such
as columns, struts, and beams subjected to axial compression. The limit states for compression
members refer to the conditions under which a member is considered to have failed or reached its
capacity. The limit states for compression members include yielding, overall column buckling,
local buckling of individual compression elements and distortional buckling of open sections with
edge stiffened flanges [24].

Flexural members are structural elements that are designed to resist bending or flexure.

Some common examples of flexural members include beams and joists. They are typically
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horizontal members that are designed to resist bending and support loads perpendicular to their
length. They are often used to support floors, roofs, or bridges. Local, distortional, and lateral

torsional buckling are failure modes of cold-formed flexural members.

Yielding occurs when the stress in a compression member exceeds the yield strength of
the material. At this point, the material will begin to deform plastically, meaning it will experience
permanent deformation even after the load is removed. Yielding can cause failure only in a very
short, compact column under axial load, so it doesn’t occur in slender sections like CFS, that is
why it is not discussed in this study.

It is worth noting that the EC3 is unique EWM code in that it accounts for distortional
buckling and the interaction between local and distortion buckling modes by assuming that the
stiffener behaves as a compression member with continuous partial restraint, which is represented
by a linear spring (with stiffness K) that is located at the centroid of the effective stiffener section,
as illustrated in Section 5.5 of the EC3.

There are several methods for determining the interaction between local and overall
column buckling modes for slender sections such as Q-factor method and unified approach. The
AISI [21] was used Q-factor method in old versions and has been replaced it by the unified
approach method in new versions of the code. However, the Egyptian code [20] still follows the
old versions of the AISI in the use of semi Q-factor method.

The Q-factor method was considered in the AISI specification during the period from 1946
through 1986 [24]. It is a simplified approach that can be used to determine the axial capacity of
CFS columns and beams. The Q-factor method uses a Q factor that is based on the slenderness
ratio of the member. The Q factor is a dimensionless factor that is used to account for the reduction
in strength of the member due to buckling.

The Q factor was eliminated in the 1986 edition of the AISI Specification [24]. The
unified approach is recommended by the North American Specification for the Design of Cold-
Formed Steel Structural Members and is used extensively in the United States and Canada. It
provides a more accurate and reliable design method for CFS members subjected to compression
and can be used for a wide range of member types and loading conditions. It is a more advanced

and comprehensive method compared to the Q-factor method, as it takes into account the effects
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of local buckling and distortional buckling, as well as the interaction between different components
of the member.

The unified approach considers the interaction between different components of the
member, such as the flanges and the web, which can affect the overall strength and stiffness of the
member. It also uses a series of equations to determine the reduction factors for local buckling.
These reduction factors account for the reduction in strength and stiffness of the member. In order
to reflect the effect of local buckling on column strength, the nominal column load is determined
by the governing critical buckling stress and the effective area instead of the full sectional area.

On the other hand in EC3 [22] structural design, the resistance of compressed members
is determined using the "European design buckling curves,” which were established by ECCS in
1978 [125] . These curves relate the reduction factor ( X ) to non-dimensional slenderness
parameter ( A" ). Figure 3.8 shows the five curves that were derived from an extensive research
program conducted by ECCS in 1976 [126] .
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Figure 3.6: - European design buckling curves [25].

The first step of the Direct Strength Method is finding buckling straining actions (moment
or load), i.e. local (Mcr_ or Perp), distortional (Merd OF Perd), global (Mcre OF Pere) buckling. 1t simply
became easy to get the elastic buckling straining actions of any cold-formed steel cross-section by
freely, available, open-source software, such as CUFSM, CFS and THIN-WALL or by manual

elastic buckling calculation.
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The cross-section can achieve its full capacity in all buckling modes, such as local,
distortional, and global, if the elastic buckling value is high enough. This value determines whether
the cross-section can achieve the yield moment in bending (My) or the squash load in compression
(Py). The limits for these conditions can be generated using the Direct Strength predictor equations
provided in Appendix 2 of AISI [21].

Flexural Members

e if Mcn > 1.66My then local buckling will not cause any reduction in the structure's
strength or capacity.

o if Mcg > 2.21My then distortional buckling will not cause any reduction in the
structure's strength or capacity.

o if Mce > 2.78My then global buckling will not cause any reduction in the structure's

strength or capacity.

Compression Members

e if Pcn > 1.66Py then local buckling will not cause any reduction in the structure's
strength or capacity.

e if Pcrg > 3.18Py then distortional buckling will not cause any reduction in the structure's
strength or capacity.

e if Pcre > 3.97Py then global buckling may cause a reduction of 10% or less in the
strength or capacity of the structure.

e if Pcre >8.16Py then global buckling may cause a reduction of 5% or less in the strength
or capacity of the structure.

o if Pcre > 41.64Py then global buckling may cause a reduction of 1% or less in the

strength or capacity of the structure.

The nominal strength of the member is determined by taking the minimum of different
buckling resistances, such as local, distortional, and global buckling. The different buckling

resistance formulas for columns and beams are shown in Tables 3-5 and Tables 3-6, respectively.
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Table 3-5: - The nominal design of compression strength (resistance).

Different codes
Mode
AlSlpsm AlSlewm EC3 ECP-205
Local FOI‘ AL S 0776 PnL = Pne (334) Pnl = Aeff .fy (335)
buckling For AL > 0.776
— Peri 4 Pery 4
PnL—[l - 015 (m) ] (m) Pne
Where: - A= Pne
Pery
Distortion | For g < 0.561  Pn =Py (3.36) For kg <0.65 (3.37)
buckling For A4 > 0.561 X4 =1
6 6 For 0.65 < A¢< 1.38
Prg = [1 - 025 (%) ] (Pt} b, ] ‘ _
Py Py Xq =1.47-0.723 Nq
Where: - Ad = P_y For }\d > 1.38
' \I Pcra _ 66
Xd—z
Global For 2.< 1.5 (3.38) | Pne = An. F (3.39) | Pre=XAcFy (3.40) | Pre=Aq. Fer (3.41)
buckling | Pre=(.658%9")p, Where: - Where: - Where: -
For Ac> 1.5 For A = Fy <15 Xz@—\/qﬂ-xz <1 Forc/Q < 1.1
Fer  — 77 A2 =
_ (877 X . For = Fy.Q(L — 0.384 Q (A0)?)
Pro= () B Fo= (0.658%) F, 6=05[1+a —02)+ 27 | © 7 ‘
Forh;\/Q_> 1.1
F 2 = Aesr - Fy
Forke = |— Y. 515 TR Fer = 0.648 Fy/ (Ac)?
cr
0.877
Fn = [F] Fy
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Where:-

Aesr is the effective area of cross section by applying uniform compressive stress
equal to Fy .

Fy is the yield strength.

Q is areduction factor for slender sections. [Q = Ae / Ag]

Ac is an effective area based on sections 4.2.2.1 & 4.2.2.2 in ECP-205.

Agis gross area of member.

Xis the reduction factor in EC3.

« is the imperfection factor for buckling curve.

A" is a non-dimensional slenderness parameter.

F . is the minimum elastic global buckling stress.

An is the effective area of cross section by applying uniform compressive stress
equal to Fn.
Pre is the nominal axial strength for flexure, torsional or tortional flexural buckling.

PnL is the nominal axial strength for local buckling.

Pna is the nominal axial strength for distortional buckling.
P. Is the critical elastic local column buckling load.

Pcre is the critical elastic global buckling load.

P..q is the critical elastic distortional buckling load.
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Table 3-6: - The nominal design of flexural strength (resistance).

Different codes

Mode
AlSlpsm AlSlewm EC3 ECP-205
Local For AL <0.776 ML = Mpe (3.42) Mui = Zesr. Ty (3.43) For 2 <30 (3.44)
t
buckling For AL > 0.776 C Sx
*
Mcri A:I Mcri 4 Mn =< or Az
|1 — 0.15(—= /) M n
Mot [1 015 (5) | (3) Mae b s,
Where: - A= l\l\:i For 2 >30
crL t
Mni = Zess Fy
Distortion For Ag < 0.673 Mud = My (3.45) For kg <0.65 (3.46)
buckling For A4 > 0.673 Xg =1
5 S For0.65 < g <1.38
Mnd:[l - 022 (MM—d) ] (“"M—d) M, ] )
y y Xg =1.47-.723 Mg
Where: - Ag= My Forhg =1.38
Mcrd X, = 66
v
Global For Mcre < 0.56 My (3.47) | Mpe=SeFy (3.48) | Mne=Xi1 . Zegt - Fy (3.49) Mpe =Cp Mer <M,  (3.50)
bUCkling Mhne = Mcre Where: - Where: -
For 2.78 My = Mcre = 0 .56 My For F, > 2.78F, X 1= 1 — <1
10 10+M bt + (ofr - i)
Mre = 5 My * (1 - S0 Fn =Fy / 2
* Mere (I)LT = 05[ 1+ ALt (?\ LT — 0.2 ) + A LT ]
For Me > 2.78 M, For 2.78 Fy > Fe > 0.56 Fy ___
10 10F A= Zeff- Ty
Mpe=M F. =—F [1 — y] LT Mcr
e n =9y [t T 36E,

For F, < 0.56F,
F,=F
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Where: -

Se is elastic section modulus of effective section calculated with extreme
compression fiber at F.

Fn is elastic or inelastic critical lateral torsional buckling stress.

Fe is the elastic critical lateral torsional buckling stress.

X, is the reduction factor for lateral torsional buckling.

Zosr 1S the elastic section modulus of effective section calculated with extreme
compression fiber at Fy.

Xit is The reduction factor.

a;r 1S the imperfection factor for buckling curve a, (a,r =.21) [22].

ALr is non-dimensional slenderness.

M, is the elastic critical moment for lateral torsional buckling stress.

Cy is bending moment coefficient [in ECP-205 for cold-formed sections = 1].

Sx is the gross elastic section modulus.

Cx :{ 817 for rolled sections.
470 for welded sections.
_— .75 F for rolled sections.
71 6 Fy for built up sections.

Mre is the nominal flexural strength for lateral tortional buckling.

Mne is The nominal flexural strength for Local buckling .

Mng is The nominal flexural strength for Distortional buckling.

My =Sg * Fy (Squash Moment).

Sy is the gross section modulus referenced to the extreme fiber in first yield.
M, is critical elastic lateral torsional buckling moment.

M, is critical elastic local buckling moment.

Mhe is the nominal flexural strength for lateral tortional buckling.

M_,.q4 is critical elastic distortional buckling moment.
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3.2.3.3 Beam Column Members

Beam column members are typically used in structures where the loads are not purely
vertical or horizontal, but instead have a combination of both. For example, in a building with a
sloped roof, the beams supporting the roof will also need to support some of the vertical load from

the roof, making them beam columns.

Beam column members can be designed using a combination of beam and column design
principles, taking into account the effects of both bending and axial compression. The design must
ensure that the member can resist the bending and compression forces without buckling or failing.

The equations for beam-column members are a blend of compression and flexure
equations that are present in the three codes. The equations have a common form, which mandates
that the ratio of applied loads to the member's resistance should not surpass 1.0. This condition is
demonstrated in the equations given below: -

For AISI [21]
For ¢‘:;n < .15
* ¢iuPn + ( ¢:W:4J;x + ¢24:4yny ) =1 (351)
For ¢‘:1;)n > .15
. ¢I:upn ( aff%fi‘ilx azm¢24;y11y ) =1 (3.52)
et (s o) <1 (353
For EC3 [22]
()" + (e T )'8 <1 (3.54)
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For ECP-205 [20]

Py

For " > .2

¢T;n * g ( ¢;V[:4ix + ¢24;42y ) =1 (3.55)
For ¢?1L>n < .2

2;:% + ( ¢:\/I;[,;x + ¢Z4 Lyny ) =1 (3.56)

All abbreviations and symbols in the previous equations will be explained here as follows: -

e P, requires compressive axial strength.

e My (xory) are required flexural strengths .

e Pnisnominal compressive strength as discussed in section 3.7.1.2 of this chapter.
e M, is nominal flexural strength as discussed in section 3.7.1.3 of this chapter.

e ¢.and ¢, are safety factors as discussed in section 3.6 of this chapter.

e ax=1 - PI% (3.57)
¢ ay=1 - :T“y (3.58)

e Pex, Pey are Euler loads.
e Cnisa coefficient depending on the sidesway and bending shape of the member.

e The subscripts x and y indicate the axis of bending.
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CHAPTER 4

THE DEVELOPED PROGRAM

4.1 INTRODUCTION:

With the aim of improving the computational speed of the calculation process, computer
software was utilized to program the calculation procedure for the different aforementioned codes.
This chapter presents a comprehensive guide for users of this program, outlining the steps
necessary to utilize the software in order to design, check, and determine the maximum strength
of cold formed steel sections (CFS), specifically those with channel or z-profile that are subjected
to axial load, bending moment, or a combination of both, along with providing calculation sheets.
This software was created in the C* programming language and can calculate the axial load and

bending moment capacities of CFS Channels.
4.2 PROGRAM INTERFACE

The initial part of the program interface presents a concise explanation of the program's
nature and its potential applications. Moreover, the software developers can acquaint themselves
with this application by simply pressing button 1. The latter part of the program interface comprises
the most widely used CFS design techniques and an uncomplicated description of each. This
section is constituted of two principal divisions. The first section, the Effective Width Method,
utilizes three codes (Egyptian [20], American [21], and Eurocode [22]). The second section, the
Direct Strength Method, employs the American code [21]. Designers must select between the
Effective Width Method or the Direct Strength Method by clicking button 2 or 3, respectively, as
depicted in Figure 4.1.
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wide width method

£

‘

Direct Strength Method

This method use
solutions base
determine the mi

er elastic buckling
055 properties 10
e strength,

Button 3

O Start

@ About

Welcome to Cold Formed Sections Program

A software program to design, check and caloufate resistance of cold formed sactions using direct strength method and effective

Button 1

<
<«

Effective Width Method

Figure 4.1: - the developed program interface.

4.2 FORMS OF DIFFERENT METHODS

=

If one were to make the selection of the first section by simply clicking on button 2 in the

esteemed major form of the current program, as is exemplified in the illustrious Figure 4.1, then

the EWM form shall effortlessly come into view, as it is masterfully presented in the Figure 4.2.

However, if one were to select for the second section by simply clicking on button 3 in the alluring

Figure 4.1, then the DSM form would majestically manifest itself, as is depicted in Figure 4.3.

# Effective Width
Shape & General info.

Mecdute: Design Check '__.I;!esis!ano.e.\

Design Code: At

Member Type [SA): Column (Comprassicn)

S - Unstifiened
Lnits: ton & cm i
Geametry Length & Bracing Conditiang

@ wmpen from Liseary L%t

American * 1200T125-68

Ly ficem)
O User defined
Total Heght (H} fom) Lz fiam}

Tetal Width of Flange (B} {om}

Irtamal Radius {R) fem]

Thickniss i) (em) oagtl

100

100

0

Material Properties

Yiekd Stress [Fy] (/cm 2} 24

Elastic Modulus (E} it/cm®2) 2100

= Paisson Ratio () 03

Shear Modulus (G) (tiom™2) - 807,

B Calculate

Figure 4.2: - Form of Effective Width Method.

£9330759230T8
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f Direct Strength
Shaps & General info
Mecdule Desiy Chack Resil ¥
k —
Mamber Type (43 Cobumn [Compression] -
—— C - Unstiffenad - .
LUnits; n & crr -
Geametry Length & Brating Cond
@ Import from Library PR — Fx \
Amencan > 1200712568 -
L ferm) 00 Ky 1
) User defined
Total Heighn (Hy fem) 15 ( bl Kz !
Total Width of Flange (8 e i 1
internal Radius (R dcm) 02ns
Thickness [t) (cm) (RE-AR ]
@ Caleulate

Material Properties:

Yield Stress {Fy) (tiem

Elastic Modulus (B) (jiem ™2y 2

Figure 4.3: - Form of Direct Strength Method.

Input data (cross section geometry, length, bracing conditions, material properties, type of

influential load, and code required) were entered, and output data (CFS Capacity) were obtained.

in case the designer wants to design or check CFS section, the input data includes all the above

input data in addition to the values of the loads affecting the section. It should be noted that the

screens for EWM and DSM forms are divided into 5 sections, namely "Form and General Info.",

"Geometry"”, "Length and bracing Conditions", "Material Properties", and “ultimate loads”

appeared only in case of design or check CFS section, as shown in Figure 4.4.

Material
&= 050 | okl Fomed Sertiors Design ® .
Properties
A Effective Width
Form and General
i nfo . Mot | Design | Check Resist Viek Stress By (emed)
Cesign Code Ml tastic; Modudus () [vem*h 0
|—> ol e AL Cohemn {Compressan) - Baisson Ratio [v] a3 .
o Ultimate
. € - Unstilfered Sheor Motkis (G ivem*2h 0
loads
Unis: ton & om
Geom etry Geometry Length & Braong Concetions Wrimate Loads
Cj @) wnport from Ly Wjom 0 & ! Campressicn Puftan) o
EurchEqypt w CI0N25M4 -
bt TR . = » i & 5
Fotal Height 4 fc) ] <
! o 1 4.3 1
—> o b o L R RS - Length and
nit=ans Radus (R} o) Ll -
s e bracing
[ &8 Display Report i Calculate

Figure 4.4: - Form sections of CFS design in the program.
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4.2.1 Shape & General info.
Shape & General info.
Wodule: Design Check -:\Fesistanoe/:' ¥ B

Design Cade: AlSH - —
Memboer Type (SA): Column (Compression) - < B
Section: - Unstiffaned v <

Units: ton & cm T — ¥ ~ Button 6
. . . Button 7
Figure 4.5: - Shape & General info section.

Whether you choose EWM or DSM, the first section on the program screen is called “Shape

& General info.”, as shown in Figure 4.4. To enter information related to this section, you should
follow the following steps: -

The first step the designer should choose what he needs to do; Design CFS section or check
the safety of section or finding resistance of CFS section by simply clicking in the buttons called
“Design”, “Check” or “Resistance”, respectively, as shown in Figure 4.5.

The second step is to specify the code that you want to use, whether it is the Egyptian,
European, or American code, and this is done by pressing button 4, as shown in Figure 4.6. It

should be noted that this button does not exist on the screen of DSM form.

Design Cade: Egyptian

Member Type (SA4): 4 Eayptan
Euro
Sectiare +
A5
Lnits:

Figure 4.6: - Different codes in Button 4.

The next step is to determine the type of section that the designer wants, either to be a column,
a beam, or beam-column, or in other words, to determine the type of straining actions (axial load,
bending moment or both) affecting the section, and this is done by pressing button 5, as shown in

Figure 4.7.
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Next, determining the shape of section that the designer wants, either to be a lipped channel,
an unstiffened channel, lipped Z-section, and unstiffened Z-section, and this is done by pressing

button 6, as shown in Figure 4.8.

Finally, the designer should choose which units of load and dimensions he wants to deal
with in data entry as well as the solution resulting from the program. The available units are ton &

cm, newton & mm, and Kips & inch by simply clicking button 7, as shown in Figure 4.9.

Member Type (SA) Column (Compression) -
Section: | Column (Compression)

i Beam (Moment)
Units: [

[ Beam Column (M & N}

Figure 4.7: - Different frame elements in button 5.

Module; ( Design ) Check Fesistancs ¥ u Iodue Design Cheds Rasiztance ¥ B
Design Code: Alsl Design Code: Egyptn
Mesnbar Type [SAJ: Column {Compression) LA % Menber Type {585 Celurmm [Compressioe|
Saction: C-Lipped Seclinre € - Unsifened
Units: C-=lipped 1 ! Units: - Lipped
€ - Unstiffened - Unstiffensd
Geometry 2 liped Zonitians Geametry 2 lipend Lardibans
@ Import freem Library 7 - Unstiffened - | ) smport e Libeary 2~ Lhsiifizned K 1
a) Lipped channel b) Unstiffened channel
Shape & Ganerzl info. ' 3
| Module: | Design Check Resistance y U —
Modude: Design Check Resistance N
Design Cade At
Design Cade: Egyptian
- Member Type (54 Column [Compressior)
Member Type (SAK Column {Cormprassion) o
- 1 - Unsfiffened
S 7 - tipped e, el
Units: C-tipped Unite C - Lipped
C - Urstiffenied - Uinstiffened
Secmetry 2 7-Lippec oncitions ienmelry 7- Ugpet oncitiore
® rport from Library 2~ Unstifered x ' ® soportfom Ly e " !
FiieshEruant w  TINESNYD &
c) Lipped Z-section d) Unstiffened Z-section

Figure 4.8: - Different sectional shapes in button 6.

Units: ton & cm e
ton & om |
Jeametry Tondi
M & mm

® import from Library Kip & inch

) F'igurezl“.'é—:m- Different units in button 7.
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4.2.2 Geometry

Geometry

Button 8 —>® Import from Library

Euro\Egypt > C100X40X15X3 v

ey

Button 11 —» () User defined *

Total Height (H) (cm)

Button 9
10

Tatal Width of Flange (B) (cm) 4

Internal Radius (R) (cm)

Thickness {t) (cm)

[=5]

0.3

Total Width of Edge Fold (C) (cm) 1.5

Figure 4.10: - Geometry section.

Whether you choose EWM or DSM, the second part on the program screen is called

“Geometry” as shown in Figure 4.4. This part is concerned with determining the dimensions of

the section to be checked or finding the maximum design load that this section can bear. In the

case of the program being required to design, this part is concerned only with specifying the type

of steel sections tables from which the design section chooses. The designer can enter the

dimensions directly by selecting one of the well-known sections from the different steel tables, as

shown in Figure 4.11, by pressing button 8, then pressing button 9 to choose which steel tables

the designer wants, finally pressing button 10 to choose the section in that table or entering the

dimensions manually for each part separately by pressing button 11, as shown in Figure 4.12.

@ Import from Library

Euro\Egypt - C1

00X40X15X3 -

O User defined

Total Height (H) (cm)
Total Width of Flange {
Internal Radius (R) {cm|
Thickness (t) (cm)

Total Width of Edge Fo

C160X80X34X3.65

C160X80X34xX4

C160X80X30X4

C180X80X35X3.6

C180X80X25X4

C100X50X25X2

C200X60X20X2

C250X70X20X2

C185X60X25X1.5

Figure 4.11: - Choose section from the table of the steel tables.
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Geometry

O Import from Library
@ User defined

Total Height (H) (cm) 10

Total Width of Flange (B) (cm) 4

Internal Radius (R) (cm) 0.8

Thickness (t) (cm) 0.3

Total Width of Edge Fold (C) (cm) 1.5

Figure 4.12: - Entering the dimensions manually.
4.2.3 Material Properties
Material Properties

Yield Stress (Fy) (t/cm”™2) 24

Elastic Modulus (E) (t/cm”2) 2100

Poisson Ratio (v) 0.3

Shear Modulus (G) (t/cm®2) 807.6923076923075

Figure 4.13: - Material properties section.

Whether you choose EWM or DSM, the third part on the program screen is called
“Material Properties” as shown in Figure 4.4. Material properties refer to the characteristics or
attributes of a steel material that determine its behavior and response to various external conditions
and forces. The steel material exhibits distinct properties, notably the yield strength (Fy), Young's
modulus (Eo), Poisson's ratio (v), and shear modulus. Yield Strength (Fy) refers to the maximum
stress a steel material can withstand before it undergoes permanent deformation or starts to exhibit
plastic behavior. It indicates the material's ability to resist deformation under load. Young's
Modulus (Eo), also known as the elastic modulus or modulus of elasticity, represents a material's
stiffness or rigidity. It quantifies the material's ability to deform elastically in response to an
applied stress and is defined as the ratio of stress to strain within the elastic limit. Poisson's Ratio

(v) measures the ratio of lateral strain (strain perpendicular to the applied load) to the axial strain
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(strain parallel to the applied load) in a material. It characterizes the material's tendency to contract
in the transverse direction when subjected to axial loading or vice versa. Shear Modulus (G), also
known as the modulus of rigidity or elastic modulus in shear, reflects a material's resistance to
shear deformation. It quantifies the material's ability to withstand shearing forces without
undergoing permanent deformation. The shear modulus is defined as the ratio of shear stress to
shear strain within the elastic limit. The designer enters these mentioned properties of steel material

to be used in order in this part of the screen, as shown in Figure 4.13.

4.2.4 Length and bracing conditions

Length & Bracing Conditions
Length & Bracing Conditions

L (i) 120

Lx (o) 120 bt 120
Ly (cm) 120 Lz {crm) 120
Lu {ormd 50
Lz {cm} 120
i 1
a) column b) beam and column-beam

Figure 4.14: - Length and bracing Conditions section.

In this part of the form, the designer enters the length and bracing conditions of the desired
member, taking into account that the program deals with member local axis. local axis refers to a
coordinate system that is specific to an individual structural member. It is typically aligned with
the member's geometry and is used to define local directions and orientations within that member.
The designer should enter different effective lengths (L) in different local axes (X, y, z) of the
compressive member, as shown in Figure 4.14 (a). in case of the member is subject to bending,
He should also enter the unsupported length (Ly) and the bending coefficient (Cp), as shown in
Figure 4.14 (b).

The effective length (L) is a concept used in structural analysis and design to account for
the influence of the member's boundary conditions on its behavior. The unsupported length (Lu) is
ameasure of the effective unsupported length of the member and affects its buckling and deflection
characteristics. The bending coefficient (Cy) is a parameter used in the design of steel beams to

account for the influence of lateral-torsional buckling.
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4.2 .5 Ultimate loads

Ultimate Loads Ultimate Loads Ultimate Loads
Compression (Pu){ton) 3 .
Morment {Mujt.cm) 0a Compression {Pulizan) 3
Moment (Mu)(t.cm) 100 -
a) beam column b) beam c) column

Figure 4.15: - Ultimate loads section in different frame elements.

If the user wants to design the section or make a check for it, he must enter the value of loads
affecting the section, whether this load is compression or bending or both in this part of the form,
as shown in Figure 4.15. It should be noted that this section “Ultimate loads” does not appear at

all in the case of the user wants to find the maximum resistance of the section.

4.3 EXTRACT RESULTS

The required result is easily obtained, whether it is required to design, test, or find the largest
bearing strength for the section by pressing button “calculate” in the bottom middle of the screen,
as this result appears on the left of the screen, as shown in Figure 4.16. It is also possible to know
the details of the solution by obtaining the calculation sheet by pressing the “Display report”
button, and this report can also be printed by pressing the “Print Report” button in the bottom

middle of the calculation sheet, as shown in Figure 4.17. ﬁ [ Minimize button ]
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Figure 4.16: - Extract the check results.
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If the user wants to go back to re-enter the data for the same method, whether it is EWM
or DSM, all he has to do is close the report of calculation sheet from the “x” sign above the screen,
as shown in Figure 4.17, and change the data he wants. On the other hand, if he wants to re-enter
the data for another method, he can click on the house sign at the top on the left, as shown in Figure

4.16, then he will return to the program interface page, where he can select any methods Wants.

4.4 PROGRAM RESULTS VERIFICATION

It is important to check the results of the program before using it. This confirmation is
achieved by taking some of the resolved examples from some references [3, 24, 26, 29, 30, 124,

127-130] and comparing them with the results of the program.

The average ratio of references-to-program solution for AlSlpsm, AlSlewm, ECP, and EC3
are 1.00, 1.00, 1.02 and 1.00, with coefficients of variation of 0.02, 0.00, 0.02, and 0.00,
respectively, in the case of compressive member. On other hand, in case of flexural member, the
average ratio of references-to-program solution for aforementioned codes are 1.00, 1.00, 1.00 and
1.00, with coefficients of variation of 0.00, 0.00, 0.00, and 0.01, respectively.

The maximum resistances resulted by the program matched well with manual results from
different references, providing additional credibility and reliability to the program. These results
show that the suggested program can accurately calculate the maximum flexural and compressive
resistances, enabling precise prediction of design and check of the buckling behavior and ultimate

loads of thin-walled members.
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4.5 DIFFERENT CODES PARAMETRIC STUDY

Various codes were utilized to carry out parametric analyses on the ultimate capacities
of CFS for the channel section. These parameters include the member slenderness ratio (1), which
ranges from 5 to 62 for compression members, and the member torsional slenderness ratio (L/ry),
which varies from 10 to 173 for flexural members. Additionally, the web plate slenderness ratio
(h/t) was examined at 50, 80, 100, 114, 150, 180, 200, 220, 250, and 280 for compression members
and at 50, 80, 100, 114, 150, and 180 for flexural members to avoid exceeding the maximum limit
of the h/t ratio according to the different codes. Similarly, the flange plate slenderness ratio (b/t)
was analyzed across a range of values, including 30, 35, 37, 40, 45, 50, and 55 for compression
members and 30.5, 35, 37, 40, 45, 50, and 55 for flexural members. Furthermore, the lip-to-flange
plate width ratio (d/b) varied at 0.2, 0.25, 0.3, 0.35, and 0.4. Lastly, the yielding stress (Fy) was
studied using recommended values by European codes for cold-rolled flat products: 240, 280, 320,
360, and 400 MPa. This study focused only on the effect of b/t ratios greater than 30 on the CFS
flexural strength because the Egyptian Code Committee is currently reviewing ECP in the case of

CFS flexural members with b/t ratios smaller than 30.

Except for the yielding stress (Fy) parameter, the material characterized during the study
of various parameters has a yield strength (Fy) of 360 MPa. The Young's modulus (Eo) is 210 GPa.
The studied members have hinged boundary conditions at both ends. The cross-section used in the
study is presented in Table 4-1 and the dimensions “H, B, D, t and r”” are shown before in Figure
3.3.
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Table 4-1: - Different sections used in the different codes parametric study.

Dimensions (mm)

H B D t r
304.8 101.6 22.5 1.7 4.8
304.8 101.6 22.5 2.0 4.8
304.8 101.6 22.5 2.5 4.8
304.8 101.6 22.5 2.7 4.8
304.8 101.6 22.5 3.0 4.8
304.8 101.6 22.5 3.5 4.8
304.8 101.6 22.5 4.0 4.8
666.8 101.6 22.5 2.7 4.8
400.0 101.6 22.5 2.7 4.8
450.0 101.6 22.5 2.7 4.8
800.1 101.6 22.5 2.7 4.8
533.4 101.6 22.5 2.7 4.8
304.8 82.7 18.4 2.7 4.8
304.8 96.0 21.3 2.7 4.8
304.8 109.3 24.1 2.7 4.8
304.8 122.7 27.0 2.7 4.8
304.8 136.0 29.8 2.7 4.8
304.8 149.4 32.7 2.7 4.8
304.8 101.6 26.1 2.7 4.8
304.8 101.6 31.0 2.7 4.8
304.8 101.6 36.0 2.7 4.8
304.8 101.6 40.9 2.7 4.8

4.5.1 Effect of Member Slenderness Ratio (A) Parameter

Figure 4.18 (a) demonstrates an indirect correlation between the member slenderness ratio

(M) and nominal axial load capacities in different design codes. This is because when increasing
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the member slenderness ratio (L), the incidence of global (flexural) buckling increases, and the
member slenderness ratio (1) is inversely proportional to the nominal global buckling resistance,
as shown in Egs. (3.38) to (3.41).

In Figure 4.18 (b), there is a shift from a stable to an indirect relationship between the
nominal flexural capacity and torsional slenderness ratio (L/rt) in AlSlpsm, AlSlewm, and ECP at
L/re ratios of 12, 11, and 8, respectively. This phenomenon can be attributed to the transition of
failure buckling modes from local to global buckling. The shift from local to global buckling
modes means moving from a buckling mode that relies on the sectional dimension to one that relies
on the length. During this parameter study, the same section with different lengths was used,
therefore, the nominal local buckling strength (MnL) was constant, as expressed in equations (3.42),
(3.43), and (3.44). Consequently, a stable relationship exists between the CFS flexural capacity
and torsional slenderness ratio (L/rt) in AlSIpsm, AlSIewm, and ECP as long as the local buckling
failure mode occurs. The indirect correlation between the torsional slenderness ratio (L/ri) and the
nominal global buckling resistance (Mne) owing to the increasing length, which means increasing
the torsional slenderness ratio (L/r), causes a decrease in the critical elastic global buckling (Mcre
& Fere), and consequently, an increase in the nominal global buckling resistance (Mne), as shown
in equations (3.47), (3.48), and (3.50). It is also noted that the ECP gives a more conservative result
compared to the other codes when the member is subjected to global buckling because the ECP
contains some criticism, such as that the bending moment coefficient (Cp) remains constant at a
value of 1, and the nominal global buckling resistance (Mre) is always equal to the critical elastic
global buckling (Mcre), regardless of the member length or the boundary conditions, while applying
Eg. (3.50).

In contrast, an indirect correlation was observed between the nominal flexural capacity
in EC3 and the torsional slenderness ratio (L/r;). EC3 considers the effect of the combination of
the different buckling modes: local, distortion and global buckling, irrespective of the member
length, as shown in equation (3.49). Since varied lengths of the same section were studied, the
effects of local buckling, and distortion buckling were constant. Therefore, the CFS flexural
strength (Mn) depends only on global buckling, which is inversely proportional to the torsional

slenderness ratio (L/rt).
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Figure 4.18: - Effect of member slenderness ratio (A) parameter on CFS channel.

4.5.2 Effect of Web Slenderness Ratio (h/t) Parameter

As shown in Figure 4.19 (a), there is an indirect relationship between the web slenderness
ratio (h/t) and the nominal axial capacities in different design codes. The reason behind this
correlation is that all the studied sections failed because of local buckling, which is indirectly
related to the h/t ratio, as shown in equations (3.4) to (3.13). When the h/t ratio increases in the
AlSIewm, EC3, and ECP codes, the web's reduction coefficient (p) increases, resulting in a
decrease in the effective area (Aerf) and a reduction in local buckling resistance. Additionally, in
AlSlpswm, the critical local buckling (Pcn) decreases, causing a decrease in local buckling resistance,
as demonstrated in equations (3.34) and (3.35).

As shown in Figure 4.19 (b), a slight variation in the flexural capacities from different
design codes was observed with a change in h/t until the ratio reached 100. However, after this
ratio, the relationship between them became inverse. This is because all the studied sections failed
owing to local buckling. In the case of EWM codes, when the h/t ratio is less than 100, the sectional
area has almost no reduction as the web's reduction coefficient (p) approaches the unit value,
causing the web's effective width to equal the web's total width; thus, the effective sectional area
is similar to the total sectional area. However, when the h/t ratio is greater than 100, the web's
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reduction coefficient (p) is less than the unit value. Consequently, the web's effective width is less
than the web's total width; therefore, the effective cross-sectional area is less than the total cross-
sectional area. In contrast, according to DSM, when the h/t ratio is less than 100, AL is typically
less than 0.776, causing the nominal local buckling resistance (Mn.) to be equal to the critical
elastic global buckling (Mcre), as shown in Eq. (31), and because the lengths in all the studied
sections are constant, Mcre is almost constant. However, when the h/t ratio exceeded 100, AL was
typically greater than 0.776, and Mn_ changed depending on the critical elastic local buckling
(McrL) and critical elastic global buckling (Mcre), as shown in equation (3.42). Mcre is almost
constant; therefore, Mn. depends only on M. M decreases owing to the decrease in the
connection strength between the web and flange as the web height increases, causing a decrease
in MnL. This is because AlSlIpswm is the only code that takes into account the interaction between
different section elements, like flange-to-web.

1.0
—o— DSM/PY
—@— AISI/PY
ECPIPY
—— EC3IPY 08 r
=06 <)
=
=)
04
0.2 4= DSM / My
L/h=2  F,=360MPa L/h=2 F =360MPa —&— AISI / My
! ECP /My
bit = 40 d/b=.21 0.0 b/t=40 d/b=.21 = EC3/ My
0 50 100 150 200 250 300 0 20 40 60 80 %10/? 120 140 160 180 200
h/t
a) CFS compression channel b) CFS flexural channel

Figure 4.19: - Effect of Web Slenderness Ratio (h/t) Parameter on CFS channel.
4.5.3 Effect of Flange Slenderness Ratio (b/t) Parameter

As shown in Figure 4.20 (a), there is a slight indirect relationship between the CFS
compressive capacities in different codes and the flange slenderness ratio (b/t). This can be
explained in the AlSIewwm, EC3, and ECP codes as, when there is an increase in the b/t ratio, there
is a corresponding increase in plate slenderness (Ap), as shown in equations (3.7), (3.8), and (3.9),

respectively, which causes a decrease in the flange's reduction coefficient (p), as demonstrated in
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equations (3.4), (3.5), and (3.6). This leads to a decrease in the effective area (Aet) and local
buckling resistance, as shown in equation (3.35). It is observed that the compressive capacity of
the AlSIpsm exhibits a positive correlation with b/t when the b/t ratio is less than 35, but a slight
negative correlation beyond that point. This can be attributed to a shift in the failure mode from

distortion buckling caused by equation (3.36) to the local buckling resulting from equation (3.34).

As illustrated in Figure 4.20 (b), the b/t ratio was found to have an indirect correlation with
the flexural CFS capacities according to AlSIewwm, ECP and EC3. This can be explained as follow:
when there is an increase in the b/t ratio, there is a corresponding increase in the plate slenderness
(Ap), as shown in equations (3.7), (3.8), and (3.9), respectively, which causes a decrease in the
flange's reduction coefficient (p), as demonstrated in equations (3.4), (3.5), and (3.6), which led to
a decrease in the effective section modulus (Ser) and a reduction in the local buckling resistance,
as shown in equation (3.43). According to AlSIpsw, it has been observed that when b/t is less than
45, the flexural capacity remains unaffected by changes in the b/t ratio owing to member failure
occurring via the global buckling failure mode, which results from applying equation (3.47).
Moreover, the cross-sectional dimensions have no impact on the critical elastic global buckling
(Mcre), as long as there is no change in length. However, when the b/t ratio is greater than 45, it
has been discovered that an indirect relationship exists between the CFS flexural capacities and
the b/t ratio as member failure occurs via the local buckling mode, which results from applying
equation (3.42).
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Figure 4.20: - Effect of flange slenderness ratio (b/t) parameter on CFS channel.

4.5.4 Effect of Lip-to-Flange Length Ratio (d/b) Parameter

It can be observed from Figure 4.21 that there is a slight variation in the CFS capacities
resulting from the AlSIpsm owing to the change in the lip-to-flange width (d/b) ratio. Conversely,
a direct correlation exists between the CFS capacities in AlSIewm, EC3, and ECP with the same
change in the d/b ratio. This is because AlSIpsm considers the interaction between different section
elements, such as the flange-to-web and flange-to-lip interactions. The studied sections failed
owing to local buckling, and the flange-to-web local buckling consistently proved to be more
critical than the flange-to-lip local buckling. Hence, changing the lip-to-flange width ratio (d/b)
had no impact on the AlSIpsm results. Additionally, in AlSIewwm, EC3, and ECP, an increase in the
d/b ratio results in a flange buckling coefficient (K) reduction, consequently leading to an increase
in the normalized flange plate slenderness (Ap), which ultimately causes a decrease in the flange
reduction factor (p), as shown in equations (3.4) to (3.13). This leads to a decrease in the flange
effective length, causing a reduction in Aef and Zesr, ultimately leading to a decrease in CFS

compressive and flexural capacities.
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Figure 4.20: - Effect of lip to flange length ratio (d/b) parameter on CFS channel.
4.5.5 Effect of Steel Yielding Stress (Fy) Parameter

As anticipated, there is a clear direct correlation between the steel yield stress (Fy) and the
capacities of the CFS channels of different frame members in various codes, which is clearly

illustrated in Figure 4.21.
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Figure 4.21: - Effect of steel yielding stress parameter on CFS channel.
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CHAPTER (5)

FINITE ELEMENT MODEL

5.1 INTRODUCTION

The Finite Element Model (FEM) has become essential in the field of engineering due to
its relatively affordable nature and time-saving properties when compared to physical experiments
conducted in live labs. This is especially true during the parametric examination of cross-section
geometries. Moreover, performing an empirical analysis on the impact of geometric imperfections
and residual stresses on structural elements is a challenging task [7]. Consequently, it has become
crucial to establish a simplified version of FEM that can accurately forecast the axial capacity of
CFS [6]. This prediction can then be used for future reference and comparison with other analytical

studies. The FEM created in this study is thoroughly elucidated in the subsequent sections.

5.2 SUMMARY OF EXPERIMENTAL STUDIES

The Finite Element model (FEM) was created using ABAQUS software [23]. To ensure
the accuracy of the FEM, it was validated against the previous test results obtained by Torabian et
al. [131] and Chen et al. [1].

Torabian et al. (2014) [131] conducted an experimental study in which they tested 55
lipped channel specimens under different eccentric compressions. The 600S137-54 lipped channel
with a yield strength (Fy) of 345 MPa was chosen for that experimental study. The specimens
experienced a vast array of peculiarities which led to significant and/or insignificant curvatures
along the main and secondary axes. In order to explore the strength of the cross-section, the
compromised strength caused by distortional buckling, and the overall buckling, three distinct

lengths were examined: 305 mm (short), 610 mm (intermediate), and 1219 mm (long).
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Figure 5.1 portrays the average stress-strain curve of the material, showcasing the yield

strength and ultimate strength. The measurement of Young’s modulus was not directly obtained

from the tensile tests. Consequently, a nominal Young's modulus of 203.4 MPa was assumed for

the specimens based on AISI [132]. The eccentricities can be found in Table 5-1. For more

comprehensive information regarding the test, please consult the research conducted by Torabian

etal. [131].

Axial Tensile Stress (MPa)

Figure 5.1: - Tensile test results in Torabian (2014) [131].
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Table 5-1: - The target and measured eccentricities in Torabian (2014) [131].

L =305 mm L =610 mm L=1219 mm
No. Loading Condition Eccentricities (mm) Eccentricities (mm) Eccentricities(mm)
Ey ex Ey ex Ey €x
1 | Minor axis bending 0 -27.3 0 -32.6 0 -39.7
2 0 -13.7 0 -15.3 0 -16.6
3 0 -4.7 0 -3.8 0 -4.9
4 0 2.8 0 3.8 0 5.2
5 0 7.8 0 15.4 0 16.7
6 0 24.1 0 31.3 0 38.3
7 Major axis bending -25.4 -11 -22.1 3 -15.2 0.1
8 -88.9 -.33 -76.2 0.1 -50.8 1.2
9 -190.5 0 -165.1 -0.1 -139.7 0
10 | Biaxial axis bending -38.1 2.7 -31.8 2.3 -25.4 2.0
11 -127.0 8.6 -114.3 8.8 -101.6 6.8
12 -20.6 4.2 -19.1 4.3 -17.8 3.7
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Chen and colleagues (2019) [1] ventured into an exploratory inquiry of stub column
examinations on frigid-formed steel Channel and Zee sections with an assortment of stiffeners.
The investigation encompassed 30 firmly ended column examinations, involving 6 sequences of
C-sections and 4 sequences of Z-sections. The stiffener configurations embraced uncomplicated
edge stiffeners, uncomplicated lips with inward or outward return lips, and intervening web
stiffeners. An oppressing axial force was employed to the specimens utilizing a servo-controlled
hydraulic testing apparatus. The specimens were fashioned through the application of brake-
pressing to high-strength zinc-coated grades G450 and G550 structural steel sheets, and the

material characteristics were appraised through tensile coupon examinations.

The samples were marked in a manner that allowed for the identification of their cross-
section progression and stated thickness. This accomplishment was made by assigning a letter (C
or Z) and a number to indicate the cross-section progression, followed by the letter T and another
number to indicate the stated thickness. For example, a sample from Progression Z2T1.5, which
is a straightforward lipped Zee-section with outward return lips and a stated thickness of 1.5 mm,
would be marked as Z2T1.5.

In that experimental investigation [1], four cross-section profiles are integrated
(Progression Z1-Z4) for Z-sections. However, the test samples employed in our investigation only
consisted of a plain Z-section (Z1) and a straightforward lipped Z-section (Z2). The cross-section
configuration of the test samples is illustrated in Figure 5.2, and their respective dimensions are

specified in Table 5.2.

T

4 I I
" —

b

Figure 5.2:- The cross-section Profile for test specimens used in Chen (2019) [1].
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Table 5-2: - Cross-section dimensions for test specimens used in Chen (2019) [1].

Specimen Dimensions (mm)
L d b h t
Z1T1.0 480 - 102.6 159.6 1.02
Z1T15 480 - 103.0 160.0 1.52
Z1T1.9 480 - 103.8 160.2 1.92
Z2T1.0 481 23.1 102.4 159.0 1.02
Z2T1.5 480 23.3 102.8 160.6 1.50
Z2T1.9 482 23.7 103.3 160.4 1.90

Chen et al. (2019) ascertained the material characteristics of every set of samples through
the execution of tensile coupon tests. These coupons were obtained from the identical set of
samples employed in the stub column tests for each individual cross-section. To procure them, we
meticulously machined the coupons lengthwise along the very core of the planar section of plate
elements boasting the widest breadth within a given section.

The values denoting the nominal and measured 0.2% tensile proof stress (co.2), initial
Young's modulus (E), ultimate tensile strength (cy), as well as the elongation at fracture (gf) have
been systematically arranged in Table 5-3, exclusively for the examination specimens that were
harnessed in our inquiry. For a more comprehensive understanding of the test, kindly consult the
research undertaken by Chen et al. (2019) [1].

Tables 5-3: - Nominal and measured material properties obtained from tensile coupon tests for

test specimens used section columns [1].

Specimen Nominal Measured
c02(MPa) | E(Mpa) | o02(MPa) | ou(MPa) &t %
Z1T1.0 550 212 594 615 10
Z1T15 450 209 534 560 16
Z1T1.9 450 196 500 527 17
Z2T1.0 550 216 573 581 12
Z2T1.5 450 216 530 555 15
Z2T1.9 450 202 500 529 15
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5.3 NUMERICAL INVESTIGATION

5.3.1 Description

The ABAQUS [23] program, a nonlinear analysis tool based on finite element principles,
has been utilized to construct a model for finite element analysis (FEA). The simulation itself
occurs in a dual-stage process. The initial stage involves an eigenvalue elastic buckling analysis,
alternatively referred to as a linear perturbation analysis, to ascertain the potential modes of
buckling for the column, utilizing a flawlessly defined geometry. Subsequently, in the subsequent
stage, a non-linear analysis is carried out, encompassing both geometric and material non-
linearities, with the intention of determining the ultimate load and failure modes of CFS sections

through the implementation of the modified Riks analysis.
5.3.2 Element Type and Mesh

The CFS section elements have been replicated through the usage of the S4R shell element,
a versatile four-noded element handpicked from the ABAQUS [23] program library. This segment
possesses the capability to imitate the behavior of shells that are slender, bulky, and doubly curved.
We attain a reduced integration and a curvaceous control by employing six degrees of freedom per
node (three translations and three rotations). In order to establish the finite element mesh utilized
in the model, diverse finite element dimensions were scrutinized. The outcomes of the analysis are
exhibited in Table 5-4 for the initial instance of loading in a short column in the experimental
exploration [131]. In Table 5-4, Pexp signifies the experimental ultimate load, while Prea denotes
the ultimate load produced by the FEA.The study revealed that using an element size of 5 mm x
5 mm (length by width), with an aspect ratio (length to width) equal to one unit yielded good
simulation results. Figures 5.3& 5.4 illustrate typical finite element meshes of CFS used in this

study.
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Table 5-4: - Analysis of Strengths Based on different element size.

Element size (mm) Prea (KN) Prem/ Pexp
2X%X2 23.55 0.93
3x3 23.5 0.93
5x5 23.96 0.95
8x8 23.34 0.92
10 x 10 23.23 0.92
12 x 12 22.21 0.91

a) lipped CFS Z-shape b) plain CFS Z-shape
Figure 5.3: - Meshing of Zee CFS sections.

a) lipped CFS channel shape b) plain CFS channel shape

Figure 5.4: - Meshing of channel CFS sections.
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5.3.3 Boundary Condition

The FEM has been employed for the representation of CFS with hinged roller supports at
the extremities. The boundary conditions at the ends were applied to the column ends through two
reference points situated at specific positions of the column end cross sections, which were utilized
in the experiments mentioned in [1, 131]. The hinged end boundary condition was modeled by
restraining all the translational degrees of freedom (dx, dy, dz) and releasing all the rotational
degrees of freedom (O, Oy, 0;), except for the degree of freedom in the axial direction (0;) of the
node at that point. The roller end boundary condition is simulated as a hinged boundary condition,
except for releasing the translational degree of freedom in the axial direction (dz), since this is the
end where the axial load is applied to the column. Consequently, the nodes at that end were
permitted to translate freely in the axial direction. Figures 5.5 illustrate typical finite element

interaction and boundary conditions of CFS sections used in this study.

a) lipped CFS zee-shape b) plain CFS zee-shape

c) lipped CFS channel shape d) plain CFS channel shape

Figure 5.5: - Interaction and boundary conditions.
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5.3.4 Method of Loading

The technique used for loading in the FEA is identical to the one employed in the tests
mentioned in [1, 131]. When analyzing the columns, the load control technique utilized was the
modified Riks analysis [23]. In this method, a compressive load was applied axially on the ends
of the column through two reference points positioned at the centroid or center of gravity (CG) of
the cross sections of the column ends. These reference points were connected to the adjacent
column end, as depicted in the previous Figure 5.5. The loading point, member axes, and

orientations in the FE model are illustrated in Figure 5.6, exactly as they appear in the tests

Shell elements

7 End — 2 Centroidyf
b (0 00)  (Kg.¥g) & »

| £
]
Shell elements in FEM M.Vi

Fy

E 4

X
o~
<M,

<z

e

Loading positive directions

y End -1
t (g ypl)
Centroid axis-

3D model in ABAQUS

mentioned in [1, 131].

Figure 5.6: - Illustration of the member axes and orientations in the FE model [36].

5.3.5 Residual Stresses and Corner Enhancement

Many studies have demonstrated that the residual stress does not significantly affect the
ultimate capacity [133-135]. Furthermore, there have been indications that the rise in yield strength
that arises from corner enhancement during cold-forming operations compensates for the impact

of residual stress, provided the ultimate capacity remains the top priority. Abdel-Rahman and
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Sivakumaran concluded that corner enhancement and residual stress only affect the behavior of

the member, particularly in the post-ultimate stage, rather than the ultimate capacity value [133].

Since this study focuses on the ultimate capacity of the CFS and not the post-ultimate stage,
it was determined that the finite element model does not consider residual stresses and corner

enhancement.
5.3.6 Material Properties

As previously stated, the initial phase of the numerical simulation involves a linear analysis
with a direct correlation between the applied loads and the structure's response. Throughout this
analysis stage, the rigidity of the structure remains unchanged, and the qualities of the substance
are solely determined by the density, Young's modulus, and Poisson's ratio. However, in the
subsequent stage of the numerical simulation, a non-linear examination is carried out, with the
rigidity of the structure fluctuating as it undergoes deformations. The non-linearity of the substance
is incorporated in the finite element method by specifying actual stresses and strains. A
mathematical representation, known as the incremental plasticity representation, was employed to
replicate the plasticity of the material. A mathematical model, referred to as the incremental

plasticity model, was utilized to simulate the plasticity of the material. the calculation of the

incremental plasticity model, true stress (Gwue) and true plastic strain (Z{’rlue) as follow in
equations 5.1 & 5.2.

Otre =0 (1+¢) (5.1
Zglue = In(1+¢)— 6true /E (5.2)

The equations use the measured engineering stress and strain, denoted by G and

(Z{’rlue) respectively, which are based on the original cross-sectional area of the coupon
specimens, as described in [81, 82]. E represents the Young's modulus. It should mention that the

study used stress strain curve, which was elastic perfect plastic.
5.3.7 Geometric Imperfections and Sensitivity Analysis

Similar to any other structure created by humans, cold-formed steel structures have the

potential to possess imperfections. These imperfections can occur during the process of
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manufacturing, transportation, storage, or construction. The term "geometric imperfections”
relates to the differences between the actual geometry of a structural element and its ideal geometry
[135].

Geometric imperfections resulting from the manufacturing process may arise because of
the coiling process, which has a significant impact on the curvature of the structural elements.
They can also occur during the cold-forming process, which may introduce various types of
imperfections, such as camber, twist, and waviness. To accurately replicate these geometric
imperfections, it is essential to consider their magnitude and distribution. Figure 5.7 illustrates
that these imperfections can manifest as bowing, warping, and twisting, as well as localized

deviations like dents and regular undulations in the plate.

Distortional Camber Twist

b |—

1
2

) )

Figure 5.7:- Five mode shapes used in the Traditional Modal Approach, a-e) 3D buckling mode
shape and the corresponding wavelength, f-j) 2D cross-sectional mode shape, A is

buckling wavelength [136].

To account for geometric imperfections in the FEM, A perturbation analysis of a linear

nature was employed in order to accomplish the task at hand. The primary objective of this
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particular analysis was to discern and delineate the potential modes of buckling (or eigenmodes,
as they are often referred to) that could conceivably manifest within the column. Subsequently,
these eigenmodes were subjected to a scaling factor, which in turn generated a perturbed mesh that
could then be utilized in the subsequent non-linear analysis. For the finite element model, it was
eigenmode 1 that was specifically chosen and employed [7]. Figures 5.8, 5.8,5.10 & 5.11 illustrate
the typical buckling (Eigen mode 1) of some samples used in FEM as a simulation of that in the

tests.

Figure 5.8 :-Typical finite element mesh and buckling (eigenmode 1) of 2" case of loading on

short columns as a simulation of that in the experimental study [131].

Figure 5.9 :- Typical finite element mesh and buckling (eigenmode 1) of 4" case of loading on

intermediate columns as a simulation of that in the experimental study [131].
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Figure 5.10 :- Typical finite element mesh and buckling (eigenmode 1) of Z1T1.5 sample as a

simulation of that in the experimental study [1].

Figure 5.11:- Typical finite element mesh and buckling (eigenmode 1) of Z2T1.9 sample as a

simulation of that in the experimental study [1].

Geometric imperfections can be broadly categorized as global imperfections and cross-
sectional imperfections. To approximate global imperfections, a magnitude of L/1000 (although it

is actually L/960 based on Galambos,1998 [137]) is typically utilized, along with a global buckling
mode shape as the distribution shape.
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When looking at cross-sectional imperfections, one popular approach is to use a part of
the member's thickness as the size and the local and distortional buckling mode shapes as the
pattern of these imperfections. This approach has been adopted by various studies, including [135,
138-144].

A multitude of proportional ratios, denoted as 100%, 75%, 50%, 25%, 10%, 5%, 2%, and
0.02%, were meticulously examined in relation to the ascertained thickness of the plate (t) as per
reference [7]. Additionally, a separate investigation was conducted on the quotient of a divided by
400, where a represents the unobstructed altitude of the web, as based on [36]. The results of the
analysis are shown in Table 5-5 for the first case of loading in short column in in the experimental
study [131]. The study revealed that using an imperfection of a / 400 and element size of 5 mm X
5 mm yielded good simulation results and the most accurate ultimate load resulted by the FEA.
So, the imperfection of a/400 with element sizes 5 mm x 5 mm were chosen for the parametric

study.

Table 5-5: - Analysis of Column Strengths Based on different Geometric Imperfections and

different element size.

Imperfection Prea (KN) Prem/ Pexp
.02% t 23.54 0.93
2% t 23.54 0.93
5% t 23.56 0.93
10% t 23.56 0.93
25% t 23.55 0.93
50 % t 23.5 0.93
75% t 23.34 0.92
100% t 23.23 0.92
h /400 23.96 0.95
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5.4 ELASTIC BUCKLING OF FINITE ELEMENT MODEL

Elastic buckling is a type of buckling that occurs when a slender member, such as a cold-
formed steel (CFS) section, is subjected to compressive loads and the material reaches its elastic
limit. When the compressive load exceeds a critical value, the member will suddenly buckle and
fail under the applied load.

For CFS sections, elastic buckling can occur due to several factors such as the cross-
sectional shape, slenderness ratio, and boundary conditions. The buckling behavior of cold-formed
steel sections is typically different from hot-rolled steel sections due to the thinness of the material

and the presence of residual stresses.

In ABAQUS [23], the main purpose of a linear perturbation analysis was to identify the
probable buckling modes (eigenmodes) of the column. Eigenmode 1, which is the specific mode

utilized in the ABAQUS, expresses elastic / critical buckling.

There are many specialized programs in determining elastic buckling for CFS Which can
be used to find the elastic buckling to compare it to that in FEM program. The analyses used in
this research deal with CUFSM [145] program which depend on the finite strip method, as shown
in Appendix (A).

A comparison between the elastic buckling outputs of the CUFSM [145] and the ABAQUS
[23] programs are made to make sure that we can rely on the FEM elastic buckling results. Table
5-6 illustrates that comparison for some random samples in American specification [132] with Fy
- 55 Ksi (378.9 kN /mm?), E =29500 Ksi (203225.5 kN /mm?) and length 56.2 inch (500 mm).

From the Table 5-6, it is clear to us that the elastic buckling results of the two programs
(CUFSM and ABAQUS) are close where the means ABAQUS to CUFSM results ratio for all
tested specimens are 1.08 and 1.1 and the associated coefficients of variation (COV) are .03 and
.07 in compression and flexure, respectively. Therefore, we can rely on and trust the elastic
buckling results of our FEM (ABAQUS) model.
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Table 5-6: - Comparison between the elastic buckling outputs of the CUFSM and the ABAQUS.

Liner result
NO. 1D Compression (kN) ABAQUS Flexure (kN.mm) ABAQUS
CUFSM | ABAQUS | CUFSM CUFSM | ABAQuUS | CUFSM
1 9CS2.5%105 166.71 167.54 1.00 55.28 57.83 1.05
2 9CS2.5%085 85.24 88.95 1.04 30.41 30.62 1.01
3 9CS2.5%070 44,94 49.62 1.10 15.95 17.17 1.08
4 9CS2.5%065 35.82 39.72 1.11 12.79 13.76 1.08
5 9CS2.5x059 26.76 29.68 111 9.57 10.31 1.08
6 600S137-97 165.77 168.11 1.01 26.70 27.59 1.03
7 600S137-68 61.47 63.33 1.03 11.09 12.11 1.09
8 600S137-54 31.85 33.03 1.04 6.44 6.25 0.97
9 600S137-43 16.46 17.12 1.04 3.75 3.94 1.05
10 600S137-33 7.54 7.90 1.05 171 181 1.05
12 800T200-68 38.15 40.10 1.05 6.20 6.29 1.01
13 800T200-54 19.03 20.04 1.05 3.08 3.13 1.02
Mean 1.08 Mean 1.04
cov 0.032 Ccov 0.033

5.5 VERIFICATION OF THE FEM

This section presents a comparison between the outcomes of the experimental approach
and the finite element method (FEM) regarding ultimate loads, failure modes, and load-
displacement responses. Two tables, namely Table 5-7 and Table 5-8, provide a comprehensive
summary of the maximum ultimate loads achieved using both the proposed framework and the
experimental studies for each specimen at three distinct lengths (305 mm, 610 mm, and 1219 mm)
and various cross zee sections mentioned in prior experimental studies [1, 131]. The average
predicted-to-experimental ratios for ultimate loads across the three different member-lengths are
found to be 0.95, 0.96, and 1.03, accompanied by respective coefficients of variation of 0.06, 0.08,
and 0.14. Additionally, the average predicted-to-experimental ratio for ultimate loads for the zee

sections is determined to be 0.92, with a coefficient of variation of 0.12.
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For all tested specimens, the average ratio is 0.97 with a coefficient of variation of 0.097.
The FEM accurately forecasts failure modes that align well with the outcomes of the experiments,
as evidenced in Tables 5-9, 5-10, and 5-11. However, there exists an absence of information
regarding the failure modes of Z-sections utilized in the experimental investigation [1]. Hence, we
shall solely clarify the FEM failure modes for those sections in Table 5-12. Furthermore, Table
5-13 to Table 5-16 show the load-displacement curves based on FEM and experimental data,
providing additional credibility and reliability to the FEM. Figures 5.12 to 5.18 brief load
displacement curves in Tables 5-13 to 5-16. These outcomes effectively showcase that the
proposed FEM possesses the capability to precisely simulate material and geometric nonlinearities,
thus facilitating the accurate prediction of buckling behavior and ultimate loads of thin-walled

members.
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Table 5-7:- Peak ultimate loads (experimental and FEM results) for experimental study [131].

L =305 mm L =610 mm L =1219 mm

NO. Loading condition Pexp Prem Prem/ Pexp Prem Prem/ Pexp Prem Prem/
(kN) (kN) Pexp (kN) (kN) Pexp (kN) (kN) Pexp

1 25.33 24.30 0.96 18.09 18.16 1.00 9.50 11.25 1.18
2 40.81 35.51 0.87 28.25 28.21 1.00 17.59 17.81 1.01
3 Axial load, Minor axis 51.67 48.82 0.94 43.38 42.21 0.97 25.27 26.09 1.03
4 bending 72.11 65.32 0.91 46.86 49.70 1.06 24.59 28.89 1.17
5 49.29 48.46 0.98 24.99 26.68 1.07 16.01 17.59 1.10
6 26.16 24.89 0.95 16.09 16.23 1.01 10.02 10.60 1.06
7 54.62 51.07 0.94 57.69 48.14 0.83 48.57 39.22 0.81
8 Major axis bending 34.04 31.05 0.91 34.93 31.58 0.90 38.18 34.17 0.89
9 20.56 18.84 0.92 21.43 19.08 0.89 23.44 19.33 0.82
10 49.25 45.67 0.93 50.10 43.77 0.87 30.34 36.56 1.21
11 Axial load, Blaxial 21.41 23.80 111 22.24 20.90 0.94 18.28 16.96 0.93

bending

12 52.74 53.04 1.01 4481 44.28 0.99 27.01 32.27 1.19
Mean 0.95 Mean 0.96 Mean 1.03

Cov 0.06 Cov 0.08 Cov 0.14

Table 5-8 :- Peak ultimate loads (experimental and FEM results) for experimental study [1].

NO. Specimen Pexe Prev Prem/ Pexp
(kN) (kN)

1 Z1T1.0 42.10 42.63 1.01
2 Z1T15 86.40 80.32 0.93
3 Z1T1.9 129.20 116.32 0.90
4 Z2T1.0 72.20 50.58 0.70
5 Z2T1.5 133.70 134.70 1.01
6 Z2T1.9 205.00 192.85 0.94

Mean 0.92

cov 0.12

82




FINITE ELEMENT MODEL

CHAPTER (5)

Table 5-9: - Failure modes from the FEM together with the corresponding tested specimens for

short length beam column specimens (L =305 mm).

. Cross-section Test specimens at the failure FEM specimens at the
NO. | Failure mode deformation load [131] failure load [23]
[eri——
1 Web-local I
buckling e
Li 3
’ Web-local J"'m__'l
buckling r
L J
3 Web-local T
buckling ! [
L R

83




FINITE ELEMENT MODEL

CHAPTER (5)

NO.

Failure mode

Cross-section
deformation

Test specimens at the failure
load [131]

FEM specimens at the
failure load [23]

Web-local
buckling
&
flange distortion
buckling

Flange
distortion
buckling

Flange
distortion
buckling

- —_
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NO.

Failure mode

Cross-section
deformation

Test specimens at the failure

load [131]

Web-local
buckling
&
flange distortion
buckling

FEM specimens at the
failure load [23]

Flange
distortion
buckling

Flange
distortion
buckling
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NO.

Failure mode

Cross-section
deformation

Test specimens at the failure

load [131]

FEM specimens at the
failure load [23]

10

Web-local
buckling
&
flange distortion
buckling

11

Flange
distortion
buckling

12

Flange
distortion
buckling
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Table 5-10 :- Failure modes from the FEM together with the corresponding tested specimens for

Intermediate length beam column specimens ( L = 610 mm).

Cross-section

Test specimens at the

FEM specimens at the

NO. Failure mode deformation failure load [131] failure load [23]
1 Web-local buckling
L I
—
2 Web-local buckling
L 3
3 Web-local buckling
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Cross-section

Test specimens at the

FEM specimens at the

NO. Failure mode deformation failure load [131] failure load [23]
4 Flange distortion i
buckling ! )
5 Flange dis_tortion e e
buckling , '
i e |
6 Flange distortion '

buckling
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Cross-section

Test specimens at the

FEM specimens at the

NO. Failure mode deformation failure load [131] failure load [23]
Web-local buckling N——
7 & Wi
flange distortion |
buckling L h
ey

8 Flange distortion

buckling

L 1

9 Flange distortion [ |

buckling
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Cross-section

Test specimens at the

FEM specimens at the

NO. Failure mode deformation failure load [131] failure load [23]
Web-local buckling
&

10 flange distortion

buckling L &
1 Flange distortion { .

buckling L y

L E

12 Flange distortion

buckling
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Table 5-11: - Failure modes from the FEM together with the corresponding tested specimens for
long length beam column specimens ( L =1219 mm).

Cross-section Test specimens at the FEM specimens at the

NO. | Failure mode deformation failure load [131] failure load [23]

Web-local
buckling

Web-local

2 kg |

..........................

Web-local N
buckling . 7
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Cross-section

Test specimens at the

FEM specimens at the

NO. | Failure mode deformation failure load [131] failure load [23]
4 Flange distortion
buckling
5 Flange distortion
buckling :
[ ]
6 Flange distortion

buckling
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Cross-section Test specimens at the FEM specimens at the

NO. | Failure mode deformation failure load [131] failure load [23]

Web-local o
buckling T
7 & E ...... eediee
flange distortion | ooty
buckling '

I — ,'-
8 Flange distortion | Lo l
buckling ----- E- ----- d: ------ i: -----
L....', ..... drvera “E
9 Flange distortion

buckling
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Cross-section

Test specimens at the

FEM specimens at the

NO. | Failure mode deformation failure load [131] failure load [23]
10 Flange distortion
buckling
1 Flange distortion
buckling
12 Flange distortion

buckling
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Table 5-12 :- Failure modes from the FEM for specimens in [1].

Cross-section

NO. | Specimens | Failure mode deformation FEM failure modes
1 Z1T1.0 Local buckling
2 Z1T15 Local buckling
3 Z1T19 Local buckling
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NO.

Specimens

Failure mode

Cross-section
deformation

FEM failure modes

Z2T1.0

Local buckling
&
Distorsion
buckling

Z2T1.5

Local buckling
&
Distorsion
buckling

Z2T19

Local buckling
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Table 5-13:- Load displacement curves from the FEM together with the corresponding tested

specimens [131] for short length beam column specimens (L = 305 mm).

Specimen Load displacement curves from the FEM together with the tested
NO. specimens (L = 305 mm) [131]
30
25
.20
=
=
- 15 - — =FEM
1 3
= 10 Test
5
0
0 1 2 3 4 5
displacement (mm)
45
40
35
30
=
= 25
2 S
15 TEST
10
5
0
0 1 2 3 4
displacement (mm)
60
50
40
3
=
- 30 - = =TEST
3 3
20 FEM
10
0
0 0.5 1 1.5 2
displacement (mm)
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Specimen Load displacement curves from the FEM together with the tested
NO. specimens (L = 305 mm) [131]
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50

40
- = =FEM

load (kN)
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0 0.5 1 1.5 2

displacement (mm)
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N
o

[y
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e
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Specimen Load displacement curves from the FEM together with the tested
NO. specimens (L = 305 mm) [131]

60

(%]
o

N
o

30 - = =FEM

load (kN)

Test

20

10

0 0.2 0.4 0.6 0.8 1
displacement (mm)
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20
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Specimen Load displacement curves from the FEM together with the tested
NO. specimens (L = 305 mm) [131]
60
50
__40
P
=3
© 30 FEM
10 S
— 20 Test
10
0
0 0.5 1 15
displacement (mm)
30
25
20
=2
=
o 15 - = =FEM
11
Q 10 Test
5
0
0 1 2 3
60
50 - ==
40
3
=
T 30 - — —FEM
12 o
20 Test
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0
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displacement (mm)
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Table 5-14:- Load displacement curves from the FEM together with the corresponding tested

specimens [131] for intermediate length beam column specimens ( L = 610 mm).

Specimen Load displacement curves from the FEM together with the tested
NO. specimens (L = 610 mm) [131]
25
20
Z s
o - = =FEM
1 10
° Test
5
0
2 4 6
displacement (mm)
35
30
25
é 20
S 15 - = —FEM
2 9
10 Test
5
0
0 0.5 1 1.5 2 2.5
displacement (mm)
50
45
40 — =~ _
35
g
3 5 25 - = =FEM
o 20 Test
15
10
5
0
0.5 1 15 2
displacement (mm)
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Specimen Load displacement curves from the FEM together with the tested
NO. specimens (L = 610 mm) [131]
60
50
40
b=
=
30
s -‘E - = —FEM
— 20 Test
10
0
0.2 0.4 0.6 0.8 1
displacement (mm)
35
30
25
£ 2
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=3
=
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displacement (mm)
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Specimen Load displacement curves from the FEM together with the tested
NO. specimens (L = 610 mm) [131]
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0 0.5 1 1.5 2
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Specimen Load displacement curves from the FEM together with the tested
NO. specimens (L = 610 mm) [131]
70
60
50
< 40
© — = =FEM
10 o 30
2 Test
20
10
0
0 0.5 1 1.5 2
displacement (mm)
25
20
= 15
=
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11 3 10
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=
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displacement (mm)
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Table 5-15:- Load displacement curves from the FEM together with the corresponding tested

specimens [131] for long length beam column specimens ( L = 1219 mm).

Specimen Load displacement curves from the FEM together with the tested
NO. specimens (L = 1219 mm) [131]
10
=3
-~
; 5
o - = =FEM
1 Ke)
Test
0
0 1 2 3 4
displacement (mm)
20
15
=
4
— 10
2 - — =FEM
2 9
Test
5
0
0 1 2 3 4
displacement (mm)
30
25
— 20
=
=
- 15
3 8 = = =FEM
- 10 Test
5
0
0 0.5 1 1.5 2
displacement (mm)
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Specimen Load displacement curves from the FEM together with the tested
NO. specimens (L = 1219 mm) [131]
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Specimen Load displacement curves from the FEM together with the tested
NO. specimens (L = 1219 mm) [131]
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Specimen Load displacement curves from the FEM together with the tested
NO. specimens (L = 1219 mm) [131]
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Table 5-16:- Load displacement curves from the FEM together with the corresponding tested

specimens in [1].

Specimen
NO.

Load displacement curves from the FEM together with the tested

specimens [1]

load (kN)
]

N
o

Z1T1.0

[
o wn

0.2 0.4 0.6 0.8

- — —FEM

Test

displacement (mm)

100
90
80
70
60
50
40
30
20
10

load (kN)

Z1T1.5

0.2 0.4 0.6 0.8 1

- = =FEM

Test

displacement (mm)

140
120

100

[o]
o

load (kN)
3

Z1T1.9
40

20

- = =FEM

Test

0.5 1 1.5 2

displacement (mm)
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Specimen Load displacement curves from the FEM together with the tested
NO. specimens [1]
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Figure 5.12 :- load displacement curves from the FEM together with the corresponding tested

specimens [131] for short length beam column specimens ( L =305 mm) from sample 1 to 6.
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Figure 5.13 :- load displacement curves from the FEM together with the corresponding tested

specimens [131] for short length beam column specimens (L =305 mm) from sample 7 to 12.
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Figure 5.14 :- load displacement curves from the FEM together with the corresponding tested
specimens [131] for intermediate length beam column specimens ( L =610 mm) for sample 1 to

6.
70
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» ~\Sample 7
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Figure 5.15 :- load displacement curves from the FEM together with the corresponding tested

specimens [131] for intermediate length beam column specimens ( L =610 mm) for sample 7 to
12.
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Figure 5.16 :- load displacement curves from the FEM together with the corresponding tested

specimens [131] for long length beam column specimens ( L = 1219 mm) for sample 1 to 6.
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Figure 5.17 :- load displacement curves from the FEM together with the corresponding tested

specimens [131] for long length beam column specimens ( L = 1219 mm) for sample 7 to 12.
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Figure 5.18 :- load displacement curves from the FEM together with the corresponding tested
specimens used Z1 & Z2) [1].
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CHAPTER (6)

PARAMETRIC STUDY

6.1 INTRODUCTION

Parametric research was conducted as an extension to the current investigation. The
primary goal of this study was to investigate the strength of the CFS sections. As a result, the goal
of this parametric study was to collect more data points from which to make conclusions and
suggestions about the behavior of the CFS sections. This chapter generates further data by
conducting parametric tests to study the many variables that impact the strength of CFS sections.
Additionally, this section provides a comparison between the EWM and the DSM, which are two
different methods for designing CFS sections. As an example of the EWM, the North American
Specification (AISI) [21], Eurocode-3 partl.3 (EC3) [22], and the Egyptian Code of Practice
(ECP) [20] have been utilized. On the other hand, Appendix 1 in the North American Specification
(AISI) [21] is utilized as an example of the DSM.

In recent years, many researchers have increasingly used FE modeling as a cost-effective
and time-saving alternative to experimental programs. Additionally, FE modeling has an
advantage over analytical models, particularly in simulating the behavior of CFS sections. FE
models can accurately solve complex interactive buckling of CFS elements, including important
governing parameters such as geometrical imperfections, material nonlinearity, post-buckling
behavior, etc. These parameters are often difficult to simulate using analytical methods, as pointed
out by Haidarali and Nethercot [146].

Based on the factors explained in the preceding paragraph, it was determined that the

validated finite element model (FEM) presented in Chapter 4 was utilized in this parametric study.
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6.2 PARAMETRIC STUDIES OF DIFFERENT CFS ELEMENTS

Parametric studies on the ultimate CFS capacities were conducted for the channel and Z-
section profiles using the verified FEM, as discussed in the previous section. The investigated
parameters include the member length-to-web plate length ratio (L/h), plate slenderness ratio, lip-
to-flange plate length ratio (d/b), web-to-flange plate length ratio (h/b) and yielding stress (Fy) on
the ultimate axial load and bending moment capacities of different CFS members. The channel
and Z-section profiles were studied with the same dimensions to determine the effect of the cross-
section profile on the load capacity. This parametric study included 32 different CFS cross-

sections.

Table 6-1 and Figure 6.1 provide the details of the cross-sectional dimensions used in
the parametric studies. Table 6-2 lists the parameters used in this study. Appendix A shows details
about the FEM results for this parametric study.

Five values of steel yielding strength (Fy) were used in this study; 240, 280, 320, 360 and
400 MPa, as recommended by European codes for cold rolled flat products made of high strength
micro-alloyed steels for cold forming. The material defined in Abaqus during the study of different
parameters, except for yielding stress (Fy) parameter, has yield strength (Fy) and ultimate strength
(Fw) of 360 MPa and 400 MPa, respectively. The Young's modulus (Eo) and Poisson's ratio (v) are
210 GPa and 0.3, respectively.

B |
° | « 2y
r § rﬂ
H h » ] A
‘__ t
\ 4 D a Ap
\—JJ v

Figure 6.1: - Type of sections used in this study.
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Table 6-1: - CFS sections used in this research.

CHAPTER (6)

8 Dimension (mm) L Dimension (mm)
2 [ H B D t r || H B D t r
100 50 20 2 8 200 100 40 2 8
200 100 40 2 8 100 50 20 2 8
300 150 60 2 8 300 150 60 2 8
400 200 80 2 8 400 200 80 2 8
% 500 250 100 2 8 500 250 100 2 8
3 600 300 120 2 8 g 600 300 120 2 8
é 100 100 40 2 3 g 300 100 40 2 8
< 100 33.33 13.33 2 3 e 400 100 40 2 8
2 100 25 10 2 3 s 500 100 40 2 8
“E’_ 100 20 8 2 3 = 600 100 40 2 8
g 100 50 125 2 8 f—._) 200 100 20 2 8
O 100 50 15 2 8 200 100 30 2 8
100 50 25 2 8 200 100 50 2 8
100 50 30 2 8 200 100 60 2 8
100 50 35 2 8 200 100 70 2 8
100 50 40 2 8 200 100 80 2 8

Table 6-2: - Different parameters used in this study.

Parameters used for CFS different frame elements

Compression member Flexural member
The length-to-web plate depth ratio (L/h) 1,2,3,45/6,7,8,9, 10,11 & 12
The web plate slenderness ratio (h/t) 50, 100, 150, 200, 250 & 300 100
The flange plate slenderness ratio (b/t) 25 25, 50, 75, 100, 125 & 150
The lip-to-flange plates length ratio (d/b) 2,.3,4,5 6,7&.8
The web-to-flange plate length ratio (h/b) 2,3,4,5&6
Yielding stress (Fy) (MPa) 240, 280, 320, 360 & 400

118



PARAMETRIC STUDY CHAPTER (6)

6.2.1 Effect of Length-to-Web Plate Depth Ratio (L/h) Parameter

1.0 1
0.8 08 |
06 06 | _
o S
E > T = — _— —
=
04 ~
S 04
0.2 [ - 360 mPa Channel 0.2 Fy = 360 MPa Channel
h/t=20 d/b=4 — o Zee b/t=50 d/b=.4
L/h=? h/b=2 5 ' — - — Zee
0.0 0 L/h=? h/b=2
L/h L/h
a) CFS compression members b) CFS flexural members

Figure 6.2: - Effect of length-to-web plate depth ratio (L / h) on different frame

elements.

Figure 6.2 (a) presents evidence of an inverse relationship between the compressive
capacity of the CFS sections and the length-to-web plate depth ratio (L/h). This trend is attributed
to the heightened frequency of global buckling as L/h increases. Additionally, it is worth noting
that, with increasing length, the axial load capacity of both the channel and Z-sections becomes
more similar. This convergence is primarily due to the heightened impact of flexural buckling,
which is exclusively dependent on length, given the constant nature of the cross-sectional
dimensions and moment of inertia about the minor axis. Consequently, the effects of torsion and
distortional buckling diminish, leading to a reduced reliance on shape and symmetry until the axial

strengths become perfectly matched at large lengths.

From the observation of Figure 6.2 (b), it is apparent that an inverse correlation exists
between the flexural capacity of the CFS sections and the length-to-web plate depth ratio (L/h)
owing to the amplified occurrence of lateral torsional buckling. Furthermore, it was demonstrated
that as the length increased, the distinction between the flexural load capacity values of each
channel and the Z- section remained relatively invariable. This phenomenon occurs because lateral
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torsional buckling is solely dependent on the shape and symmetry of the cross-section at a specific
length, and the constant value of the cross-sectional dimensions ensures that the shape and

symmetry remain constant during the L/h parameter evaluation.

6.2.2 Effect of Plate Slenderness Ratio

1 1.2
Fy=360 MPa Fy =360 MPa
h/t=? d/b=.4 b/t=? d/b=4
L/h=2 h/b=2 1L L/h=2 h/b=2
08
08
06 | =
a s
= 06
04
04
02
Channel 02
= Channel
— - — Zee
— . — Zee
0 0
0 50 100 150 200 250 300 350 O 25 50 75 100 125 150
hit b/t

a) Effect of the h/t ratio on CFS compression members. b) Effect of the b/t ratio on CFS flexural members

Figure 6.3: - Effect of plate slenderness ratio on different frame elements.

The investigation of critical plate slenderness ratios led to the selection of the web plate
slenderness ratio (h/t) in the compression member and the flange plate slenderness ratio (b/t) in
the flexural member, as these ratios control the buckling failure mode. It is worth noting that an
increase in the h/t ratio resulted in a decrease in the CFS compressive capacity, as illustrated in
Figure 6.3 (a). This is because an increase in h/t leads to a higher incidence of web local buckling,
which in turn causes weakness and a decline in the CFS compressive capacity. Furthermore, it was
observed that the channel and Z-cross-section profiles of the same dimensions exhibited similar
compressive capacities, coinciding with the increase in h/t resulting from the amplified effect of

local buckling.

The graphical representation shown in Figure 6.3 (b) reveals a discernible inverse

correlation between the flexural capacity of CFS and the slenderness ratio of the flange plates (b/t).
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This is because an elevation in the value of b/t leads to a heightened occurrence of local buckling
in the flange, consequently leading to debilitation and attenuation of the CFS flexural capacity.

The difference between the flexural capacities of the channel and Z-cross-section profiles

decreases with an increase in b/t, owing to the increased effect of local buckling.

6.2.3 Effect of Lip-to-Flange Plates Length Ratio (d/b) Parameter

10 1
08 i —— — 08 r /
06 | 06 | =TS
> ./.’
a 3 T
2 s
04 t = 041
0.2 r Fy= 360 MP 021
= a
Channel hy/t=50 b Channel Ey/=t36§OMP;/b .
— . — Zee L/h=2 h/b=2 T e -
. . L/h=2 h/b=2
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08
d/b d/b

a) CFS compression members

b) CFS flexural members

Figure 6.4: - Effect of lip to flange plates length ratio (d/b) on different frame elements.

There is a slight change in the compressive strength of the CFS when changing the lip-
to-flange plate length ratio (d/b). This is because the compression members are exposed to local
buckling, which critically occurs in the web due to its higher slenderness ratio in comparison to
the lip and flange. Furthermore, all the samples studied in this parameter have a constant web plate
slenderness ratio (h/t). Additionally, increasing the lip-to-flange plate length ratio causes the flange
stiffness to increase; however, this does not affect the web local buckling, as shown in Figure 6.4

(@).

A direct correlation exists between the flexural capacity of CFS and the ratio of the
length between the lip and flange plates (d/b). As the aforementioned ratio increased, the stiffness
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of the flange was augmented, thereby enhancing the sectional strength of the flexural members in

situations where flange local buckling was encountered, as illustrated in Figure 6.4 (b).

6.2.4 Effect of Web-to-Flange Plate Length Ratio (h/b) Parameter

1

1
06 | 06 F \\
_ N
2 N
04 S 04 S
02 02 r Fy = 360 MPa
Channel Fy= 360 MPa Channel b/t~ 50 d/b=4
h/t=50 d/b=.4 L/h=2 hib=?
— . — Zee L/h=2 h/b=? — . — Zee h o
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
h/b h/b

a) CFS compression members b) CFS flexural members

Figure 6.5: - Effect of web-to-flange plate length ratio (h/b) on different frame elements.

Observing Figure 6.5, it can be noted that an inverse correlation exists between the
capacity of the CFS sections and the web-to-flange plate length ratio (h/b). This is because an
increase in h/b leads to a weaker connection between the flange and the web, consequently
increasing the likelihood of distortional buckling. Additionally, it is noteworthy that the rate of
decrease in the Z-section is significantly higher than that of the channel section. This can be
attributed to the higher warping torsional constant (Cw) of the Z-section, which measures the
structural member's resistance to non-uniform or warping torsion. As previously demonstrated,
this renders the Z-sections more susceptible to collapse resulting from torsional and flexural

torsional deformations.

The Channel and Z-section profiles, of identical dimensions, exhibit similar compressive
capacities. In addition, their respective capacities align with the increase in h/b due to the increased

influence of the web local buckling; this is indicated in Figure 6.5 (a).
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The difference between the values of the flexural capacities of each channel and Z-section
increases with increasing (h/b) because the greater the value of h/b, the more twisting and bending
occur, the more the difference between the Z and channel warping constants happens, and the more

we get the difference between their lateral torsional resistance, as illustrated in Figure 6.5 (b).

6.2.5 Yielding Stress (Fy) Parameter

180 20000
h/t=50 d/b=.4 mChannel mZee b/t=50 d/b=.4 | KChannel m Zee
L/h=2 h/b=2 18000 | L/h=2 h/b=2
150
16000
120 R 14000
£
= E 12000
< 90 < 10000
« = 8000
60 6000
4000
30
2000
0 0
320 400 240 280 320 400
Fy (MPa) Fy (MPa)
a) CFS compression members b) CFS flexural members

Figure 6.6: - Effect of Yielding stress (Fy) on different frame elements.

As expected, there exists a positive correlation between steel yield stress (Fy) and the CFS

capacities of various frame elements, owing to material enhancements, as shown in Figure 6.6.

Figures 6.2 to 6.6 indicate that the channel provides lower compressive capacities than
Z-sections of the same dimensions and loading conditions because the channel section has a higher
value of moment of inertia (1) about its minor local axis than the Z-section, and by dependency,

the channel section has a higher value of radius of gyration (r = fﬁ ) than the Z-section and that

the radius of gyration is inversely proportional to the sectional slenderness ratio (A = L/r); therefore,
we find that the channel slenderness ratio is less than that of the Z-section, and there is an inverse

relationship between the compressive capacity and the sectional slenderness ratio (A). For instance,
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the initial compression member sample with a channel profile has 1y=175660.14 mm?, r = 19.46
mm, A = 10.28, and its compressive capacity (Prem) IS 128.4 kN. In contrast, if it possesses a Z-
profile, the values of Iy, r, A, and Prem are 955088.4 mm?, 45.37 mm, 13.22, and 135.7 kN,
respectively.

Additionally, Figures 6.2 to 6.6 also indicate that when considering the same dimensions
and loading conditions, channel sections exhibit greater flexural capacities than Z-sections. This
is because Z-sections tend to buckle laterally at lower strengths than channel sections, which can
be attributed to the lower value of the warping torsional constant (Cw) in channel sections; this is
because when a channel section flexural member undergoes lateral torsional buckling, it twists and
bends in the weaker direction. Conversely, the Z-section flexural member experiences both
twisting and bending, not only in the weaker direction but also in the stronger direction due to the
coupling effect between the two directions [13], and For instance, in our investigation, the initial
flexural member specimen possessing a channel profile exhibited a Cw value of 15.76 m® alongside
a flexural capacity (Mrem) of 5405.13 KN.mm. Conversely, the same specimen with a Z-profile
demonstrated a Cy value of 18.92 m® and a Mrem of 3394.38 kKN.mm.

6.3 COMPARISION BETWEEN EFFECTIVE WIDTH AND
DIRECT STRENGTH METHODS

This section provides a comparison between the EWM and the DSM, which are two
different methods for designing CFS sections. As an example of the EWM, the North American
Specification (AISI) [21], Eurocode-3 partl.3 (EC3) [22], and the Egyptian Code of Practice
(ECP) [20] have been utilized. On the other hand, Appendix 1 in the North American Specification
(AISI) [21] is utilized as an example of the DSM.

It was determined that the EWM and DSM, which are utilized in various codes, will be
compared against the validated FEM in various member lengths. To accomplish this, a total of 20
randomly selected sections from diverse CFS sections tables were included, in addition to the
sections used in the preceding sections of the parametric study. These supplementary sections are
explicitly enumerated in Table 6-3 and Figure 6.1.
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Table 6-3: - Different sections used in EWM and DSM comparison study.

Type D Dimensions (mm)
H B D t r

12CS4x105 304.80 101.60 2248 | 2.67 | 4.76

= 12CS4%085 304.80 101.60 21.23 | 216 | 4.76

E 9CS2.5%105 228.60 63.50 22.48 | 2.67 | 4.76

o % 9CS2.5x085 228.60 63.50 21.23 | 216 | 4.76
2

8 6CS2.5x059 228.60 63.50 19.63 | 1.50 | 4.75

cb? 800T200-68 209.55 50.80 - 1.81 | 2.72

© 3 1200T200-97 313.84 50.80 - 258 | 3.87

E 362T200-68 98.43 50.80 - 1.81 | 2.72

g 800T200-97 212.24 50.80 - 258 | 3.87

362T200-33 95.78 50.80 - 0.88 | 1.94

Z100x50%20x%2 100.00 50.00 20.00 | 2.00 | 8.00

= Z150%x60x20x2 150.00 60.00 20.00 | 2.00 | 8.00

E Z150x60x20%2.5 150.00 60.00 20.00 | 250 | 8.00

" %: Z200%x60x20x%2 200.00 60.00 20.00 | 2.00 | 8.00
2

8 Z200x60%x20x2.5 | 200.00 60.00 20.00 | 2.50 | 8.00

% Z250%x70x%2 250.00 70.00 - 2.00 | 8.00

N 3 Z300x70x2.5 300.00 70.00 - 2,50 | 8.00

é Z215%60x3 215.00 60.00 - 3.00 | 8.00

g Z180x75x4 180.00 75.00 - 4.00 | 8.00

Z250x70x20%2.5 100.00 40.00 - 3.00 | 8.00

Figures 6.7 and 6.8 present a comparative analysis of the expected strength of CFS
members using the EWM and DSM. The analysis is based on the comparison of the predicted
strengths of CFS channel and Z-profiles using the aforementioned design codes against the results
obtained from the FEM. These figures represent a relationship between the critical member
slenderness ratio (A) and the ratio between expected capacities for each code and verified FEM.

Appendix A shows details about this comparative analysis.
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Figure 6.7: - Comparison between EWM and DSM for CFS compression members.
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Figure 6.8: - Comparison between EWM and DSM for CFS Flexure members.
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Table 6-4 to Table 6-7 also provide a comparison between the capacities obtained from
the FEM, AISI [21] (using the DSM as per Appendix 1), AISI [21] (using the EWM), ECP [20],
and EC3 [22] for compression and flexure loading cases in both analyzed profiles.

Table 6-4: - Comparison between EWM and DSM for CFS compression channel sections.

Paisi (osm)/ Prem Paisi / Prem Pecr/ Prem Peca/ Prem
Mean 0.94 0.9 0.89 0.92
cov 0.06 0.07 0.1 0.06

Table 6-5: - Comparison between EWM and DSM for CFS compression Z-sections.

Paisi osm)/ Prem Paisi / Prem Pecp/ Prem Peca/ Prem
Mean 0.96 0.94 0.85 0.95
Cov 0.05 0.05 0.06 0.06

Table 6-6: - Comparison between EWM and DSM for CFS flexure channel sections.

Maisi (osm) /MFem Maisi / Mrem Mecp/ Mrem Mecs/ Mrem
Mean 0.96 0.93 0.61 0.93
Ccov 0.07 0.09 0.42 0.07

Table 6-7: - Comparison between EWM and DSM for CFS flexure Z-sections.

Maisi (osmy /MFem Maisi / Mrem Mecp/ Mrem Mecz/ Mrem
Mean 0.92 0.9 0.58 0.89
cov 0.09 0.09 0.44 0.08

Table 6-4 to Table 6-7 demonstrate that the DSM and EWM whether using AISI [21],
ECP [20], or EC3 [22] generally yield reasonable predictions of the bending moment and axial
load capacities for the CFS members analyzed in this study.

Table 6-4 to Table 6-7 indicate that the predicted CFS capacity based on the AISI (DSM)
[21] is more accurate and closely aligned with the FEM capacity than the EWM. This difference
can be attributed to the EWM's neglect of inter-element compatibility and equilibrium, particularly

regarding the interaction between the web-flange junction and the flange stiffener junction. On the
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other hand, the DSM is based on elastic buckling solutions for the entire cross-section, including

the interaction between different elements, thus overcoming the disadvantages of the EWM [17].

From Table 6-4 to Table 6-5, it can be observed that when the EWM s applied, EC3
[22] yields an axial load capacity that is more accurate and closer to FEM than those provided by
AISI (EWM) [21] and ECP [20], and this can be explained that EC3 [22] is the only code that
takes into account the effect of distortional buckling and the interaction between local and
distortion buckling modes in determining the resistance and stiffness of CFS members.
Furthermore, it is worth noting that ECP [20] displays the most conservative compressive capacity
due to its usage of more conservative load factors for compressive loads as compared to other

design codes.

From Table 6-6 to Table 6-7, it can be observed that when the EWM s applied, EC3
[22] yields a flexural capacity similar to those provided by AISI (EWM) [21] and that is more
accurate and closer to the FEM than those provided by ECP [20] and this can be explained that
ECP [20] does not take into account the sectional degree of symmetry, and boundary conditions
and does not include more detailed equations for calculating the flexural capacity of CFS sections.
As an example, the values of flexural constants used in ECP [20] are given only for rolled, built-
up, and welded sections. The ECP [20] did not mention any values for these constants while using
CFS sections. So, the values of these constants were taken in this study as if sections were rolled.
This suggests that the ECP [20] may require revision to improve the accuracy of its predictions for

CFS flexural member bending moment capacity.

The high value of covariance observed in the ratios between the predicted axial load and
bending moment capacity of CFS flexural members using various methods and FEM indicates a
deficiency in the precision and reliability of the predictions. The inaccurate prediction for EC3
[22] and AISI (DSM) [21] is because both of them do not take into account distortion buckling
and its interaction with other buckling modes in determining the resistance of CFS sections unless
the section has a lip (stiffened section). Unlike AISI (EWM) [21] and ECP [20], which also
disregard this interaction, regardless of whether the section has a lip or not. Consequently, it is
suggested that a revision of these methods may be necessary to enhance the accuracy of their

predictions for CFS axial load and bending moment capacities.
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6.4 MEMBER UNDER COMBIND BENDING AND AXIAL
FORCES

Parametric studies on the CFS combined bending and axial capacities were conducted
for the channel and Z-section profiles using the verified FEM, as discussed in the previous section.
The channel and Z-section profiles were studied with the same dimensions to determine the effect
of the cross-section profile on the combined bending and axial capacity. This parametric study
included 28 different CFS cross-sections. Table 6-8 and Figure 6.1 provide the details of the
cross-sectional dimensions used in the parametric studies. Table A-25 in appendix A shows

details about the FEM results for this parametric study.

Five values of steel yielding strength (Fy) were used in this study; 240, 280, 320, 360 and
400 MPa, as mentioned before. The material defined in Abaqus during the study of different
parameters, except for yielding stress (Fy) parameter, has yield strength (Fy) and ultimate strength
(Fw) of 360 MPa and 400 MPa, respectively. The Young's modulus (Eo) and Poisson's ratio (v) are
210 GPa and 0.3, respectively.

Various parameters were considered for analysis. These parameters include the length-
to-web plate depth ratio (L/h), which ranges from 1 to 10. Additionally, the web plate slenderness
ratio (h/t) was examined at 50, 100, 150, 200, 250 and 300. Similarly, the web-to-flange plate
length ratio (h/b) was analyzed across a range of values including 2, 3, 4, 5, 6, and 7. Furthermore,
the lip-to-flange plate length ratio (d/b) varied at 0.3, 0.4, 0.5, and 0.6. Lastly, the yielding stress
(Fy) was studied using recommended values by European codes for cold-rolled flat products 240,
280, 320, 360, and 400 MPa. The studied members are subject to pin-pin boundary conditions.
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Table 6-8: - Different sections with combined bending and compression forces used in this study.

H B D t r L
mm mm mm | mm  mm (mm)
100 50 20 2 8 100
100 50 20 2 8 200
100 50 20 2 8 300
100 50 20 2 8 400
100 50 20 2 8 500
100 50 20 2 8 600
100 50 20 2 8 700
100 50 20 2 8 800
100 50 20 2 8 900
100 50 20 2 8 1000
100 100 40 2 3 200
100 50 20 2 3 200
100 25 10 2 3 200
100 20 8 2 3 200
100 16.7 6.7 2 3 200
100 14.3 5.7 2 3 200
100 50 20 2 8 200
200 100 40 2 8 400
300 150 60 2 8 600
400 200 80 2 8 800
500 250 100 2 8 1000
600 300 120 2 8 1200
100 50 20 2 8 200
100 50 20 2 8 200
100 50 20 2 8 200
100 50 20 2 8 200
100 50 20 2 8 200
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6.4.1. Effect of Length-to-Web Plate Depth Ratio (L/h) Parameter

1 1
channel — - — Zee channel — - — Zee
08 0.8
2”06 | 206
Z z -
ot a =~
-
04 | 04 | T~
0.2 F 0.2
Fy=360 MPa e/h=0.03 Fy=320 MPa ¢/h=0.3
h/t=50 d/b=0.4 h/t=50 d/b=0.4
L/h=2 h/b =2 L/h=? h/b =2
0 0
o 1 2 3 4 5 6 7 8 9 10 11 0O 1 2 3 4 5 6 7 8 9 10 11
L/h L/h
a) Eccentricity = 0.03 h b) Eccentricity = 0.3 h

Figure 6.9: - Effect of length-to-web plate depth ratio (L / h) on CFS member under compression

loads with eccentricity.

Figure 6.9 presents evidence of an inverse relationship between the combined bending
and compression capacity of the CFS sections and the length-to-web plate depth ratio (L/h). This

trend is attributed to the heightened frequency of global buckling as L/h increases.

Figure 6.9 (a) presents evidence that, with increasing length, the combined bending and
compression capacity of both the channel and Z-sections becomes more similar. This convergence
is primarily due to the heightened impact of flexural buckling, which is exclusively dependent on
length, given the constant nature of the cross-sectional dimensions and moment of inertia about
the minor axis. Consequently, the effects of torsion and distortional buckling diminish, leading to

a reduced reliance on shape and symmetry.

From the observation of Figure 6.9 (b), it is apparent that an inverse correlation exists
between the combined bending and compression capacity of the CFS sections and the length-to-
web plate depth ratio (L/h) owing to the amplified occurrence of lateral torsional buckling.
Furthermore, it was demonstrated that as the length increased, the distinction between the
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combined bending and compression capacity values of each channel and the Z- section remained
relatively invariable. This phenomenon occurs because lateral torsional buckling is solely
dependent on the shape and symmetry of the cross-section at a specific length, and the constant
value of the cross-sectional dimensions ensures that the shape and symmetry remain constant
during the L/h parameter evaluation.

6.4.2 Effect of Web Plate Slenderness Ratio (h/t) Parameter

1 1
Channel — - — Zee channel Fy=360 MPa e/h=0.3
08 r \ 08 | L/h=2 h/b=2
!:L>~ ﬂ_>
=06 T <06 |
" a’
04 04 t
0.2 Fy=360 MPa e/h=0.03 02
h/t=? d/b=0.4
L/h=2 h/b =2

h/t h/t

a) Eccentricity = 0.03 h b) Eccentricity = 0.3 h

Figure 6.10: - Effect of web plate slenderness ratio (h/t) on CFS member under compression

loads with eccentricity.

The increase of web plate slenderness ratio (h/t) ratio resulted in a decrease in the CFS
combined bending and compression capacity, as illustrated in Figure 6.10. This is because an
increase in h/t leads to a higher incidence of web local buckling, which in turn causes weakness
and a decline in the CFS capacity. Furthermore, it was observed that the channel and Z-cross-
section profiles of the same dimensions exhibited similar combined bending and compression

capacities, coinciding with the increase in h/t resulting from the amplified effect of local buckling.
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6.4.3 Effect of Lip-To-Flange Plates Length Ratio (d/b) Parameter
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a) Eccentricity =0.03 h b) Eccentricity = 0.3 h

Figure 6.11: - Effect of lip-to-flange plates length (d/b) on CFS member under compression

loads with eccentricity.

There is a slight change in the combined bending and compression strength of the CFS
sections when changing the lip-to-flange plate length ratio (d/b). This is because the studied
members are exposed to local buckling, which critically occurs in the web due to its higher
slenderness ratio in comparison to the lip and flange. Furthermore, all the studied members in this
parameter have a constant web plate slenderness ratio (h/t). Additionally, increasing the lip-to-
flange plate length ratio causes the flange stiffness to increase; however, this does not affect the

web local buckling, as shown in Figure 6.11.
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6.4.4 Effect of Web-to-Flange Plate Length Ratio (h/b) Parameter
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Figure 6.12: - Effect of web-to-flange plate length ratio (h/b) on CFS member under

compression loads with eccentricity.

Observing Figure 6.12, it can be noted that an inverse correlation exists between the
combined bending and compression capacity of the CFS sections and the web-to-flange plate
length ratio (h/b). This is because an increase in h/b leads to a weaker connection between the

flange and the web, consequently increasing the likelihood of distortional buckling.

The cross-sectional profiles of Channel and Z, of identical dimensions, exhibit similar
combined bending and compression capacities at loading condition of small eccentricity (e =
0.03h). In addition, their respective capacities align with the increase in h/b due to the increased
influence of the web local buckling; this is indicated in Figure 6.12 (a).

The difference between the values of the combined bending and compression capacities
of each channel and Z-section increases with increasing (h/b) at loading condition of big
eccentricity (e = 0.3h) because the greater the value of h/b, the more twisting and bending occur,
the more the difference between the Z and channel warping constants happens, and the more we

get the difference between their lateral torsional resistance, as illustrated in Figure 6.12 (b).
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6.4.5 Effect of Yielding Stress (Fy) Parameter
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Figure 6.13: - Effect of yielding stress (Fy) on CFS member under compression loads with

eccentricity.

As expected, there exists a positive correlation between steel yield stress (Fy) and the
combined bending and compression capacities of CFS members, owing to material enhancements,

as shown in Figure 6.13.

Figures 6.9 to 6.13 indicate that the channel provides lower combined bending and
compression capacities than Z-sections of the same dimensions and loading conditions of small
eccentricity (e = 0.03h) because the channel section provides lower compressive capacities than
Z-sections of the same dimensions and loading conditions, as previously explained in 6.2

paragraph of this chapter.

Additionally, Figures 6.9 to 6.13 also indicate that when considering the same dimensions
and loading conditions of big eccentricity (e = 0.3h), channel sections exhibit greater combined

bending and compression capacities than Z-sections. This is because the channel sections exhibit

greater flexural capacities than Z-sections, as previously explained in 6.2 paragraph of this chapter.
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Figures A.8 to A.12 in appendix (A) illustrate the relationship between pure bending
moment and compression capacities obtained from EEM and the capacities of the same identical
members subjected to combined bending moment and compression forces. Mc represents the
ultimate moment, and P is the ultimate compression capacities obtained from the FEM while the
members are subjected to combined bending moment and compression forces. My represents the
ultimate moment capacities obtained from the FEM while the members are subjected to pure
bending moment. Py is the ultimate compression capacities obtained from the FEM while the
members are subjected to pure compression forces. As expected, there exists an indirect correlation
between the (Pc/ Py) ratio and the (M¢/ My) ratio.

6.4.6 Comparison between Effective Width and Direct Strength Methods

The sectional maximum combined bending and compression capacities were found using
the verified FEM, as discussed in the previous section, and then they were used to apply the
interaction equations in the various codes to find out which of these codes is closest to accuracy
(closest to the unity). To accomplish this, a total of 28 sections were included. These
supplementary sections are explicitly enumerated in Table 6-8, mentioned previously. The
sectional material has a yield strength (Fy) of 360 MPa. The Young's modulus (Eo) and Poisson's

ratio (v) are 210 GPa and 0.3, respectively.

Table 6-9 and Table 6-10 provide a comparison between the combined bending and axial
capacities obtained from the FEM, AISI [21] (using the DSM as per Appendix 1), AISI [21] (using
the EWM), ECP [20], and EC3 [22] for channel and Z-profiles. Tables contain the mean and

covariance of the values produced from different aforementioned codes.

Table 6-9: - Comparison between interaction equations results for CFS channel sections.

EC3 ECP AlSIewm AlSlpsm
Mean 1.05 1.74 1.05 1.03
cov 0.05 0.17 0.09 0.07

Table 6-10: - Comparison between interaction equations results for CFS Z-sections.

EC3 ECP AlSIewm AlSlpsm
Mean 1.08 1.99 1.08 1.00
cov 0.08 0.43 0.07 0.1
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Table 6-9 and Table 6-10 demonstrate that the DSM and EWM whether using AISI [21],
or EC3 [22] generally yield reasonable predictions of the combined bending and compression
capacities for the CFS members analyzed in this study since the previously mentioned codes gave
a value to the interaction equations that is slightly larger than the unity, therefore these sections
are unsafe subjected to the applied straining actions, and this is consistent with the FEM. On the
hand, The ECP [20] code yield a significantly safe predictions of the combined bending and
compression capacities for the CFS members analyzed in this study since it gave a value to the
interaction equation that is much higher than the unity, and this does not consistent with the FEM.
This can be explained that ECP [20] does not take into account the sectional degree of symmetry,
and boundary conditions and does not include more detailed equations for calculating the flexural
capacity of CFS sections, as mentioned before. This suggests that the ECP [20] may require
revision to improve the accuracy of its predictions for CFS combined bending and compression

capacity.

Table 6-9 and Table 6-10 indicate that the predicted CFS combined flexural and
compression capacity based on the AISI(DSM) [21] is more accurate and closely aligned with the
FEM capacity than the EWM. This difference can be attributed to the EWM's neglect of inter-
element compatibility and equilibrium, particularly regarding the interaction between the web-
flange junction and the flange stiffener junction. On the other hand, the DSM is based on elastic
buckling solutions for the entire cross-section, including the interaction between different

elements, thus overcoming the disadvantages of the EWM.

From Table 6-9 and Table 6-10, it can be observed that when the EWM is applied, EC3
[22] yields a CFS combined flexural and compression capacity similar to those provided by AlSI
(EWM) [21] and that is more accurate and closer to the FEM than those provided by ECP [20].

The high value of covariance observed in the ratios between the predicted combined
flexural and compression capacity of CFS sections using ECP [20] and FEM indicates a deficiency
in the precision and reliability of the predictions. Consequently, it is suggested that a revision of
this code may be necessary to enhance the accuracy of its predictions for CFS combined flexural

and compression capacities.
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CHAPTER (7)

SUMMARY AND CONCLUSIONS

7.1 SUMMARY

This study presents detailed investigations of the behavior of CFS members with channel
and Z-profiles using validated finite-element (FE) models. The study entails a comprehensive
parametric analysis of these profiles, particularly emphasizing their axial and flexural capacities.
Moreover, the study compares the codified Effective Width Method (EWM) and the newly
progressed Direct Strength Method (DSM) regarding the calculation procedures and predicted
strengths. Besides, a graphical user interface (GUI) that processes EWM and DSM calculation
procedures is developed. As an example of the EWM, the North American Specification (AISI)
[21], Eurocode-3_partl.3 (EC3) [22], and the Egyptian Code of Practice (ECP-205) [20] have been
utilized. On the other hand, Appendix 1 in the North American Specification (AISI) [21] is utilized

as an example of the DSM.
7.2 CONCLUSIONS

Based on the results obtained from an extensive parametric study, the study draws

several conclusions as follows: -

1. Channel and Z-profiles of the same dimensions and loading conditions exhibit lower axial
capacities for members comprising channel sections than those of Z-sections. In contrast,

channel sections provide higher bending moment capacities when compared to Z-sections.
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2.

10.

As is consistent with existing codified member buckling curves, the CFS members exhibit
lower buckling strengths with increasing the member length-to-depth ratio (L/h), the depth-
to-width ratio (h/b), and the plate slenderness ratio, whether for web and flange (i.e., h/t or
b/t).

The lip-to-flange width ratio (d/b) has a negligible effect on the axial load-bearing capacity
of CFS compression members. Conversely, it is directly proportional to the flexural

capacity of CFS beams.

The DSM produces more reliable predictions of CFS capacities than the EWM, whether

for axial or bending moment capacity.

EC3 provides less conservative axial capacities than those provided by AlISI and ECP. The

AISI and EC3, however, yield almost identical bending moment strength for CFS sections.

ECP provides a more conservative compressive capacity and significantly compressive

flexural capacity than the experimental results, indicating that the ECP needs to be revised.

There is a shift from a stable to an indirect relationship between the nominal flexural
capacity and torsional slenderness ratio (L/rt) in AlSIpsm, AlSIewwm, and ECP at L/h ratios
of 12, 11, and 8, respectively. Conversely, an indirect correlation was observed between

the nominal flexural capacity in the EC3 code and the L/rt ratio.

A slight variation in the flexural capacities in different design codes was observed with a
change in web slenderness ratio (h/t) until the ratio reached 100. However, after this ratio,

the relationship between them became indirect.

The CFS compressive capacities using the EWM have an indirect relationship with the
flange slenderness ratio (b/t). Conversely, using the DSM, it shows a positive correlation
with a b/t ratio less than 35 but a negative correlation beyond that.

The flange slenderness (b/t) ratio indirectly affects the CFS flexural capacities in the EWM.
Conversely, it does not affect on the DSM’s nominal flexural capacity when the b/t ratio is

less than 45, however, it affects directly beyond that
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11. CFS capacities using DSM differ slightly owing to the change in the lip-to-flange width

(d/b) ratio. In contrast, in the EWM, a direct relationship exists between them.

7.3 FUTURE RECOMMENDATIONS

For future studies, the following topics are recommended:
1. Study the effect of residual stress on different cold formed frame members.
2. Use the developed program to provide a design chart for different cold-formed members.
3. Study the ways to improve different cold formed frame members resistance.

4. Study the difference between design code in the designing of composite cold formed beams

and columns.

5. The design of cold formed beam-columns connections under different loading conditions.
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APPENDIX (A) Elastic Straining Actions

APPENDIX (A)

A.1 Elastic Straining Actions

It simply became easy to get the elastic buckling straining actions of any cold-formed steel cross-
section by freely, available, open source software, such as CUFSM, CFS and THIN-WALL or by

manual elastic buckling calculation.

A.1.1 Software solution of elastic straining actions

There are three software, which depend on the finite strip method, and are known to
determine elastic buckling such as CUFSM, CFS and THIN-WALL. The analyses used in this
research deal with CUFSM [29] program. The main steps for performing CUFSM [29] analysis
are:-

» Define the cross-section geometry.

In this step, the engineer enters the description of the cross section in terms of materials,
dimensions, thickness, shape (c or z) and location of different nodes or he can also select and
choose one of the standards and well-known sections within the program, as shown in Figures
Al A2&A3.
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Figure A.1: - Interface of CUFSM program.
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Figure A.3: - Choose a specific known dimension of standard AISI section.

> Define the applied (reference) stress.

In this step, the engineer enters loads and stresses for the studied cold formed section.
If the cross section is due to applied load in the center of gravity (Cg), use the first yield
calculator list (inputs on the right side). When using the first yield calculator list, just enter the
yield stress (Fy) and click on Py button for compression member and Myxy (USe geometric axes)
or M1y (use principles axes ) buttons for flexural member so that the stress is directly inputted.
If the cross section is due to more than moments in different directions or there is eccentricity
during loading, deal with the reference applied loads list (inputs on the left side) , as shown in
Figures A4 & A.5.
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Figure A.4: - Define the applied compressive stress.
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Figure A.5: - Define the applied flexural stress.

» Define the half-wavelengths to be investigated.

In this step, the engineer defines half-wavelength, number of eigenvalues and
boundary conditions of the studied section, as shown in Figure A.6.
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Figure A.6: - Define the half-wavelength of CFS.

» Perform an elastic buckling analysis

In this step, the engineer gets the curve between the load (or moment) factor (Pc:/Py)

vs. half-wavelength, so he can simply determine the minimum load-factors for each mode

shape and define buckling straining actions (moment or load), i.e. local (McrL Or Per),

distortional (Mcra or Pcrg), global buckling (Mcre or Pere), as shown in Figure A.7.
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Figure A.7: - The load factor and half-wavelength curve.
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A.1.2 Numerical solution of elastic straining actions

Note: - b’=B -t
a’ =H-t
¢’ =D-t/2 H| h

A.1.2.1 Compression Member

e Local Buckling (Peri )

» For unstiffened channel ( Use element method )
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cr_web web 12+ (1-02) o

Fert = min of ( Fer flange , Fer web)
Ag=(2"+2b) *t
Pt =Ag™* Fen

» For lipped (stiffened ) channel

CI

= IS
b

< .6 use Interaction method

Flange / lip local buckling

CIZ ’

K flange lip = —11.07*(—) +3,95*(%)+4

bl

2 2

4% E t
Fer tage tp = Koo 1* 15715 * (57
cr_flange lip flange_lip 12 = ( 1—v2 ) b’

Flange / Web local buckling

2

- )4+ (5" o
[2—(2—:)']*4 if

Kﬂangeﬁweb =

Sl

Sy
~

<1

-

T~

(A-T)

(A-2)

(A-3)
(A-4)

(A-5)
(A-6)
(A7)

(A-8)

(A-9)

(A-10)
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APPENDIX (A)

Elastic Straining Actions

2 2
nex E
F —K TS ( ~ )
cr_flange web flange_web 12 % (1-v2)

Ferl = min Of( Fcriﬂangeilip ) Fcrﬁﬂangeiweb)
Ag=(a'+2b +2C" ) *
Pen = Ag *Fen

= |f = > .6 useelement method

Flange local buckling

Kﬂange =4

Vi 24 E t 2
For_flange = Kftange * 35777055 * ()
Web local buckling
Kweb =4

2 2
Tex E t
F =K e % (—)
cr_web web 12+ (1-v2) 7

Lip local buckling
Kiip = .43

2 2

mTex E t
Foip Kip* = (L)
cr_lip lip 12+ (1-02) c’

Fer = min of ( Fer flange 5 Fer web 5 Ferlip )

Ag=(a’+2b’+2C) *t

Pt =Ag ™ Fen
Distortional Buckling ( Pcrd )

Properties of flange only :-
Ar=(b’+c’)*t

Jf=§*b'*t3+ %* ¢ *t3

tx [tz*(b')2+4* b'*(c’)3+ t2xb"xc'+ (c')4 ]

Ixf

12x(b"+c")
e[ anc(0")’]
Lyr= 12+(b'+¢)
_ (@) ()
Ixyf N

4 (b'+c")

_s(v")’ L bt +t*(c')3
3

|
of 12

(A-11)

(A-12)
(A-13)
(A-14)

(A-15)

(A-16)

(A-17)

(A-18)

(A-19)
(A-20)

(A-21)
(A-22)
(A-23)

(A-24)
(A-25)

(A-26)

(A-27)

(A-28)

(A-29)

A-6



APPENDIX (A) Elastic Straining Actions

__ Y
Xof = 3705707 (A-30)
_ =y
Yoi= 5 pien (A-31)
h - [(b')2+2*b'*C'] A 32
xf — 2+(b'+C") ( - )
_ =)
hyt = en (A-33)
Cwt = zero (A-34)
1
6x trxa’x(1— v2 2 1; 2114
Ler = l%(”* [Ixf * (xof - hxf) + Cwr — Ty;* (xof - hxf) ” < L
(A-35)

Determine the elastic and “geometric” rotational spring stiffness of the flange :-

4 5 2
k@fez(Ll) *[E*Ixf*(xof_ hxf)z+E*wa—E*IIxy_yff*(xof_th)Z:I+(L_1;) *

Ccr

G *Jg (A-36)
2 2
(™"« _ 2 () _ _ Leyr 2
k@fg‘(Lcr) [Af* (xof hxf) *<ny> 2 *}’of*(xof hxf)*(,yf>+ hxf+
ygfl + Ly + nyl (A-37)
Determine the elastic and “geometric” rotational spring stiffness of the web :
t3+E
kowe = oo (A-38)
T \? ot (a')3
kowg = (=) * “o (A-39)
Determine the distortional buckling stress:
_ kpre + kowe )
crd ~— k@fg + k(z)wg (A 40)
Pcrd =A;g * Fcrd (A'41)
¢ Global Buckling ( P.,.. )
Individual buckling modes
2, F
Oex= 2 (A-42)
(=)
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APPENDIX (A) Elastic Straining Actions

2% E

Oey = W (A'43)
( Ty )
Fe1=min Of(o-exlo-ey) (A'44)
ro = J 2+ 2+ 22 (A-45)
= |6+ +"*E*CW] A-46
at_A*(ro)z J (Ke* Le)? (A-46)
Torsional flextural buckling
_ 1 (%)
B=1-(22) (A-47)
1
Fez:ﬁ*[(o-ex-l' O-t)_\/(o-ex'i'o-t)z_‘l'*ﬁ*Gex*at ] (A-48)
Fce =min Of(Fel , Fe ) (A'49)
Pere = A * Fere (A—SO)
A.2.2 Flexural Member
e Local Buckling (Mcri )
» For unstiffened channel ( Use element method )
Flange local buckling
Kﬂange =43 (A-Sl)
2+ E t \?
Fer flange = Kflange * Ze (i) " ( > ) (A-52)
Web local buckling
_ 2+ E t \?
Fer web =Kweb * Zoa ( — ) (A-54)
Ferl = min Of( Fcrﬁﬂange 5 Fcrﬁweb) (A—SS)
S =1x / (H/2) (A-56)
Mer = Sg *Fen (A-57)
» For lipped (stiffened ) channel
Stress at extreme fiber fi=1 &  stressatlipend = .5*511*;0
e=(fi—-fH)/fi (A-58)

= |f Z— < .6 & &< 1 use Interaction method

!
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APPENDIX (A) Elastic Straining Actions

Flange / lip local buckling

c'\? c’
K tange ip = (8.55 %2 —11.07) « (5 ) + (395 - 159 &) » (5 ) + 4 (A-59)
2, F t 2
Fcriﬂangeilip = I<ﬂange71ip>x< m * ( F ) (A-60)

Flange / Web local buckling
Stress gradientonthe web fi=1 & f£r=-1, so e=(fi—-£)/fi

2

b’
Kflange web=1.125 * min of [ Sxe’+4x e +4]x (?) (A-61)
4
. * 2+ E t 2
Fer flange web =Kflange web m * ( o ) (A-62)
Fer = min Of( Fcr_ﬂange_lip 5 Fcr_ﬂange_web) (A'63)
S, =Ix / (H?2) (A-64)
Men = Sg * Fen (A-65)

= f % > 6 & £¢>1 useelement method

Flange local buckling

Kﬂange =4 (A-66)
_ w2 E £ \?
Fer flange = Kflange * Ze (i) " ( > ) (A-67)
Web local buckling
_ 2+ E t \?
Fcrﬁweb =Kweb * m * ( ; ) (A-69)
Lip local buckling
Stress at extreme fiber fi=1 &  stressatlipend = 'S*SH*;C
e=(fi—-f£)/fi (A-70)
Kip=14* €2 -25% ¢+ 425 (A-71)
g e TE (£ )
Fcrﬁhp th 12+ (1-02) * ( o7 ) (A 72)
Ferl = min Of( Fcrﬁﬂange 5 Fcrﬁweb , F cr_lip ) (A-73)
M = Sg * Fenl (A'74)
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APPENDIX (A) Elastic Straining Actions

e Distortional Buckling ( Mcrd )

4xmrtxa’ «(1-v?) s (a')4

o= [ S0 [ (Ko = hag)” + oy = 2 (K — )] + 2L

< Ly (A-75)

4 ‘ 2
K(z)fe=(,jt:) *[E*Ixf*(Xof—hxf)z+E*wa—E*II’;—y;*(Xof_hxf)2]+ (L_1:r) *

G* Jf (A-76)
2 Lyr ) 2 x
Korg = (Ln:) * lAf * l(,yyff) # (Xop = hyp)” = 2% yor * (Ko — hys) ( yf) rt
Yor l + Ly + nyl (A-77)
_ Ext? 3 7\% 19+d’ \* ()’
Kowe = 12+:(12) [? + (E) *e T (L_cr) * 220 (A-78)
Earlier Stress gradient on web 1 = —1

71\2
topo 2 (4536041)+62160)* (LL,T) +448*n2+(L“—) «(53+3) 1t
CT
= *

Kowg = A-T79
Owe ™ 13440 n4+28*n2*(%)2+420*(%)4 ( )
K@fe+wae
flq= —2fe” owe A-80
d KQ)fg+ K(Z)Wg ( )
Mg = Sg * ferd (A-Sl)
e Global Buckling ( Mcre )
. 2+ E
Ocy= W (A-82)
Ty
e* Ex Cy,
o= Ty JEE: (Kt*Lt)Z] (A-83)
Fe = w * O'ey * O't (A—84)
g
fcre = Fe (A_gs)
Mere = Sg * fere (A-86)
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APPENDIX (A) Various FEM Modes Used in The Parametric Study

A.2. FEM Failure Mode Used in Parametric Study
A.2.1 Length-to-Web Plate Depth Ratio (L/h) Parameter

A.2.1.1 Flexural channel section

In Table A-1, we see that the channel section collapses due to combination of local and
distortion buckling until a length-to-web plate depth ratio (L/h) equals 4. After this ratio, the
channel section collapses due to combination of local, distortion and global buckling.

Table A-1: - Various FEM modes for flexural channel with different L/h ratios.

Flexural channel FEM modes

L/h Buckling mode Failure mode
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APPENDIX (A) Various FEM Modes Used in The Parametric Study

Flexural channel FEM modes

L/h Buckling mode Failure mode
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Various FEM Modes Used in The Parametric Study

Flexural channel FEM modes

L/h

Buckling mode

Failure mode
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APPENDIX (A) Various FEM Modes Used in The Parametric Study

Flexural channel FEM modes

L/h Buckling mode Failure mode

10

11
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APPENDIX (A) Various FEM Modes Used in The Parametric Study

Flexural channel FEM modes

L/h Buckling mode Failure mode

(o=
(3 -

12
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APPENDIX (A) Various FEM Modes Used in The Parametric Study

A.2.1.2 Flexural Z-section moment

From Table A-2, the Z-section collapses due to local buckling until a length-to-web plate
depth ratio (L/h) equals 4. After this ratio, the channel section collapses due to combination of
local and lateral torsional buckling.

Table A-2: - Various FEM modes for flexural Z-sections with different L/h ratios.

Flexural Z-section FEM modes

L/h Buckling mode Failure mode
[
®
1
!
2
3
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Flexural Z-section FEM modes

L/h Buckling mode Failure mode
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APPENDIX (A) Various FEM Modes Used in The Parametric Study

Flexural Z-section FEM modes

L/h Buckling mode Failure mode
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Various FEM Modes Used in The Parametric Study

Flexural Z-section FEM modes

L/h Buckling mode Failure mode
. ®
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APPENDIX (A) Various FEM Modes Used in The Parametric Study

A.2.1.3 Compressive channel section

From Table A-3, it can be observed that the channel section collapses due to local buckling

until a length-to-web plate depth ratio L/h = 2. After that, it collapses due to a combination of local
and flexural buckling until L/h = 11. Finally, after this ratio, it collapses due to flexural buckling.

Table A-3: - Various FEM modes for Compressive channel sections with different L/h ratios.

Compressive channel section FEM modes

L/h

Buckling mode Failure mode
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Various FEM Modes Used in The Parametric Study

Compressive channel section FEM modes

Failure mode

L/h Buckling mode
4|
./i} et
3
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any +1.000e-00
A
& -
4
. g
L <>

11 T e 06 10:40:03 Egopt Daybrt Trve 02

A-21
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Various FEM Modes Used in The Parametric Study

Compressive channel section FEM modes

L/h Buckling mode

Failure mode
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Compressive channel section FEM modes

L/h Buckling mode Failure mode
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Compressive channel section FEM modes

L/h Buckling mode Failure mode

12
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APPENDIX (A) Various FEM Modes Used in The Parametric Study

A.2.1.4 Compressive Z-section

From Table A-4, it is clear to us that the Z-section collapses due to web-local buckling
until a length-to-web plate depth ratio (L/h) equals 2. After this ratio and until it equals 9, the Z-
section collapses due to combination of local and flexural buckling. Finally, after this ratio, the Z-

section collapses due to flexural buckling.

Table A-4: - Various FEM modes for Compressive Z-sections with different L/h ratios.

Compressive Z-section FEM modes

L/h Buckling mode Failure mode
1
2
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Various FEM Modes Used in The Parametric Study

Compressive Z-section FEM modes

L/h

Buckling mode

Failure mode
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Compressive Z-section FEM modes

L/h Buckling mode Failure mode
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Compressive Z-section FEM modes

L/h Buckling mode Failure mode
9
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Compressive Z-section FEM modes

L/h Buckling mode Failure mode
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APPENDIX (A) Various FEM Modes Used in The Parametric Study

A.2.2 Lip-to-Flange Plates Length Ratio (d/b) Parameter

A.2.2.1 Flexural channel section

From Table A-5, it is clear to us that the channel section collapses due to combination of
local and distortional buckling until a lip-to-flange plates length ratio (d/b) equals 0.5. After this
ratio and until it equals 0.8, the channel section collapses due to distortion buckling.

Table A-5: - Various FEM modes for Flexural channel section with different d/b ratios.

Flexural channel section FEM modes

d/b Buckling mode Failure mode
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Various FEM Modes Used in The Parametric Study

Flexural channel section FEM modes

d/b

Buckling mode

Failure mode
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Flexural channel section FEM modes

d/b Buckling mode Failure mode
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A.2.2.2 Flexural Z-section

Table A-6 shows that the Z-section collapses due to web-local buckling until a lip-to-
flange plates length ratio (d/b) equals 0.5. After this ratio and until it equals 0.8, the Z-section
collapses due to distortion buckling.

Table A-6: - Various FEM modes for Flexural Z-section with different d/b ratios.

Flexural channel section FEM modes

d/b Buckling mode Failure mode

¥
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Various FEM Modes Used in The Parametric Study

Flexural channel section FEM modes

d/b Buckling mode Failure mode
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Various FEM Modes Used in The Parametric Study

Flexural channel section FEM modes

Failure mode

d/b

Buckling mode

-
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A.2.2.3 Compressive channel section

Various FEM Modes Used in The Parametric Study

From Table A-7, it can be observed that the channel section collapses due to web-local
buckling until a lip-to-flange plates length ratio (d/b) equals 0.5. After this ratio and until it equals
0.8, the channel section collapses due to combination of local and distortion buckling.

Table A-7: - Various FEM modes for Compressive channel section with different d/b ratios.

Compressive channel section FEM modes

d/b

Buckling mode

Failure mode
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Various FEM Modes Used in The Parametric Study

Compressive channel section FEM modes

Buckling mode

Failure mode

d/b
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Compressive channel section FEM modes
d/b Buckling mode Failure mode
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A.2.2.4 Compressive Z-section

According to Table A-8, the Z-section collapses due to web-local buckling until a lip-to-

flange plates length ratio (d/b) equals 0.5. After this ratio and until it equals 0.8, the Z-section
collapses due to combination of local and distortion buckling.

Table A-8: - Various FEM modes for Compressive Z-section with different d/b ratios.

Compressive Z-section FEM modes

d/b Buckling mode Failure mode
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Compressive Z-section FEM modes
d/b Buckling mode Failure mode
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Various FEM Modes Used in The Parametric Study

Compressive Z-section FEM modes

d/b Buckling mode Failure mode
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A.2.3 Web-to-Flange Plate Length Ratio (h/b) Parameter

A.2.3.1 Flexural channel section

According to Table A-9, the channel section collapses due to combination of local and
distortional buckling until a web-to-flange plate length ratio (h/b) equals 3. After this ratio and
until it equals 6, the channel section collapses due to web local buckling.

Table A-9: - Various FEM modes for flexural channel section with different h/b ratios.

Flexural channel section FEM modes

h/b Buckling mode Failure mode
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Flexural channel section FEM modes

h/b Buckling mode Failure mode
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APPENDIX (A) Various FEM Modes Used in The Parametric Study

A.2.3.2 Flexural Z-section

According to Table A-10, the Z-section collapses due to web-local buckling until a web-
to-flange plate length ratio (h/b) is less than 6.

Table A-10: - Various FEM modes for flexural Z-section with different h/b ratios.

Flexural Z-section FEM modes

h/b Buckling mode Failure mode
'\
& ®
2

12122518 Egrnt Darhgt e 2003

A-44




APPENDIX (A)

Various FEM Modes Used in The Parametric Study

Flexural Z-section FEM modes

h/b

Buckling mode

Failure mode
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APPENDIX (A) Various FEM Modes Used in The Parametric Study

A.2.3.3 Compressive channel section

According to Table A-11, the channel section collapses due to combination of local and
distortional buckling until a web-to-flange plate length ratio (h/b) equals 1. After this ratio and
until it equals 3, the channel section collapses due to web-local buckling. Finally, after this ratio
and until it equals 5, the channel section collapses due to combination of distortional and web-
local buckling.

Table A-11: - Various FEM modes for Compressive channel section with different h/b ratios.

Compressive channel section FEM modes

h/b Buckling mode Failure mode
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Compressive channel section FEM modes

h/b Buckling mode Failure mode
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A.2.3.4 Compressive Z-section

As shown in Table A-12, the Z- section collapses due to combination of local and
distortional buckling until a web-to-flange plate length ratio (h/b) equals 5.

Table A-12: - Various FEM modes for Compressive Z-section with different h/b ratios.

Compressive Z-section FEM modes

h/b Buckling mode Failure mode
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Various FEM Modes Used in The Parametric Study

Compressive Z-section FEM modes

h/b

Buckling mode Failure mode
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A.2.4 Yielding Strength (Fy) Parameter

A.2.4.1 Flexural channel section

As shown in Table A-13, all-flexural channel section collapses due to a combination of
local and distortional buckling in all different steel yield strengths (Fy) parameters.

Table A-13: - Various FEM modes for flexural channel section with different yielding strengths.

Flexural channel section FEM modes

Fy Buckling mode Failure mode
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Flexural channel section FEM modes

Fy Buckling mode Failure mode
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A.2.4.2 Flexural Z-section

According to Table A-14, all-flexural Z-section collapses due to combination of local
and distortional buckling in all different steel yield strengths (Fy) parameters.

Table A-14: - Various FEM modes for flexural Z-section with different yielding strengths.

Flexural Z-section FEM modes

Fy Buckling mode Failure mode
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Flexural Z-section FEM modes

Fy Buckling mode Failure mode
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A.2.4.3 Compressive channel section

As shown in Table A-15, all-Compressive channel section collapses due to local
buckling in all different steel yield strengths (Fy) parameters.

Table A-15: - Various FEM modes for Compressive channel section with different yielding
strengths.

Compressive channel section FEM modes

Fy Buckling mode Failure mode
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Compressive channel section FEM modes

Fy Buckling mode Failure mode
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A.2.4.4 Compressive channel section
According to Table A-16, all-Compressive Z-section collapses due to local buckling

in all different steel yield strengths (Fy) parameters.

Table A-16: - Various FEM modes for Compressive channel section with different yielding
strengths.

Compressive Z-section FEM modes

Fy Buckling mode Failure mode
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Compressive Z-section FEM modes

Fy Buckling mode Failure mode
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A.2.5 Plate Slenderness Ratio Parameter
A.2.5.1 Flexural channel section

As shown in Table A-17, all-flexural channel section collapses due to combination of

local and distortional buckling in all different studied flange slenderness ratios (b/t).

Table A-17: - Various FEM modes for flexural channel section with different b/t ratios.

Flexural channel section FEM modes

b/t Buckling mode Failure mode

A-58




APPENDIX (A) Various FEM Modes Used in The Parametric Study

Flexural channel section FEM modes

b/t Buckling mode Failure mode
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Flexural channel section FEM modes

b/t Buckling mode Failure mode
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A.2.5.2 Flexural Z-section

Flexural Z-section collapses due to local buckling when flange slenderness ratio (b/t) is
less than 100 and greater than this ratio it collapses due to combination of local and distortional

buckling, as shown in Table A-18.

Table A-18: - Various FEM modes for flexural Z-section with different b/t ratios.

Flexural Z-section FEM modes

b/t Buckling mode Failure mode
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Flexural Z-section FEM modes

b/t Buckling mode Failure mode
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Flexural Z-section FEM modes

b/t Buckling mode Failure mode
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A.2.5.3 Compressive channel section

According to Table A-19, all-compressive channel section collapses due to local

buckling in all different studied web slenderness ratios (h/t).

Table A-19: - Various FEM modes for compressive channel with different h/t ratios.

Compressive channel section FEM modes

h/t Buckling mode Failure mode
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Compressive channel section FEM modes

h/t Buckling mode Failure mode
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Compressive channel section FEM modes

h/t Buckling mode Failure mode
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A.2.5.4 Compressive Z-section
According to Table A-20, all-compressive Z-section collapses due to local buckling in

all different studied web slenderness ratios (h/t).

Table A-20: - Various FEM modes for compressive Z-sections with different h/t ratios.

Compressive Z-section FEM modes

h/t

Buckling mode Failure mode
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Flexural Z-section FEM modes

h/t Buckling mode Failure mode
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Various FEM Modes Used in The Parametric Study

Flexural Z-section FEM modes

h/t Buckling mode Failure mode
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A.3 Compression Between Effective Width and Direct Strength Methods

Table A-21: - Comparison between EWM and DSM for CFS compression channel sections.

Dimension (mm) length Prem DSM (¢=.85) AISI (¢=.85) EGY (9=.8) EURO
h b d t r (mm) | (Kn) @Pn  @PwPrev  @Pn  @Pu/Peem @Pa  @Pa/Prev Pa Pu/Prem
30480 10160 2248  2.67 476 30480 27604  254.20 0.92 224.20 081 20566 075 244.89 0.89
30480 10160 2248  2.67 476  609.60 25531  251.50 0.99 222.00 087 20566 081 244.89 0.96
30480 10160 2248  2.67 476 91440 24197  247.07 1.02 217.85 090 20566 085 228.52 0.94
30480 10160 2248  2.67 476 121920 23339  209.55 0.90 212.88 091 20566  0.88 221.33 0.95
30480 10160 2248  2.67 476 152400 22388  203.04 0.91 206.92 092 20566  0.92 209.65 0.94
30480 10160 2248  2.67 476 182880 21268 19536 0.92 199.95 094 20566 097 199.74 0.94
30480 10160 2248  2.67 476  2133.60 20071  186.71 0.93 192.13 096 19032 095 188.10 0.94
30480 10160 2248  2.67 476 243840 18812  177.28 0.94 183.63 098 17021 0.0 180.50 0.96
30480 10160 2248  2.67 476 274320 17553 167.25 0.95 157.48 090 16021 091 164.83 0.94
30480 10160 2248  2.67 476 304800 162.05  156.82 0.97 145.85 090 12361 076 150.93 0.93
30480 10160 2123  2.16 476 30480 19782  175.64 0.89 159.21 080 14320  0.72 162.04 0.82
30480 10160 2123  2.16 476  609.60 17297  173.78 1.00 157.50 0.91 14320 0.83 162.04 0.94
30480 10160 2123  2.16 476 91440 17254  170.72 0.99 154.77 090 14320  0.83 160.42 0.93
30480 10160 2123  2.16 476 121920 16702  166.54 1.00 151.04 090 14320  0.86 155.99 0.93
30480 10160 2123  2.16 476 152400 16053  161.34 1.00 146.37 0.91 14320 0.89 151.36 0.94
30480 10160 2123  2.16 = 476 182880 15332 15521 1.01 140.87 092 14320  0.93 146.43 0.96
30480 10160 2123 2.16 476  2133.60 14649 14830 1.01 134.64 092 14320 098 141.09 0.96
30480 10160 2123  2.16 = 476 243840 13899  140.74 1.01 127.80 092 12536 0.90 135.27 0.97
30480 10160 2123 2.6 = 476 274320 13126  132.69 1.01 120.47 0.92 11235 0.86 12891 0.98
30480 10160 2123 2.16 476 304800 123.11  124.28 1.01 113.18 0.92 11236 091 114.81 0.93
22860  63.50 2248  2.67 476 22860 22356  197.92 0.89 207.15 093 20228  0.90 218.98 0.98
22860  63.50 2248  2.67 476 45720 20885  195.22 0.93 203.49 097 19937 095 196.60 0.94
22860 6350 2248  2.67 476 68580 19571  190.71 0.97 189.50 097 19451 0.99 185.55 0.95
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Dimension (mm) length PreMm DSM (9=.85) AISI (9=.85) EGY (¢9=.8) EURO
h b d t r (mm)  (Kn) @Pn @Pu/Prev @Pn  OPa/Prev @Pn  @Pu/Prem P P /Prev
22860 6350 2248  2.67 476 91440 18639  184.60 0.99 179.80 0.96 187.72 1.01 176.39 0.95
228.60 6350 2248  2.67 476  1143.00 17601  177.02 1.01 170.42 0.97 178.98 1.02 169.74 0.96
22860 6350 2248  2.67 476 137160 16447  168.15 1.02 161.94 0.98 168.31 1.02 156.97 0.95
22860  63.50 2248  2.67 476 160020 15271  150.00 0.98 132.87 0.87 142.35 0.93 133.20 0.87
228.60 63.50 2248  2.67 476 182880 14027  147.43 1.05 136.15 0.97 141.13 1.01 13320 0.95
22860 63.50 2248  2.67 476 205740 127.36 12175 0.96 121.56 0.95 124.63 0.98 124.14 0.97
22860 63.50 2248 267 476 228600 114.64  112.57 0.98 107.01 0.93 105.91 0.92 109.59 0.96
22860 6350 2123 216 476 22860 16185  137.14 0.85 155.35 0.96 151.87 0.94 152.64 0.94
22860 6350 2123 2.6 476 45720  149.87 1358 0.90 145.86 0.97 149.84 1.00 140.95 0.94
22860 6350 2123 216  4.76 68580 14137  132.22 0.94 126.30 0.89 130.25 0.92 133.64 0.95
22860 6350 2123 2.6 476 91440 13582  128.05 0.94 121.58 0.90 125.36 0.92 127.84 0.94
22860 6350 2123 2.6 476  1143.00 12872  122.87 0.95 121.56 0.94 119.35 0.93 123.69 0.96
22860 6350 2123 216 476 137160 12151  116.81 0.96 118.65 0.98 115.36 0.95 114.15 0.94
22860 6350 2123 2.16 476 160020 114.68  110.02 0.96 109.83 0.96 112.36 0.98 108.54 0.95
22860 6350 2123 216 476 182880 107.37  102.65 0.96 99.29 0.92 109.40 1.02 105.33 0.98
22860 6350 2123 216 476 205740  99.76 94.87 0.95 96.84 0.97 97.94 0.98 93.64 0.94
22860 63.50 2123 216 476 228600  92.36 86.82 0.94 86.59 0.94 85.13 0.92 90.89 0.98
20955  50.80 - 1.81 272 20955  92.68 74.78 0.81 69.81 0.75 69.67 0.75 75.44 0.81
20055  50.80 - 1.81 272 41910  77.08 72.69 0.94 67.97 0.88 68.34 0.89 73.75 0.96
209.55  50.80 - 181 272 62865 7579 69.34 0.91 65.00 0.86 66.13 0.87 69.04 0.91
209.55  50.80 - 1.81 272 83820 7315 64.90 0.89 61.04 0.83 63.03 0.86 64.10 0.88
209.55  50.80 - 181 272 104775 7320 59.58 0.81 56.29 0.77 59.05 0.81 58.81 0.80
209.55  50.80 - 1.81 272 125730  68.46 64.38 0.94 50.94 0.74 54.19 0.79 53.18 0.78
20955  50.80 - 1.81 272 146685  61.04 56.85 0.93 45.22 0.74 48.44 0.79 47.41 0.78
20955  50.80 - 181 272 167640 5391 49.14 0.91 39.30 0.73 41.81 0.78 41.81 0.78
20955 50.80 - 1.81 272 188595  47.26 42.16 0.89 33.83 0.72 34.14 0.72 36.63 0.78
20955  50.80 - 1.81 272 209550  41.32 36.73 0.89 29.50 0.71 27.66 0.67 32.03 0.78
313.84  50.80 - 258 387  313.84 16253  161.53 0.99 136.39 0.84 136.78 0.84 149.71 0.92

A-71



APPENDIX (A) Comparison between EWM and DSM for CFS compression channel sections

Dimension (mm) length PreMm DSM (9=.85) AISI (9=.85) EGY (¢9=.8) EURO
h b d t r (mm)  (Kn) @Pn @Pu/Prev @Pn  OPa/Prev @Pn  @Pu/Prem P P /Prev
313.84  50.80 ) 258 387  627.68 14355  130.54 0.91 126.18 0.88 128.99 0.90 133.42 0.93
313.84  50.80 ) 258 3.87 94153 12459  115.69 0.93 110.71 0.89 116.01 0.93 115.71 0.93
313.84  50.80 - 258 387 125537 107.94  108.07 1.00 91.90 0.85 97.83 0.91 96.02 0.89
313.84  50.80 - 258 387 156921  88.74 84.59 0.95 71.50 0.81 74.45 0.84 77.07 0.87
313.84  50.80 - 258 387  1883.05 7183 66.68 0.93 54.54 0.76 51.70 0.72 61.18 0.85
313.84  50.80 - 258 3.87 219690 5834 54.39 0.93 43.34 0.74 37.99 0.65 48.87 0.84
21224 50.80 - 258 387 21224 16144 13755 0.85 134.60 0.83 134.83 0.84 146.59 0.91
21224 50.80 - 258 387 42448 14740  133.46 0.91 130.67 0.89 131.16 0.89 139.78 0.95
21224 50.80 - 258 387 63673 14092 12691 0.90 124.36 0.88 125.04 0.89 128.63 0.91
21224 50.80 - 258  3.87 84897 13503  118.24 0.88 115.97 0.86 116.47 0.86 116.61 0.86
21224 50.80 - 258 387 106121 12494  107.92 0.86 105.92 0.85 105.46 0.84 103.63 0.83
21224 50.80 - 258 387 127345 11233 9646 0.86 94.65 0.84 92.00 0.82 90.26 0.80
21224 50.80 - 258  3.87 148570 9848 84.39 0.86 82.66 0.84 76.10 0.77 77.46 0.79
21224 50.80 - 258 387 169794  84.36 72.12 0.85 70.27 0.83 58.82 0.70 66.03 0.78
21224 50.80 - 258 387 191018  74.46 69.16 0.93 58.39 0.78 46.47 0.62 56.30 0.76
21224 50.80 - 258 387 212242 6181 56.02 0.91 49.35 0.80 37.64 0.61 48.20 0.78
30480 6934 1558  2.67 476  609.60  202.63  187.32 0.92 191.89 0.95 188.93 0.93 192.50 0.95
30480 8268 1843  2.67 476  609.60 22628  186.04 0.82 209.37 0.93 190.62 0.84 216.27 0.96
30480 9601 2128  2.67 476  609.60  247.53  213.34 0.86 218.14 0.88 192.01 0.78 242.48 0.98
30480 101.60 2248  2.67 476  609.60 25551  218.19 0.85 22239 0.87 206.04 0.81 245.40 0.96
304.80 10935 2413 2.67 476  609.60  267.63  224.89 0.84 228.44 0.85 211.82 0.79 248.92 0.93
304.80 12268 2698  2.67 476  609.60 28543  236.19 0.83 239.72 0.84 22252 0.78 253.94 0.89
304.80 13602 2984  2.67 476  609.60  297.65  247.28 0.83 250.87 0.84 233.37 0.78 257.98 0.87
304.80 14935 3269  2.67 476  609.60 30593  258.19 0.84 262.35 0.86 244.78 0.80 261.25 0.85
30480 6934 1558  2.67 476 152400 161.80  155.82 0.96 156.51 0.97 166.23 1.03 153.71 0.95
30480 82.68 1843  2.67 476 152400 18957  178.80 0.94 186.18 0.98 190.62 1.01 180.10 0.95
30480 9601 2128  2.67 476 152400 21441  196.57 0.92 203.17 0.95 192.01 0.90 203.69 0.95
30480 101.60 2248  2.67 476  1524.00 22403 20227 0.90 207.31 0.93 206.04 0.92 214.09 0.96
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Dimension (mm) length PreMm DSM (9=.85) AISI (9=.85) EGY (¢=.8) EURO
h b d t r (mm)  (Kn) @Pn @Pu/Prev @Pn  OPa/Prev @Pn  @Pu/Prem P P /Prev
304.80 10935 2413 2.67 476 152400 23686  209.90 0.89 21359 0.90 211.82 0.89 231.01 0.98
304.80 12268 2698  2.67 476 152400 25634  222.35 0.87 226.24 0.88 22252 0.87 238.82 0.93
304.80 13602 2984  2.67 476  1524.00 27190  234.18 0.86 238.31 0.88 233.37 0.86 245.05 0.90
30480 14935 3269  2.67 476  1524.00 282.86  245.58 0.87 250.40 0.89 244.78 0.87 250.08 0.88
30480 6934 1558  2.67 476 304800 8837 82.77 0.94 75.19 0.85 68.17 0.77 83.95 0.95
30480 8268 1843  2.67 476 304800 12036  117.24 0.97 116.49 0.97 114.00 0.95 114.34 0.95
30480 9601 2128  2.67 476 304800 15036  147.17 0.98 141.00 0.94 140.21 0.93 142.84 0.95
30480 101.60 2248  2.67 476 304800 16219 15543 0.96 149.01 0.92 15231 0.94 154.08 0.95
304.80 10935 2413 2.67 476  3048.00 178.13  164.96 0.93 172.50 0.97 180.35 1.01 169.23 0.95
304.80 12268 2698  2.67 476 304800 203.56 = 179.82 0.88 184.12 0.90 201.81 0.99 196.09 0.96
304.80 13602 2984  2.67 476  3048.00 22641  193.26 0.85 198.46 0.88 216.02 0.95 206.15 0.91
304.80 14935 3269  2.67 476  3048.00 24483  205.69 0.84 212.04 0.87 228.05 0.93 214.14 0.87
13602  101.60 2248  2.67 476 27203 27370 24956 0.91 210.77 0.77 193.11 0.71 248.07 0.91
21603 10160 2248  2.67 476 = 43205 26322 229.07 0.87 218.78 0.83 201.54 0.77 248.39 0.94
26937 101.60 2248  2.67 476 53873 25998  221.69 0.85 220.96 0.85 204.34 0.79 246.75 0.95
30480 101.60 2248  2.67 476  609.60 25551  218.30 0.85 22239 0.87 206.04 0.81 245.40 0.96
40272 101.60 2248  2.67 476 80543 22526  194.65 0.86 221.62 0.98 208.09 0.92 211.54 0.94
48273 101.60 2248  2.67 476 96545 22823  217.92 0.95 219.75 0.96 209.34 0.92 214.52 0.94
13602  101.60 2248  2.67 = 476  680.09  251.81 22836 0.91 202.61 0.80 193.11 0.77 233.32 0.93
216.03  101.60 2248  2.67 476  1080.14 23936  217.23 0.91 208.17 0.87 201.54 0.84 231.83 0.97
26937 10160 2248  2.67 476 134684  230.62  207.65 0.90 208.01 0.90 204.34 0.89 214.61 0.93
304.80 10160 2248  2.67 476 152400 22403  202.39 0.90 207.31 0.93 206.04 0.92 206.12 0.92
40272 10160 2248 267 476 201359 20342  184.79 0.91 196.88 0.97 208.09 1.02 192.54 0.95
13602  101.60 2248  2.67 476  1360.17 22640  207.46 0.92 178.76 0.79 187.73 0.83 191.71 0.85
21603 10160 2248  2.67 476 216027 197.84  180.48 0.91 177.45 0.90 185.26 0.94 186.82 0.94
26937 10160 2248  2.67 476  2693.67 17624  165.34 0.94 170.58 0.97 178.62 1.01 166.90 0.95
30480 101.60 2248  2.67 476 304800 16219  155.58 0.96 147.79 0.91 160.21 0.99 152.54 0.94
40272 101.60 2248  2.67 476 402717 12692  114.03 0.90 119.24 0.94 127.18 1.00 124.04 0.98
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Dimension (mm) length PreMm DSM (9=.85) AISI (9=.85) EGY (¢9=.8) EURO
h b d t r (mm)  (Kn) @Pn @Pu/Prev @Pn  OPa/Prev @Pn  @Pu/Prem P P /Prev
48273 10160 2248  2.67 476 482727 103.01  103.08 1.00 84.85 0.82 92.50 0.90 97.55 0.95
536.07 10160 2248  2.67 476  5360.67  89.73 87.44 0.97 69.76 0.78 76.78 0.86 88.02 0.98
30480 101.60 2248  2.67 476  609.60 25551  254.01 0.99 22239 0.87 206.04 0.81 245.40 0.96
30480 10160 2607  2.67 476  609.60 25979  265.48 1.02 230.41 0.89 215.66 0.83 244.12 0.94
30480 101.60 3101  2.67 476  609.60 26543  270.47 1.02 245.09 0.92 233.00 0.88 249.54 0.94
30480 101.60 3596  2.67 476  609.60 27098  275.45 1.02 266.54 0.98 258.23 0.95 256.83 0.95
304.80 10160 4091  2.67 476  609.60 27655  280.42 1.01 268.06 0.97 272.60 0.99 253.98 0.92
30480 101.60 2248  2.67 476  1524.00 22403  210.54 0.94 20731 0.93 206.04 0.92 214.11 0.96
304.80 10160 2607  2.67 476 152400 227.89  222.18 0.97 215.78 0.95 215.66 0.95 214.10 0.94
304.80 10160 31.01  2.67 476 152400 23296  227.26 0.98 23137 0.99 233.00 1.00 219.36 0.94
304.80 10160 3596  2.67 476 152400 237.50  232.30 0.98 228.09 0.96 235.67 0.99 223.76 0.94
304.80 10160 4091  2.67 476 152400 24237  237.31 0.98 23329 0.96 240.64 0.99 228.65 0.94
304.80 10160 2248  2.67 476  3048.00 162.19  154.64 0.95 162.41 1.00 152.31 0.94 152.93 0.94
304.80 10160 2607  2.67 476  3048.00 166.10  163.56 0.98 160.31 0.97 162.65 0.98 160.52 0.97
30480 101.60 2248 170 476  609.60 12045  116.79 0.97 112.44 0.93 101.33 0.84 105.30 0.87
30480 101.60 2248  2.00 476  609.60 15093  147.15 0.97 142.87 0.95 129.94 0.86 142.67 0.95
30480 101.60 2248 250 476  609.60 23133  215.90 0.93 200.96 0.87 185.29 0.80 217.30 0.94
30480 101.60 2248  2.67 476  609.60 25551  254.01 0.99 22239 0.87 206.04 0.81 245.40 0.96
30480 101.60 2248  3.00 476  609.60  307.98  294.43 0.96 269.70 0.88 241.70 0.78 287.54 0.93
30480 101.60 2248 350 476  609.60 38259  381.76 1.00 349.16 0.91 325.22 0.85 357.18 0.93
304.80 10160 2248  4.00 476  609.60  468.87  477.00 1.02 421.80 0.90 417.67 0.89 437.33 0.93
304.80 10160 2248 170 476 152400 108.02  97.29 0.90 104.67 0.97 101.33 0.94 99.96 0.93
304.80 10160 2248 200 476 152400  142.05 = 122.42 0.86 132.99 0.94 129.94 0.91 134.02 0.94
304.80 10160 2248 250 476 152400 20251  179.17 0.88 186.44 0.92 185.29 0.91 191.28 0.94
304.80 10160 2248  2.67 476 152400 22403  210.54 0.94 207.31 0.93 206.04 0.92 209.64 0.94
304.80 10160 2248  3.00 476 152400 267.32  243.76 0.91 252.07 0.94 241.70 0.90 252.58 0.94
30480 101.60 2248 350 476 152400 33589  315.32 0.94 320.49 0.95 325.22 0.97 319.17 0.95
30480 101.60 2248  4.00 476 152400 40927  393.12 0.96 385.82 0.94 399.86 0.98 389.83 0.95
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Dimension (mm) length PreMm DSM (9=.85) AISI (9=.85) EGY (¢9=.8) EURO
h b d t r (mm)  (Kn) @Pn @Pu/Prev @Pn  OPa/Prev @Pn  @Pu/Prem P P /Prev
304.80 10160 2248 250 476 304800 147.58 13172 0.89 141.00 0.96 142.68 0.97 143.15 0.97
304.80 10160 2248  2.67 476  3048.00 162.19  154.64 0.95 148.66 0.92 160.23 0.99 157.67 0.97
30480 101.60 2248  3.00 476 304800 19212  178.92 0.93 183.68 0.96 180.35 0.94 181.14 0.94
30480 101.60 2248 350 476  3048.00 24023  231.26 0.96 229.76 0.96 234.65 0.98 228.64 0.95
30480 101.60 2248  4.00 476 304800 29158  286.50 0.98 278.73 0.96 276.58 0.95 280.89 0.96
30480 9500 4388  2.67 476  609.60  260.61  271.47 1.04 249.63 0.96 251.02 0.96 247.92 0.95
304.80 11000 3888  2.67 476  609.60 28170  279.74 0.99 262.24 0.93 277.17 0.98 266.92 0.95
304.80 108.88 30.00 267 476  609.60 27025  268.98 1.00 24431 0.90 230.50 0.85 252.07 0.93
304.80 10160 40.64  2.67 476  609.60 27549  274.25 1.00 260.30 0.94 272.44 0.99 263.80 0.96
304.80  108.88 30.00  2.67 476 152400 239.08  226.05 0.95 228.76 0.96 23033 0.96 22475 0.94
400.00 10160 2248  2.67 476  800.00  227.86  235.65 1.03 222.05 0.97 208.42 0.91 219.01 0.96
450.00 10160 2248  2.67 476  900.00  217.84  218.35 1.00 204.04 0.94 209.27 0.96 209.55 0.96
533.40 10160 2248  2.67 476 106680 21635  200.89 0.93 204.04 0.94 209.93 0.97 204.89 0.95
400.00 10160 2248  2.67 476  2000.00 20399  187.16 0.92 197.26 0.97 195.65 0.96 195.33 0.96
400.00 101.60 2248  2.67 476  4000.00 127.88  126.01 0.99 120.77 0.94 128.69 1.01 124.08 0.97
45000 101.60 2248  2.67 476 450000 11222  104.62 0.93 96.78 0.86 104.70 0.93 109.83 0.98
533.40  101.60 2248  2.67 476 533400  90.36 91.46 1.01 70.41 0.78 77.47 0.86 85.79 0.95
18320 15240 3248 267 476 91600 28354  270.66 0.95 246.83 0.87 236.92 0.84 255.27 0.90
247.80 12510 2748 267 476  1239.00 26655 = 251.02 0.94 228.87 0.86 222.08 0.83 243.79 0.91
33020 8890 2248  2.67 476  1651.00 198.94  187.92 0.94 186.60 0.94 190.67 0.96 182.41 0.92
355.60 7620 2248 267 476 177800 17049  161.36 0.95 162.33 0.95 160.25 0.94 161.71 0.95
279.40 11430 2248  2.67 476  1397.00 24601  227.74 0.93 211.52 0.86 206.05 0.84 188.22 0.77
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100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00

Dimension (mm)

50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00

Table A-22: - Comparison between EWM and DSM for CFS compression Z-sections.

d

20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00

2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.50
2.50
2.50
2.50

8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00

length

(mm)

100.00
200.00
300.00
400.00
500.00
600.00
700.00
800.00
900.00
150.00
300.00
450.00
600.00
750.00
900.00
1050.00
1200.00
1350.00
1500.00
150.00
300.00
450.00
600.00

Prem

140.16
133.76
129.57
124.13
121.39
117.71
112.62
107.18
101.37
153.25
147.18
142.08
138.44
135.11
130.07
123.56
116.40
108.97
101.52
208.60
195.98
190.30
182.41

DSM (9=.85)
oPn @Pn/ Prem
124.21 0.89
123.38 0.92
122.00 0.94
120.09 0.97
117.69 0.97
114.80 0.98
111.48 0.99
107.75 1.01
103.66 1.02
149.31 0.97
147.81 1.00
145.34 1.02
141.95 1.03
137.71 1.02
132.68 1.02
126.96 1.03
110.35 0.95
108.35 0.99
98.35 0.97
216.48 1.04
178.52 0.91
175.41 0.92
171.15 0.94

AISI (¢=.85)
oPn @Pn/ Prem
127.29 0.91
126.17 0.94
124.31 0.96
121.76 0.98
118.56 0.98
114.76 0.97
110.42 0.98
105.61 0.99
100.40 0.99
144.33 0.94
142.97 0.97
140.10 0.99
135.80 0.98
130.48 0.97
124.26 0.96
117.30 0.95
109.75 0.94
101.79 0.93
93.58 0.92
191.83 0.92
189.24 0.97
185.01 0.97
179.25 0.98

EGY (¢=.8)
¢Pn @Pn/PrEm
115.78 0.83
114.75 0.86
113.03 0.87
110.62 0.89
107.52 0.89
103.74 0.88
99.27 0.88
94.11 0.88
88.26 0.87
130.08 0.85
128.55 0.87
126.00 0.89
122.43 0.88
117.84 0.87
112.23 0.86
105.61 0.85
97.96 0.84
89.29 0.82
79.61 0.78
173.03 0.83
170.80 0.87
167.07 0.88
161.86 0.89

EURO
Pn Pn/ Prem
140.06 1.00
134.26 1.00
128.95 1.00
126.37 1.02
124.09 1.02
121.12 1.03
114.16 1.01
109.25 1.02
104.19 1.03
149.84 0.98
149.84 1.02
144.95 1.02
139.47 1.01
133.47 0.99
126.75 0.97
119.16 0.96
110.72 0.95
101.63 0.93
92.28 0.91
205.33 0.98
196.36 1.00
188.41 0.99
185.45 1.02
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150.00
150.00
150.00
150.00
150.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00

Dimension (mm)

60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00

d

20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00

2.50
2.50
2.50
2.50
2.50
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.50
2.50
2.50
2.50
2.50
2.50
2.50
2.50
2.50
2.50

8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00

length

(mm)

750.00
900.00
1050.00
1200.00
1350.00
200.00
400.00
600.00
800.00
1000.00
1200.00
1400.00
1600.00
1800.00
2000.00
200.00
400.00
600.00
800.00
1000.00
1200.00
1400.00
1600.00
1800.00
2000.00

Prem

178.37
170.85
160.49
150.39
139.88
155.55
148.31
142.53
138.42
132.78
124.53
115.58
106.10
96.20

86.47

211.32
199.17
190.39
183.66
174.46
162.64
149.91
136.32
122.62
101.17

DSM (¢=.85)
oPx @Pn/ Prem
165.82 0.93
159.51 0.93
152.33 0.95
144.43 0.96
135.93 0.97
148.96 0.96
146.34 0.99
142.09 1.00
136.33 0.98
129.24 0.97
121.06 0.97
112.03 0.97
102.40 0.97
92.43 0.96
82.36 0.95
210.23 0.99
202.28 1.02
196.17 1.03
187.91 1.02
177.77 1.02
166.08 1.02
153.19 1.02
139.48 1.02
125.33 1.02
101.16 1.00

AISI (9=.85)
oPn ¢Py/ Prem
172.10 0.96
163.74 0.96
154.39 0.96
144.25 0.96
133.55 0.95
146.53 0.94
143.83 0.97
138.34 0.97
131.01 0.95
122.18 0.92
112.22 0.90
101.53 0.88
90.48 0.85
79.44 0.83
68.72 0.79
196.22 0.93
191.65 0.96
184.27 0.97
174.42 0.95
162.55 0.93
149.15 0.92
134.76 0.90
119.88 0.88
105.00 0.86
90.53 0.89

EGY (¢=.8)
oPn OPn/Prem
155.16 0.87
146.97 0.86
137.29 0.86
126.12 0.84
113.46 0.81
131.49 0.85
129.10 0.87
125.13 0.88
119.58 0.86
112.43 0.85
103.69 0.83
93.37 0.81
81.46 0.77
67.69 0.70
64.83 0.75
175.93 0.83
172.41 0.87
166.54 0.87
158.32 0.86
147.76 0.85
134.84 0.83
119.58 0.80
101.97 0.75
92.08 0.75
86.49 0.85

EURO
Pn Pn/ Prem
180.09 1.01
169.88 0.99
158.31 0.99
145.50 0.97
131.98 0.94
149.50 0.96
147.44 0.99
140.87 0.99
133.64 0.97
125.35 0.94
115.75 0.93
104.94 091
93.51 0.88
82.28 0.86
71.94 0.83
206.88 0.98
202.81 1.02
192.98 1.01
181.97 0.99
169.13 0.97
154.22 0.95
137.69 0.92
120.80 0.89
104.88 0.86
90.75 0.90
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250.00
250.00
250.00
250.00
250.00
250.00
250.00
250.00
250.00
250.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
215.00
215.00
215.00
215.00
215.00
215.00

Dimension (mm)

70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
70.00 -
60.00 -
60.00 -
60.00 -
60.00 -
60.00 -
60.00 -

2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.50
2.50
2.50
2.50
2.50
2.50
2.50
2.50
2.50
3.00
3.00
3.00
3.00
3.00
3.00

8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00

length

(mm)

250.00
500.00
750.00
1000.00
1250.00
1500.00
1750.00
2000.00
2250.00
2500.00
300.00
600.00
900.00
1200.00
1500.00
1800.00
2100.00
2400.00
2700.00
215.00
430.00
645.00
860.00
1075.00
1290.00

Prem

111.43
101.47
97.00
92.96
85.00
76.72
68.35
60.68
53.22
46.64
161.98
146.44
137.19
127.77
117.29
105.28
93.44
80.42
67.97
206.90
184.15
174.74
166.61
155.49
141.16

DSM (¢=.85)
oPx @Pn/ Prem
98.81 0.89
96.01 0.95
91.52 0.94
85.57 0.92
78.46 0.92
70.54 0.92
62.17 0.91
53.63 0.88
46.04 0.87
40.13 0.86
142.78 0.88
136.68 0.93
127.07 0.93
114.70 0.90
100.49 0.86
85.40 0.81
90.93 0.97
76.37 0.95
65.38 0.96
189.63 0.92
183.90 1.00
174.70 1.00
162.56 0.98
148.11 0.95
132.08 0.94

AISI (9=.85)
oPn ¢Py/ Prem
103.22 0.93
100.30 0.99
95.61 0.99
89.42 0.96
82.03 0.97
73.81 0.96
65.11 0.95
56.20 0.93
48.25 091
42.00 0.90
153.73 0.95
147.21 1.01
136.94 1.00
123.71 0.97
108.48 0.92
92.23 0.88
76.15 0.81
63.73 0.79
54.22 0.80
203.33 0.98
181.08 0.98
168.60 0.96
164.03 0.98
139.80 0.90
139.97 0.99

EGY (¢=.8)
oPn OPn/Prem
86.32 0.77
84.81 0.84
82.30 0.85
78.77 0.85
74.24 0.87
68.71 0.90
62.16 0.91
54.61 0.90
46.01 0.86
37.27 0.80
132.55 0.82
128.69 0.88
122.27 0.89
113.27 0.89
101.70 0.87
87.56 0.83
70.76 0.76
64.18 0.80
52.81 0.78
179.93 0.87
174.53 0.95
165.54 0.95
152.96 0.92
136.77 0.88
117.00 0.83

EURO
Pn Pn/ Prem
97.20 0.87
95.53 0.94
89.74 0.93
83.70 0.90
77.25 091
70.38 0.92
63.28 0.93
56.26 0.93
49.64 0.93
43.67 0.94
150.12 0.93
142.41 0.97
130.56 0.95
117.72 0.92
103.88 0.89
89.77 0.85
76.49 0.82
64.83 0.81
55.03 0.81
203.56 0.98
183.52 1.00
176.33 1.01
158.59 0.95
139.48 0.90
120.12 0.85
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215.00
215.00
215.00
180.00
180.00
180.00
180.00
180.00
180.00
180.00
180.00
100.00
100.00
100.00
100.00

Dimension (mm)

60.00 -
60.00 -
60.00 -
75.00 -
75.00 -
75.00 -
75.00 -
75.00 -
75.00 -
75.00 -
75.00 -
40.00 -
40.00 -
40.00 -
40.00 -

3.00
3.00
3.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
3.00
3.00
3.00
3.00

8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00

length

(mm)

1505.00
1935.00
2150.00
180.00
360.00
540.00
720.00
900.00
1080.00
1260.00
1440.00
100.00
200.00
300.00
400.00

Prem

123.83
86.28
72.95

360.88

340.53

318.05

296.70

280.65

265.59

247.91

225.41

162.79

155.69

146.01

133.36

DSM (¢=.85)
oPx @Pn/ Prem

115.23 0.93
85.69 0.99
69.41 0.95
358.14 0.99
353.30 1.04
316.25 0.99
274.22 0.92
263.19 0.94
250.28 0.94
235.77 0.95
220.00 0.98
149.83 0.92
147.40 0.95
143.43 0.98
138.03 1.04

AISI (9=.85)
oPn ¢Py/ Prem

121.19 0.98
83.26 0.97
69.40 0.95
327.92 091
323.20 0.95
315.46 0.99
295.29 1.00
262.92 0.94
257.05 0.97
239.61 0.97
217.58 0.97
152.85 0.94
149.24 0.96
143.42 0.98
130.85 0.98

EGY (¢=.8)
oPn OPn/Prem

93.27 0.75

66.42 0.77

55.70 0.76
302.42 0.84
297.37 0.87
288.96 0.91
277.17 0.93
262.02 0.93
243.50 0.92
221.62 0.89
196.36 0.87
142.96 0.88
139.65 0.90
134.13 0.92
126.41 0.95

EURO
Pn Pn/ Prem

102.03 0.82
73.09 0.85
62.31 0.85
337.53 0.94
332.83 0.98
313.27 0.98
292.98 0.99
271.37 0.97
248.36 0.94
224.42 091
200.53 0.89
163.62 1.01
158.78 1.02
143.91 0.99
134.62 1.01
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304.80
304.80
304.80
304.80
304.80
304.80
304.80
304.80
304.80
304.80
304.80
304.80
304.80
304.80
304.80
304.80
304.80
304.80
304.80
228.60
228.60
228.60
228.60

Table A-23: - Comparison between EWM and DSM for CFS flexure channel sections.

Dimension (mm)

101.60
101.60
101.60
101.60
101.60
101.60
101.60
101.60
101.60
101.60
101.60
101.60
101.60
101.60
101.60
101.60
101.60
101.60
101.60
63.50

63.50

63.50

63.50

d

22.48
22.48
22.48
22.48
22.48
22.48
22.48
22.48
22.48
22.48
21.23
21.23
21.23
21.23
21.23
21.23
21.23
21.23
21.23
2248
22.48
22.48
2248

2.67
2.67
2.67
2.67
2.67
2.67
2.67
2.67
2.67
2.67
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.67
2.67
2.67
2.67

4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76

length

(mm)

304.80
609.60
914.40
1,219.20
1,524.00
1,828.80
2,133.60
2,438.40
2,743.20
3,048.00
304.80
609.60
914.40
1,219.20
1,524.00
1,828.80
2,133.60
2,438.40
3,048.00
228.60
457.20
685.80
914.40

Mrem
(Kn.m)

40.47
36.16
34.84
33.55
33.05
32.44
32.19
30.10
30.02
29.65
27.99
26.25
24.17
23.79
23.55
23.27
22.68
22.30
20.39
2345
23.45
21.52
21.21

DSM(p=.9)

30.16
30.16
30.16
30.16
30.16
30.16
30.16
30.16
30.16
30.16
27.87
25.27
24.03
24.03
24.03
24.03
23.54
22.58
20.94
20.34
21.62
21.42
21.42

0.75
0.83
0.87
0.90
0.91
0.93
0.94
1.00
1.00
1.02
1.00
0.96
0.99
1.01
1.02
1.03
1.04
1.01
1.03
0.87
0.92
1.00
1.01

AISI(9=.9)
oMa @M./FEM
34.83 0.86
34.83 0.96
31.35 0.90
31.35 0.93
31.35 0.95
31.35 0.97
30.99 0.96
29.96 1.00
28.88 0.96
27.71 0.93
25.85 0.92
25.85 0.98
2275 0.94
2275 0.96
2275 0.97
2275 0.98
21.02 0.93
19.94 0.89
19.02 0.93
22.20 0.95
22.20 0.95
22.20 1.03
19.98 0.94

EGY(g=85)
oM:  @MJ/FEM
37.66 0.93
33.83 0.94
33.83 0.97
33.83 1.01
33.83 1.02
33.22 1.02
24.63 0.77
19.05 0.63
15.22 0.51
12.48 0.42
26.34 0.94
23.69 0.90
23.69 0.98
23.69 1.00
23.69 1.01
23.69 1.02
20.28 0.89
15.63 0.70
10.16 0.50
16.19 0.69
16.19 0.69
16.19 0.75
16.19 0.76

Mn

37.09
33.38
33.02
32.38
31.68
30.90
29.99
28.91
27.64
26.15
25.02
25.02
24.87
24.44
23.98
2347
22.90
22.23
20.55
21.18
21.14
20.64
20.09

EURO

M./FEM

0.92
0.92
0.95
0.97
0.96
0.95
0.93
0.96
0.92
0.88
0.89
0.95
1.03
1.03
1.02
1.01
1.01
1.00
1.01
0.90
0.90
0.96
0.95
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228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60
228.60

63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50
63.50

Dimension (mm)

d

22.48
22.48
22.48
22.48
22.48
22.48
21.23
21.23
21.23
21.23
21.23
21.23
21.23
21.23
21.23
21.23
19.63
19.63
19.63
19.63
19.63
19.63
19.63
19.63
19.63

2.67
2.67
2.67
2.67
2.67
2.67
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
2.16
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50

r

4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.76
4.75
4.75
4.75
4.75
4.75
4.75
4.75
4.75
4.75

length

(mm)

1,143.00
1,371.60
1,600.20
1,828.80
2,057.40
2,286.00
228.60
457.20
685.80
914.40
1,143.00
1,371.60
1,600.20
1,828.80
2,057.40
2,286.00
228.60
457.20
685.80
914.40
1,143.00
1,371.60
1,600.20
1,828.80
2,057.40

Mrem
(Kn.m)

21.15
20.97
20.55
20.31
19.98
17.53
18.13
16.70
16.30
15.97
15.97
15.85
15.65
15.27
15.23
14.90
10.21
9.98
9.57
9.10
9.07
9.04
8.87
8.83
8.59

DSM(p=.9)

21.42
21.42
21.42
20.45
19.28
17.99
17.17
16.37
15.96
15.96
15.96
15.96
15.96
15.96
15.39
14.53
9.42
9.42
9.42
9.42
9.42
9.38
9.11
8.80
8.43

1.01
1.02
1.04
1.01
0.96
1.03
0.95
0.98
0.98
1.00
1.00
1.01
1.02
1.05
1.01
0.97
0.92
0.94
0.98
1.03
1.04
1.04
1.03
1.00
0.98

AISI(9=.9)
oMa @M./FEM
19.98 0.94
19.94 0.95
19.43 0.95
18.83 0.93
18.10 0.91
17.14 0.98
16.55 0.91
16.55 0.99
16.55 1.02
16.55 1.04
16.55 1.04
16.48 1.04
15.93 1.02
1532 1.00
14.64 0.96
13.92 0.93
10.16 1.00
10.16 1.02
9.15 0.96
9.15 1.00
9.15 1.01
9.15 1.01
9.06 1.02
8.66 0.98
8.21 0.96

EGY(g=85)
oM:  @M./FEM
12.74 0.60
9.09 0.43
6.88 0.33
5.44 0.27
4.45 0.22
3.74 0.21
8.29 0.46
8.29 0.50
8.29 0.51
8.29 0.52
8.29 0.52
7.50 0.47
5.62 0.36
4.40 0.29
3.56 0.23
2.96 0.20
1.57 0.15
1.60 0.16
1.67 0.17
1.76 0.19
8.65 0.95
8.43 0.93
6.26 0.71
4.84 0.55
3.87 0.45

Mn

19.45
20.75
19.70
18.41
16.91
15.31
16.37
16.35
15.98
15.56
15.09
14.51
13.80
14.38
13.25
12.02
9.86
9.86
9.70
9.49
9.26
8.98
8.66
8.27
7.80

EURO

My/FEM

0.92
0.99
0.96
0.91
0.85
0.87
0.90
0.98
0.98
0.97
0.94
0.92
0.88
0.94
0.87
0.81
0.97
0.99
1.01
1.04
1.02
0.99
0.98
0.94
0.91
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228.60
209.55
209.55
209.55
209.55
209.55
209.55
209.55
209.55
209.55
209.55
313.84
313.84
313.84
313.84
313.84
313.84
313.84
98.43
98.43
98.43
98.43
98.43
98.43
98.43

63.50
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80
50.80

Dimension (mm)

d

19.63

1.50
1.81
1.81
1.81
1.81
1.81
1.81
1.81
1.81
1.81
1.81
2.58
2.58
2.58
2.58
2.58
2.58
2.58
1.81
1.81
1.81
1.81
1.81
1.81
1.81

r

4.75
2.72
2.72
2.72
2.72
2.72
2.72
2.72
2.72
2.72
2.72
3.87
3.87
3.87
3.87
3.87
3.87
3.87
2.72
2.72
2.72
2.72
2.72
2.72
2.72

length

(mm)

2,286.00
209.55
419.10
628.65
838.20

1,047.75

1,257.30

1,466.85

1,676.40

1,885.95

2,095.50
313.84
627.68
941.53

1,255.37

1,569.21

1,883.05

2,196.90

98.43
196.85
295.28
393.70
492.13
590.55
688.98

MreEm

(Kn.m)

8.48
8.24
7.42
7.10
7.00
6.67
5.96
5.89
5.89
5.52
5.40
23.88
23.76
23.62
22.28
21.22
21.17
20.62
3.32
3.19
3.18
3.13
3.07
3.02
2.97

DSM(p=.9)

8.03
7.39
7.39
7.39
7.39
6.32
5.67
4.35
5.78
4.90
4.73
23.49
22.76
22.40
21.60
20.79
20.52
15.79
2.79
2.79
2.79
2.79
2.79
2.79
2.79

0.95
0.90
1.00
1.04
1.06
0.95
0.95
0.74
0.98
0.89
0.88
0.98
0.96
0.95
0.97
0.98
0.97
0.77
0.84
0.87
0.88
0.89
0.91
0.92
0.94

AISI(9=.9)
oMa @M./FEM
7.78 0.92
6.75 0.82
6.75 0.91
6.75 0.95
6.75 0.96
6.75 1.01
5.81 0.97
5.97 1.01
5.40 0.92
4.7 0.85
4.55 0.84
22.60 0.95
22.60 0.95
22.60 0.96
20.86 0.94
18.00 0.85
14.35 0.68
11.01 0.53
2.83 0.85
2.83 0.89
2.83 0.89
2.83 0.90
2.83 0.92
2.83 0.94
2.83 0.95

EGY(g=85)
oM:  @M./FEM
3.18 0.38
6.04 0.73
6.04 0.81
6.04 0.85
6.04 0.86
6.04 0.91
6.04 1.01
5.15 0.87
4.02 0.68
3.24 0.59
2.68 0.50
20.70 0.87
18.42 0.78
23.20 0.98
13.46 0.60
8.93 0.42
6.47 0.31
4.97 0.24
2.16 0.65
2.16 0.68
2.16 0.68
2.16 0.69
2.16 0.70
2.16 0.72
2.16 0.73

Mn

7.26
7.56
7.47
7.24
6.98
6.65
6.23
5.70
5.09
4.46
4.98
22.16
21.03
20.36
19.62
18.96
18.63
17.63
2.72
2.72
2.72
2.70
2.67
2.63
2.59

EURO

My/FEM

0.86
0.92
1.01
1.02
1.00
1.00
1.04
0.97
0.86
0.81
0.92
0.93
0.89
0.86
0.88
0.89
0.88
0.86
0.82
0.85
0.86
0.86
0.87
0.87
0.87
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Dimension (mm) length Mrem DSM(9=.9) AlISI(¢=.9) EGY(9=.85) EURO
h b d t r (mm)  (Knm) — on oMW/FEM oM. ¢MJ/FEM  ¢Ma. ¢MJFEM Mn  MJ/FEM
98.43 50.80 - 1.81 272 787.40  2.96 2.79 0.94 2.83 0.96 2.16 0.73 2.55 0.86
98.43 50.80 - 1.81 2.72 885.83 2.96 2.78 0.94 2.82 0.95 2.16 0.73 2.50 0.85
98.43 50.80 - 1.81 2.72 984.25 291 2.96 1.02 2.76 0.95 2.16 0.74 245 0.84
21224 50.80 - 2.58 3.87 21224 1419 14.32 1.01 13.84 0.98 6.12 0.43 13.50 0.95
21224 50.80 - 2.58 3.87 42448  14.8 14.32 1.01 13.84 0.98 6.12 0.43 13.24 0.93
21224 50.80 - 2.58 3.87 636.73 1375 14.32 1.04 13.84 1.01 6.12 0.45 12.76 0.93
21224 50.80 - 2.58 3.87 848.97 1371 14.31 1.04 13.84 1.01 6.12 0.45 12.17 0.89
21224 50.80 - 2.58 387  1,061.21  13.60 13.72 1.01 13.12 0.97 6.12 0.45 11.40 0.84
21224 50.80 - 2.58 387 127345 1349 13.01 0.96 12.22 0.91 6.12 0.45 12.48 0.92
21224 50.80 - 2.58 387 148570 1330 12.15 0.91 11.17 0.84 5.12 0.39 13.25 1.00
21224 50.80 - 2.58 387  1,697.94  13.16 11.15 0.85 9.98 0.76 4.00 0.30 11.49 0.87
21224 50.80 - 2.58 387 191018  13.10 1136 0.87 8.64 0.66 3.22 0.25 9.60 0.73
21224 50.80 - 2.58 387  2,12242 1177 9.39 0.80 7.32 0.62 2.67 0.23 8.28 0.70
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100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00
150.00

Dimension (mm)

50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00

d

20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00

Table A-24: - Comparison between EWM and DSM for CFS flexure Z-sections.

2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.50
2.50
2.50
2.50
2.50
2.50

8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00

length
(mm)
100.00
200.00
300.00
400.00
500.00
600.00
700.00
800.00
900.00
1000.00
150.00
300.00
450.00
600.00
750.00
900.00
1050.00
1200.00
1350.00
1500.00
150.00
300.00
450.00
600.00
750.00
900.00

Mrem
(Kn.m)

5.60
5.48
5.31
5.24
5.24
5.21
5.21
5.20
5.16
5.12
10.57
9.84
9.83
9.76
9.72
9.71
9.70
9.59
9.46
9.42
12.90
12.73
12.62
12.58
12.53
12.50

DSM(¢=.9)
oMy OM.FEM
5.16 0.92
5.16 0.94
5.16 0.97
5.16 0.98
5.16 0.99
5.16 0.99
5.16 0.99
5.16 0.99
5.16 1.00
5.16 1.01
10.18 0.96
10.18 1.03
10.18 1.04
9.51 0.97
9.51 0.98
9.51 0.98
9.51 0.98
9.51 0.99
9.51 1.01
9.51 1.01
12.50 0.97
12.50 0.98
12.50 0.99
12.50 0.99
12.50 1.00
12.50 1.00

AISI(9=.9)
oM, OM,./FEM
4.92 0.88
4.92 0.90
4.92 0.93
4.92 0.94
4.92 0.94
4.92 0.94
4.92 0.95
4.92 0.95
4.92 0.95
4.92 0.96
9.06 0.86
9.06 0.92
9.06 0.92
9.06 0.93
9.06 0.93
9.06 0.93
9.06 0.93
9.06 0.95
8.84 0.93
8.59 0.91
11.91 0.92
11.91 0.94
11.91 0.94
11.91 0.95
11.91 0.95
11.91 0.95

EGY(¢=.85)
oMy  @M./FEM
4.80 0.86
4.80 0.88
4.80 0.90
4.80 0.92
4.80 0.92
435 0.83
3.30 0.63
2.61 0.50
2.13 0.41
1.79 0.35
5.32 0.50
5.32 0.54
5.32 0.54
5.32 0.55
5.32 0.55
5.32 0.55
4.61 0.48
3.61 0.38
2.93 0.31
2.44 0.26
10.75 0.83
10.75 0.84
10.75 0.85
10.75 0.85
1037 0.83
7.41 0.59

EURO
M M./FEM
5.20 0.93
5.20 0.95
5.20 0.98
5.20 0.99
5.17 0.99
5.12 0.98
5.07 0.97
5.01 0.96
4.95 0.96
4.89 0.96
9.51 0.90
9.51 0.97
9.51 0.97
9.44 0.97
9.32 0.96
9.18 0.95
9.04 0.93
8.89 0.93
8.72 0.92
8.54 0.91
12.05 0.93
12.05 0.95
12.05 0.95
11.94 0.95
11.78 0.94
11.61 0.93
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150.00
150.00
150.00
150.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
200.00
250.00
250.00
250.00
250.00

Dimension (mm)

60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
70.00
70.00
70.00
70.00

d

20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00

2.50
2.50
2.50
2.50
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.50
2.50
2.50
2.50
2.50
2.50
2.50
2.50
2.50
2.50
2.00
2.00
2.00
2.00

8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00

length
(mm)
1050.00
1200.00
1350.00
1500.00
200.00
400.00
600.00
800.00
1000.00
1200.00
1400.00
1600.00
1800.00
2000.00
200.00
400.00
600.00
800.00
1000.00
1200.00
1400.00
1600.00
1800.00
2000.00
250.00
500.00
750.00
1000.00

MrEm
(Kn.m)

12.44
12.29
12.14
11.99
15.22
13.99
13.86
13.81
13.76
13.64
13.36
13.30
13.17
13.05
18.96
18.60
18.37
18.33
18.26
18.15
18.00
17.65
17.26
16.91
15.51
14.90
14.59
14.53

DSM(¢=.9)
oMn  @MJ/FEM
12.50 1.01
12.50 1.02
12.10 1.00
11.68 0.97
14.69 0.97
13.88 0.99
13.32 0.96
13.32 0.96
13.32 0.97
13.32 0.98
13.32 1.00
13.32 1.00
12.58 0.95
11.59 0.89
18.61 0.98
18.03 0.97
17.82 0.97
17.82 0.97
17.82 0.98
17.82 0.98
17.48 0.97
16.50 0.93
15.39 0.89
14.15 0.84
12.84 0.83
12.84 0.86
12.84 0.88
12.84 0.88

AISI(9=.9)
oM, OM,./FEM
11.91 0.96
11.89 0.97
11.66 0.96
11.39 0.95
13.46 0.88
13.46 0.96
13.46 0.97
13.46 0.98
13.46 0.98
13.32 0.98
12.82 0.96
12.27 0.92
11.66 0.88
11.01 0.84
17.83 0.94
17.83 0.96
17.83 0.97
17.83 0.97
17.83 0.98
17.67 0.97
17.21 0.96
16.67 0.94
15.96 0.92
14.73 0.87
13.96 0.90
13.96 0.94
13.96 0.96
13.96 0.96

EGY(¢=.85)
oMy  @M./FEM
5.63 0.45
4.46 0.36
3.66 0.30
3.08 0.26
7.90 0.52
7.90 0.56
7.90 0.57
7.90 0.57
6.47 0.47
4.60 0.34
3.47 0.26
2.73 0.21
2.23 0.17
1.86 0.14
16.00 0.84
16.00 0.86
16.00 0.87
11.79 0.64
7.79 0.43
5.61 0.31
4.28 0.24
3.42 0.19
2.82 0.16
2.39 0.14
5.70 0.37
5.70 0.38
5.70 0.39
5.70 0.39

EURO
M M./FEM
11.43 0.92
11.23 0.91
11.01 0.91
10.76 0.90
13.79 0.91
13.79 0.99
13.67 0.99
13.41 0.97
13.14 0.95
12.83 0.94
12.48 0.93
12.07 0.91
11.58 0.88
11.01 0.84
17.54 0.93
17.54 0.94
17.36 0.95
17.03 0.93
16.67 0.91
16.26 0.90
15.80 0.88
15.25 0.86
14.60 0.85
13.85 0.82
11.33 0.73
11.33 0.76
11.19 0.77
10.96 0.75
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250.00
250.00
250.00
250.00
250.00
250.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
215.00
215.00
215.00
215.00
215.00
215.00
215.00
215.00
215.00
215.00
180.00
180.00
180.00

Dimension (mm)

70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
75.00
75.00
75.00

d

2.00
2.00
2.00
2.00
2.00
2.00
2.50
2.50
2.50
2.50
2.50
2.50
2.50
2.50
2.50
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
4.00
4.00
4.00

8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00

length
(mm)
1250.00
1500.00
1750.00
2000.00
2250.00
2500.00
300.00
600.00
900.00
1200.00
1500.00
1800.00
2100.00
2400.00
2700.00
215.00
430.00
645.00
860.00
1075.00
1290.00
1505.00
1720.00
1935.00
2150.00
180.00
360.00
540.00

MrEm
(Kn.m)

13.39
12.94
12.70
12.48
12.15
11.81
26.19
24.96
24.51
24.41
22.98
21.54
20.71
20.09
19.93
20.02
19.16
18.55
18.05
17.85
17.80
17.57
16.41
15.25
14.91
25.19
24.10
23.51

DSM(¢=.9)
oMn  @MJ/FEM
12.50 0.93
11.93 0.92
11.24 0.88
10.40 0.83
9.41 0.77
8.27 0.70
24.38 0.93
24.38 0.98
24.38 0.99
23.71 0.97
22.31 0.97
20.53 0.95
18.29 0.88
15.60 0.78
13.36 0.67
15.92 0.80
15.92 0.83
15.92 0.86
15.92 0.88
15.46 0.87
14.72 0.83
13.82 0.79
12.74 0.78
11.45 0.75
10.00 0.67
19.97 0.79
19.97 0.83
19.97 0.85

AISI(9=.9)
oM, OM,./FEM
12.95 0.97
12.60 0.97
11.60 0.91
10.43 0.84
9.09 0.75
7.64 0.65
21.83 0.83
21.83 0.87
21.83 0.89
21.83 0.89
20.36 0.89
18.45 0.86
16.08 0.78
13.26 0.66
10.78 0.54
17.61 0.88
17.61 0.92
17.61 0.95
17.61 0.98
16.93 0.95
15.88 0.89
14.61 0.83
13.14 0.80
11.43 0.75
9.58 0.64
20.78 0.82
20.78 0.86
20.78 0.88

EGY(¢=.85)
oMy  @M./FEM
5.70 0.43
5.70 0.44
5.70 0.45
5.70 0.46
5.06 0.42
4.16 0.35
12.16 0.46
12.16 0.49
12.16 0.50
12.16 0.50
12.16 0.53
9.49 0.44
7.12 0.34
5.57 0.28
4.51 0.23
17.22 0.86
17.22 0.90
17.22 0.93
17.22 0.95
13.16 0.74
9.42 0.53
7.15 0.41
5.68 0.35
4.66 0.31
3.92 0.26
22.20 0.88
22.20 0.92
22.20 0.94

EURO

M M./FEM
10.71 0.80
10.43 0.81
10.10 0.80

9.71 0.78

9.24 0.76

8.70 0.74
20.69 0.79
20.58 0.82
20.04 0.82
19.43 0.80
18.70 0.81
17.80 0.83
16.67 0.80
15.30 0.76
14.65 0.73
17.28 0.86
17.26 0.90
16.86 0.91
16.42 0.91
15.92 0.89
15.32 0.86
14.59 0.83
13.71 0.84
12.69 0.83
11.59 0.78
20.64 0.82
20.64 0.86
20.64 0.88
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180.00
180.00
180.00
180.00
180.00
180.00
180.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

Dimension (mm)

75.00
75.00
75.00
75.00
75.00
75.00
75.00
40.00
40.00
40.00
40.00
40.00
40.00
40.00
40.00
40.00
40.00

4.00
4.00
4.00
4.00
4.00
4.00
4.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00

8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00

length
(mm)
720.00
900.00
1080.00
1260.00
1440.00
1620.00
1800.00
100.00
200.00
300.00
400.00
500.00
600.00
700.00
800.00
900.00
1000.00

MrEm
(Kn.m)

23.08
22.84
22.63
22.60
22.50
22.22
22.21
5.93
5.80
5.77
5.65
5.65
5.60
5.55
5.53
541
5.31

DSM(¢=.9)
oMn  @MJ/FEM
19.97 0.86
19.97 0.87
19.97 0.88
19.88 0.88
19.40 0.86
18.85 0.85
18.22 0.82
5.31 0.90
5.31 0.91
5.31 0.92
5.31 0.94
5.31 0.94
5.31 0.95
5.26 0.95
5.11 0.92
4.95 0.92
475 0.90

AISI(9=.9)
oM, OM,./FEM
20.78 0.90
20.78 0.91
20.78 0.92
20.67 0.91
20.04 0.89
19.32 0.87
18.51 0.83
4.99 0.84
4.99 0.86
4.99 0.86
4.99 0.88
4.99 0.88
4.99 0.89
4.92 0.89
4.72 0.85
4.51 0.83
4.27 0.80

EGY(¢=.85)
oMy  @M./FEM
22.20 0.96
22.20 0.97
22.20 0.98
22.20 0.98
18.19 0.81
14.84 0.67
12.42 0.56
5.54 0.93
5.54 0.96
5.54 0.96
5.54 0.98
5.54 0.98
4.89 0.87
3.80 0.69
3.09 0.56
2.59 0.48
2.23 0.42

EURO
M M./FEM
20.35 0.88
20.04 0.88
19.71 0.87
19.36 0.86
18.98 0.84
18.55 0.83
18.08 0.81
5.26 0.89
5.26 0.91
5.24 0.91
5.15 0.91
5.06 0.90
4.96 0.89
4.86 0.88
4.74 0.86
4.61 0.85
4.47 0.84
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A.4 Members Under Combined Bending And Axial Forces

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
200

b

mm
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
25
20

16.66667
14.28571
50
100

Table A-25: - Members under combined bending and axial forces.

Dimensions

d

mm
15
20
25
30
20
20
20
20
20
20
20
20
20
20
20
10

8
6.666667
5.714286

20
40

-

=
=

NN N N N N N N N N N N N N N N N NN NN NN

-

=
=

L O W W W W W X XL L L X WL L X X L L XX X ®

200
200
200
200
100
200
300
400
500
600
700
800
900
1000
200
200
200
200
200
200
400

Fy

360
360
360
360
360
360
360
360
360
360
360
360
360
360
360
360
360
360
360
360
360

Small eccentricity (e/h=0.03)

Channel

Prem (KN)
131.394
138.369

144.72
151.154
146.975
138.369

134.83
131.528
124.994
121.246
117.077

112.37
108.015
103.372
138.369
90.1686
77.9297
69.9638
57.0249
138.369
190.493

Zee

Prem (KN)
134.911
142.319
148.871
152.507
149.793
142.319
136.772
132.607
126.872
121.315

115.46
108.962
102.653
96.3764
142.319
88.2189
73.4715
63.2539

51.303
142.319
193.022

Big eccentricity (e/h=0.3)

Channel

Prem (KN)
94.8628
100.202
104.475
106.929
105.525
100.202
98.6588
94.6791
91.0836
89.5808
87.259
84.7937
82.143
79.1251
100.202
67.1039
58.1956
53.9038
47.3069
100.202
129.406

Zee

Prem (KN)
79.7341
83.7446
87.7781
90.3893
88.3107
83.7446
80.0707
77.5303
72.5571
68.8895
65.0938
61.4771

57.84
54.1627
83.7446
53.0799
45.5804
39.3046
32.8004
83.7446
114.113
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300
400
500
600
100
100
100
100
100

150
200
250
300
50
50
50
50
50

Dimensions
d

mm
60
80

100

120
20
20
20
20
20

-

=
=

NN NN N N NN

-

=
=

@ S L XL L o XX K ®

10
10
10
10
10
10
10
10
10

600
800
1000
1200
200
200
200
200
200
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Fy

360
360
360
360
240
280
320
360
400

Small eccentricity (e/h=0.03)

Channel

Prem (KN)
198.338
169.558
137.932
115.707
98.0611
111.935
125.342
138.369
151.066

Zee

Prem (KN)
205.785
220.068
229.654
165.908
99.8306
114.167
128.517
142.319
155.007

Big eccentricity (e/h=0.3)

Channel

Prem (KN)
138.403
147.974
153.99
157.532
70.5886
80.7478
90.6062
100.202
109.555

Zee

Prem (KN)
121.429
129.015
132.234
137.316
59.4743
67.994
75.9761
83.7446
91.2051
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A.5 Relation Between CFS Different Capacities Resulted From

FEM.

Figures A.8 to A.12 illustrate the relationship between pure bending moment and

compression capacities obtained from EEM and the capacities of the same identical members

subjected to combined bending moment and compression forces. Mc represents the ultimate

moment, and P. is the ultimate compression capacities obtained from the FEM while the members

are subjected to combined bending moment and compression forces. My represents the ultimate

moment capacities obtained from the FEM while the members are subjected to pure bending

moment. Py is the ultimate compression capacities obtained from the FEM while the members are

subjected to pure compression forces.

1.0

08 | N

S
&

Pc/Pu

02

N

- -

e -

Fy= 360 MPa
h/t=50 d/b=4
L/h=2? h/b=2

0.0

- -

ChannelwithL/h =1
Zee with L/h=1
Channel with L/h =2
Zee with L/h=2
Channel with L/h =3
Zee with L/h =3
Channel with L/h =4
Zee with L/h =4
Channel with L/h =5
Zee with L/h=5
Channel with L/h =6
Zee with L/h=6
Channel with L/h =7
Zee with L/h =7
Channel with L/h =8
Zee with L/h=8
Channel with L/h =9
ZeewithL/h=9
Channel with L/h =10
Zee with L/h =10

0.0 0.2

0.4 0.6 0.8
Mc / Mu

12

Figure A.8: - Relation between FEM different capacities of CFS members with different

length-to-web plate depth ratios (L / h).
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1
Channel withh/b=2
- - = Zeewithh/b=2
Channel withh/b =3
\
\, - .= Zeewithh/b=3
08 | N\ Channel with h/b = 4
\
'\ - - = Zeewithh/b=4
\ . Channel with h/b =5
\
- - - = Zeewithh/b=5
\J Channel with h/b =6
\
N\ -« = Zeewithh/b=6
0.6 .
o \
a .
S B
o \
\
\
\
\
\
04 N
\
\
\
\
\
\
\
02 N
N
\
\
\
Fy=360 MPa \
h/t=50 d/b=4 \
0 L/h=2 h/b=?
0 0.2 0.4 0.6 0.8 1
Mc / Mu

Figure A.9: - Relation between FEM different capacities of CFS members with different
web-to-flange plate length ratios (h/b).
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1
Channel with h/t = 50
-\ - - = Zee with h/t =50
N\, ———— Channel with h/t = 100
\
‘-\ - -« = Zee with h/t =100
\ Channel with h/t = 150
L AN
08 n — - = Zeewith h/t = 150
-~ ——— Channel with h/t = 200
- .
- « = Zee with h/t =200
N
- Channel with h/t = 250
K .
-« = Zee with h/t = 250
™
06 b ™ —— Channel with h/t = 300
S A\
a = - = Zee with h/t = 300
~ A\\N
[&) v
o W\
"W
NN
R A\\N
X oo
o AN\N
A W
04
\. AN \Y
N W
\. ’ AN\
N RS\
X AW
A\ XN
R RSN
'\ .\\\
02 \ R
.\ ’ W\
'\\ ) \\§'
F,= 360 MPa RN W
h/t=? \ W
d/b=.4 \ EY
L/h=2 N Y
h/b=2 NS g
0
0 0.2 0.4 0.6 0.8 1
Mc/Mu

Figure A.10: - Relation between FEM different capacities of CFS members with different web

plate slenderness ratio (h/t).
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Pc/Pu

12

0.8

0.4

0.2

12

0.8

04

0.2

Channel withd/b=0.3
- .= Zeewithd/b=0.3
Channel with d/b =0.4
-« = Zeewithd/b=0.4
= Channel with d/b = 0.5
-« = Zeewithd/b=0.5
Channel with d/b = 0.6
- . = Zeewithd/b=0.6

Fy= 360 MPa
h/t=50 d/b="?
L/h=2 h/b=2

0 0.2 0.4 0.8 1

0.6
Mc/Mu
Figure A.11: - Relation between FEM different capacities of CFS members with different

lip-to-flange plates length (d/b).

1.2

Channel with Fy = 240 MPa
=« = Zee with Fy =240 MPa
Channel with Fy = 280 MPa
— - = Zee with Fy =280 MPa
Channel with Fy = 320 MPa
= . = Zee with Fy =320 MPa
Channel with Fy = 360 MPa
= - = Zee with Fy = 360 MPa
Channel with Fy = 400 MPa
- = Zee with Fy =400 MPa

Fy=?
h/t=50 d/b=.4
L/h=2 h/b=2

0 0.2 0.4 0.6 0.8 1
Mc/ Mu

Figure A.12: - Relation between FEM different capacities of CFS members with
different yielding steel strengths (Fy).
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