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Abstract

Cold-formed steel members are widely used in the construction industry due to their versat-
ility, high strength-to-weight ratio and ease of assembly. Stud columns set in tracks, form the
main members in cold-formed steel wall systems, which are typically sheathed with plas-
terboard or oriented strand board (OSB). The interaction between the cold-formed steel
members and the sheathing, which can have a significant effect on the ultimate strength
and flexural stiffness due to composite action and bracing, is currently not systematically

taken into consideration in design.

More than 100 material and connection component tests have been performed to study
the behaviour of plasterboard and OSB and their interconnection with cold-formed steel
through screws acting in shear and tension. The obtained test results, along with a collected
dataset totalling more than 400 physical tests, were used to develop analytical models to
describe their load-deformation behaviour; these are suitable for use in numerical simulations
and advanced design methods. A total of 17 full-scale sheathed wall stud tests were also
performed, with varying connector spacing between either plasterboard or OSB sheathing
panels and the steel members. Tests were performed under pure compression, pure bending
and combined loading. Reducing the spacing of the connectors from 600 mm to 75 mm
resulted in up to 30% increase in capacity while also preventing pull-through connector

failure for specimens sheathed with plasterboard.

Sophisticated finite element models of wall studs were also developed, which, following
successful validation against test results, allowed parametric studies to be undertaken, where
the influence of the sheathing, connector spacing and section depth was investigated. Finally,
a preliminary design guidance has been developed, where the beneficial effects of bracing,
composite action and enhanced boundary conditions at the member ends are recognised,

thus enabling more efficient design of sheathed cold-formed steel wall systems.
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Chapter 1

Introduction

1.1 Background

OLD-FORMED members are manufactured from steel sheets, strips or plates by
C processes such as rolling, folding or pressing. The most common process is cold rolling
using steel strips since it allows for larger volumes of production more efficiently (Rhodes
1991). There is a wide variety of applications of cold-formed steel members in numerous
industries, with their use in the construction industry becoming increasingly common across

a range of building types (Davison & Owens 2012).

Construction using cold-formed steel began in about the 1850s in both the United States
and Great Britain but its wider application in buildings was not initiated until the 1940s.
Since the 1940s, as reported by Yu & LaBoube (2010) and Miller & Peko6z (1994), research
by Professor George Winter and his colleagues at Cornell University funded by the American

Iron and Steel Institute (AISI) accelerated the use of cold-formed steel in construction.

In 2019, as reported by the World Steel Association (2020), the world production of
steel coil, sheet and strip of thickness less than 3 mm used for making cold-formed steel
sections exceeded 35 million tonnes, while the production of hot-rolled steel coil, sheet and
strip amounted to about 80 million tonnes. In Australia, since the early 2000s, the use of

cold-formed steel structural elements has exceeded that of hot-rolled steel elements (Hancock
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1.2 Cold-formed steel

et al. 2005).

Within the construction industry, the importance of cold-formed steel members is clearly
growing. This is due to better economies of scale, flexibility and speed of construction,
recent growth of interest in modular construction (Heywood et al. 2012) and growing use of

composite and hybrid systems.

1.2 Cold-formed steel

Both in practice and in the scientific literature, cold-formed steel structural sections are
associated with vocabulary such as thin-walled (EN 1993-1-3 2006) (AISI S100 2016) (Yu
& LaBoube 2010), thin-gauge (BS 5950-5 1998), light-gauge (Winter 1952), light weight or
even simply light steel (Grubb et al. 2001) (Way & Heywood 2012) (Davison & Owens 2012)
sections. These terms have been historically used to describe the same structural sections.
Henceforth, for the purposes of this thesis, the term used will be ‘cold-formed’ and will refer
to galvanised cold-formed steel sections of uniform thickness less than 3 mm for application

in the construction industry.

The cold-rolled strip used in the manufacturing process comes as a pre-galvanised coil
without any additional treatment. In the UK, the standard coating for construction products
is 275 g/m?, which translates into a uniform zinc coat (referred to as Z275) of 0.02 mm on
either side. In section property calculations, the core thickness of steel considered is 0.04
mm less than the measured (or provided by section manual libraries) nominal thickness of
the cold-formed steel members to account for the non-structural effect of galvanisation as

per EN 1993-1-3 (2006).

1.3 Stud columns

Despite sharing similar physical properties with their hot-rolled counterparts, the struc-
tural behaviour of cold-formed steel products is significantly different, because of their much

thinner nature. Therefore, due to their inherent high cross-sectional slenderness, cold-formed
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1.3 Stud columns

steel products typically require utilisation of their post-buckling capacity to ensure efficient

design.

Owing to the way in which cold-formed steel structural sections are manufactured, their
cross-sectional shapes are typically singly- or non-symmetric. The most common families
of cold-formed steel members for construction applications are C- and Z-shaped sections.
Channel lipped sections are broadly manufactured since they are easy to roll, while the
lips provide additional stiffness to the flanges, strengthening them against local buckling
(Heywood et al. 2012). Channels tend to be used as the main vertical members in framing
applications, acting as wall studs, connected at their top and bottom with simpler C-shaped,

horizontal ‘track’” members. Typical C-sections used in wall frames are shown in Figure 1.1.

(7 (7

Q Q

Figure 1.1: Typical C-section shapes used for walls

Often in cold-formed steel frames, additional secondary bracing elements known as
bridging or noggins are required. These secondary elements connect the studs at interme-
diate heights, providing restraint to the minor axis and reducing their effective length for
global buckling. Examples of load bearing frames with channel lipped sections used as the
main vertical members along with other secondary bracing members, forming a prefabricated

modular building unit, are shown in Figure 1.2.
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1.3 Stud columns

Figure 1.2: Load bearing cold-formed steel frame for a modular unit (Davison & Owens 2012)

Variations of C-sections and Z-profiles, with or without stiffeners, are frequently used
as horizontal members, including joists and purlins. Typical shapes of such members are

shown in Figure 1.3.

| | 1 — c—

| I ]

Figure 1.3: Typical sections used as floor joists and roof purlins
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1.4 Sheathed wall stud systems

Wall systems made out of cold-formed steel channel lipped vertical members (studs)
set in tracks and sheathed with various types of boards are becoming increasingly common
in the construction industry. The versatility, practicality and economy associated with the
quick construction process of these systems allows for their use both as non-structural and
load-bearing wall systems. Some common boards used for sheathing include gypsum boards
or plasterboards, cement particle boards and timber-based boards such as orientated strand
board (OSB) and plywood. Gypsum boards are widely used since they also provide fire
protection and are commonplace in medium rise buildings. In low rise residential buildings
in North America, wall studs sheathed with OSB boards tend to also be common practice.
An example of a cold-formed wall system, sheathed on one side, in a test rig setting, is

shown in Figure 1.4.

Figure 1.4: One-sided sheathed wall frame in a test rig (Grubb et al. 2003)
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1.5 Motivation

Reducing the impact of the construction industry on the natural and built environment
is crucial for tackling the environmental crisis of global warming, with its reformation being
essential, for a more sustainable use of building materials (Allwood et al. 2012). Our world
is also faced with a global housing crisis. From developing countries to leading economies,
the lack of affordable housing worldwide has reached concerning levels, since not enough
homes are being built at the scale, speed and quality that is needed (B1M 2020). Modular
construction systems of sheathed cold-formed steel frames offer an elegant, fast and versatile
solution for building low to medium-rise structures (Lawson & Ogden 2008), while emerging
technological developments in the modular construction sector can allow for even higher

economies of scale, safer and more precise construction.

Current North American design methodologies AISI S100 (2016) and AISI 5211 (2012)
are conservative in the design of sheathed wall studs, whereas in Europe, EN 1993-1-3
(2006) design code does not provide any specific guidance on the effect of sheathing to
cold-formed steel columns. This thesis is funded by the Centre of Doctoral Training in
Sustainable Civil Engineering of Imperial College and by Ayrshire Metals Ltd (a cold-
formed steel manufacturer); therefore, it is in the interest of both parties for a solution of
designing sheathed wall stud systems more efficiently. A more efficient sheathed wall stud
design, which recognises the structural effects from the sheathing, can promote the modular
construction sector, which can offer a solution to the global housing crisis, as well as the use
of less materials and, as such, decrease of the carbon-footprint on the environment, aiding

to transition towards a more sustainable construction industry.

1.6 Aim and objectives

The aim of the current study is to illustrate that the structural impact of sheathing on
wall studs, which is typically ignored in design, should be structurally considered. As such,

the thesis objectives are:

50



1.6 Aim and objectives

(i)

(i)

(iif)

(vii)

(viii)

(ix)

To experimentally study typical components of sheathed cold-formed steel wall systems
in order to establish their characteristic behaviour. The conducted experiments include
material tests on cold-formed steel and various types of sheathing board, tests on screw
connectors to determine their capacity and tests on steel-to-sheathing connectors in

both shear and pull-through.

To collect all similar tests on components of sheathed cold-formed steel wall systems
reported in the literature and compare them with the test data obtained by this study.

Assessment and grouping of all these data are to be presented.

To develop analytical models that can describe the stress-strain or load-displacement
behaviour of the test data collected in objectives (i) and (ii). Key input parameters

for use with the developed models are also to be established.

To design a full-scale test rig for testing typical sheathed wall studs, as built in practice,
under combined compression and bending. Bending should be enforced as a uniformly

distributed load (or as an equivalent loading scheme) to represent wind loading.

To test a series of full-scale sheathed stud columns under pure compression, pure
bending and combination of compression and bending, and examine the effect of the
sheathing board and of different spacings of sheathing-to-steel fixings on the capacity

and behaviour of the stud columns.

To develop numerical (finite element) models which can simulate the behaviour of
sheathed stud wall systems tested in the current study and other similar tests found

in the literature.

To validate the finite element models against physical tests and establish suitable

parameters (mainly from the results from objective (iii)) for use in parametric studies.

To carry out parametric studies to investigate the effect of the board, screw connector
spacing and section depth on the ultimate capacity of cold-formed steel members under

different loading schemes.

To assess current design rules against findings from the tests and numerical studies.
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(x) To provide recommendations and improvements of current design rules, based on the
results of the tests and numerical studies, which can be relatively easily adopted in

the current design practice.

1.7 Methodology

To achieve the objectives stated in the previous section, a series of different methodo-

logies were adopted:

1. Literature review

A literature review is conducted to report the state-of-the-art on cold-formed steel
members, studies on sheathed wall studs and the technical background of different design

approaches.

2. Ezxperimental studies

A significant portion of the research presented herein was carried out in the Structures
Laboratory of the Department of Civil and Environmental Engineering at Imperial College
London. More than 100 material and component tests, and 17-full scale tests on sheathed

stud columns were conducted.

The material and component tests were designed, built, prepared for testing, tested and
data post-processed by the author. For recording strains either strain gauges were moun-
ted on the specimens or digital image correlation (DIC) was used. Optical extensometers
and linear variable displacement transducers (LVDTs) were used to measure larger displace-
ments, mainly in the component tests. Calibration of measuring and testing equipment was
also performed. Material specimens were tested in a 150 kN Instron 5984 testing machine,
while more substantial component tests such as push-out tests were performed using a 750
kN Instron hydraulic testing machine. Recording and post-processing of the DIC images was
performed using the DaVis (2019) software, while the load was recorded using the Bluehill

(2019) and Datascan (2019) data acquisition systems.
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For the full scale tests, the test rig was designed in Solidworks (2017) and built by
the technicians of the Structures Laboratory, under supervision, using a 1000 kN Instron
actuator for compression and a 500 kN Instron actuator for the lateral loading. 3D printed
clamps were readily produced for mounting LVDTs, while strain gauges, LVDTs, inclinomet-
ers and stringpots were also used. The Bluehill (2019) and Datascan (2019) data acquisition
systems were employed for data recording. The full scale tests were all designed, built and

tested by the author.

As part of the study, an imperfection rig was also designed, built and calibrated for
measuring geometric imperfections of specimens up to 2.4 m long. The rig was built out of
cast aluminium rails and steel section parts, allowing reconfigurability and recalibration. It
is now part of the testing equipment in the laboratory and has been used by other researchers

as well.

3. Analytical modelling

Analysis of an assembled experimental database of more than 400 physical tests was
performed. The mechanical behaviour determined by material and component tests was
examined and a set of analytical expressions was developed to describe the nonlinear stress-
strain and load-displacement profiles. The development of the analytical expressions was
based on modifying and adapting existing formulations found in the literature, while pre-
dictive expressions for the ultimate capacities were devised and recommended values for the

remaining model parameters were provided.

4. Numerical modelling

Numerical modelling was performed by means of finite element simulations using the
ABAQUS (2016) software in an implicit analysis. The numerical analyses were conducted
using input files and external scripts in Matlab and Python, where all finite element modelling
parameters were defined explicitly. This was done to allow for automation and facilitate

parametric studies.

Input files were created using Matlab, where geometries, material models, node mesh,
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type and properties of elements and other properties of the analysis were defined. Through
Matlab, an elastic buckling analysis was also carried out using the CUFSM software (Li &
Schafer 2010), where elastic critical buckling half-wavelengths along with respective cross-
sectional buckling shapes were extracted to be post-processed back in Matlab to create
appropriate input files of imperfections for use along with the main input files in the finite
element analyses. About 10,000 lines of code were written in Matlab to develop the engine
for generating the input files for the main analysis and the imperfections. Extraction of
data once the finite element analyses were completed, was performed using Python scripts,
while Visual Basic for Applications (VBA) and the Microsoft Excel software were utilised
for analysing and post-processing the data. The order of execution of these processes, is

illustrated in the flow chart in Figure 1.5.

Define parametric study - Geometries

- Materials
Matlab - Screw connector properties
- Loading conditions

- Boundary conditions
- Board allocation and properties
- Number of screws Post-processing

// Main engine \
Matlab
<D

Elastic buckling analysis

CUFSM Load-displacement
curves

Critical buckling strengths

Critical buckling wavelengths

Job.inp
Y Buckling shapes

Data analysis

VBA

Imperfections.inp

\ Y / e

FE 2.csv
Input files FE_n.csv
l Finite element analysis
‘ Data extraction

Python > ABAQUS
Batch file (.bat) ‘

Figure 1.5: Order of executions for the finite element analyses
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5. Design methodology

Existing design methodologies from the Eurocode (EN 1993-1-3 2006) and North Amer-
ican design guidance (AISI S100 2016) are assessed against the findings of the current study
and recommendations for a more efficient design are provided. Note that the complex iterat-
ive process of the effective width method provided in EN 1993-1-3 (2006), for the calculation
of the effective properties of cold-formed steel members, was coded in Visual Basic for Ap-
plications using the guidance given in EN 1993-1-3 (2006), EN 1993-1-5 (2006) and Way
& Heywood (2012), to allow close examination of the method and generate properties as

needed.

For the preparation of this thesis, the ITEX text and document processor was used.

1.8 Thesis outline

The present chapter provides a general introduction relevant to this thesis and states
the motivation, objectives and methodology for the research presented herein. In Chapter
2, a literature review is provided, aiming primarily to inform on the research precedent
in cold-formed steel members and to provide a general background on sheathed wall stud

studies and existing design methodologies.

In Chapter 3, an experimental study of more than 100 material and components from
typical sheathed cold-formed steel stud walls is presented. At the end of Chapter 3, an
assemblage of experiments, from the literature, relevant to those described at the earlier
stages of the chapter is provided. A collection of more than 400 tests was compiled. This

chapter deals with objectives (i) and (ii), as described in Section 1.6.

In Chapter 4, analytical models to describe the material and connection behaviour of
the key components of sheathed cold-formed steel wall systems are developed and assessed.
A review of key existing formulations is provided at the beginning of the chapter, while in
the later parts of the chapter, the developed models are fitted to test data and are shown to

accurately predict the stress-strain behaviour of materials and load-displacement curves of
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sheathing-to-steel connectors in shear and pull-through. This chapter deals with objective

(iii), as described in Section 1.6.

In Chapter 5, an experimental study of 17 full-scale sheathed wall studs subjected to
compression, major axis bending and combined loading is described. Material tests on
the tested cold-formed steel specimens are also reported, as well as stub column tests and
measurements of geometric imperfections. Experimental results are reported in terms of
axial load-displacement curves for pure compression specimens and in terms of mid-height
horizontal load-displacement for pure bending and combined load cases. Finally, results
from strain gauges are reported to demonstrate that the loading was as intended and a brief
discussion is provided where comparisons are made with other relevant tests found in the

literature. This chapter deals with objectives (iv) and (v), as described in Section 1.6.

In Chapter 6, the structural behaviour of sheathed wall studs is studied numerically by
developing sophisticated finite element models. Details of the methodology adopted for the
development of the finite element model are provided and its key features are described.
Following validation of the developed finite element models against tests from four different
studies, including the tests presented in Chapter 5, a set of parametric studies is presented.
The influence of the board material, changing connector spacing in various configurations
of loads and changing section depth is parametrically studied. This chapter deals with

objectives (vi), (vii) and (viii), as described in Section 1.6.

In Chapter 7, a preliminary design method capturing the structural behaviour of
sheathed cold-formed steel studs under axial and lateral loading is provided. Existing design
methodologies are assessed against the test results from Chapter 5, while both test results
and numerical findings presented in Chapter 6 are used to provide recommendations on the
existing design guidance. This chapter deals with objectives (ix) and (x), as described in

Section 1.6.

In Chapter 8, the conclusions of the current research are provided highlighting the key
findings and the major contributions to cold-formed steel construction. Finally, suggestions

and recommendations for future research are provided.
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conference on Advances in Steel Structures (ICASS 2018)’, Hong Kong, China.
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Chapter 2

Literature review

2.1 Introduction

HE aim of this chapter is to present a review of the relevant research precedent to
T this thesis, although it should be noted that significant literature, where relevant,
is referenced throughout the thesis. Firstly, an overview of studies on cold-formed steel,
mainly relevant to the development of finite element simulations is presented. Secondly, an
appraisal of previous studies, mainly experimental, on sheathed stud columns is provided.
Finally, existing design methods for cold-formed steel members, historical background and

the latest developments on the design of sheathed wall studs are presented.

2.2 Cold-formed steel members

Cold-formed steel sections are formed into shape at room temperature. Three main
processes are used for their manufacture: rolling, folding and pressing. These processes
induce plastic deformations affecting the overall shape of the stress-strain curve, the yield
strength, the ductility and the development of residual stresses, as described in the following

subsections.
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2.2 Cold-formed steel members

2.2.1 Material behaviour

2.2.1.1 Stress-strain behaviour

The stress-strain curve is a key part of the description of the mechanical behaviour of
steel. The stress-strain behaviour of steel sections manufactured by hot-rolling is charac-
terised by a sharp-yielding point, as shown in Figure 2.1. For steels with a stress-strain
behaviour as shown in Figure 2.1, the yield point or yield strength, f, is defined at the level
where the stress-strain curve becomes horizontal (i.e. yielding plateau). Steels that are
cold-worked tend to exhibit a more rounded stress-strain behaviour, demonstrating gradual
yielding, as shown in Figure 2.2. This rounded stress-strain profile has been exhibited by
numerous tensile tests on cold-formed steel coupons, such as those studied by Sivakumaran
(1987) and Rogers & Hancock (1997). Compression tests on channel sections by Young
& Rasmussen (1998¢) and Young & Hancock (2003) also showed the same rounded stress-
strain behaviour. The ultimate stress f,, and the corresponding strain €,, as shown in Figure
2.1 and 2.2, are the limiting points of interest in design and when modelling the material

behaviour of steel in finite element simulations.

Stress
Ju
fy
1)
€y Cu Strain

Figure 2.1: Stress-strain curve for structural steel with sharp yielding

The stress-strain behaviour is commonly determined by tensile coupon tests. The yield
stress f, for steels exhibiting gradual yielding, is usually determined by the offset method,

according to which the yield stress is determined by intersecting the stress-strain curve with
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2.2 Cold-formed steel members

Stress
fu
E
€0.2 &y Eu Strain

Figure 2.2: Stress-strain curve for structural steel with gradual yielding

a straight line of gradient equal to the Young’s modulus F, usually at an offset specified at

a strain of 0.2% &g.2, as shown in Figure 2.2.

Cold-formed steel has been shown to be anisotropic (Rogers & Hancock 1997). Tensile
coupon tests on high strength (f, = 550 N/mm?) cold-rolled sheets by Rogers & Hancock
(1997) were used to determine the degree of anisotropy and its effect on ductility. Coupons
extracted in opposing directions of the steel sheet revealed disparities in ductility, elastic
modulus E (stiffness) and ultimate stress f,. Compression member tests using steel of
similar strength by Ye & Rasmussen (2008) and tensile coupon tests from cold-formed
stainless steel C-lipped channel members by Becque & Rasmussen (2009a) also confirmed
these findings. Experimental findings and finite element analyses by Becque & Rasmussen
(2009b) demonstrated that material anisotropy can be accounted using Hill’s criterion (Hill
1950). However, numerical studies by Rasmussen et al. (2003) on cold-formed stainless steel
plates have demonstrated that the effect of anisotropy is small and may be neglected in

numerical simulations.

2.2.1.2 Material models for cold-formed steel

Various material models have been developed to capture the rounded stress-strain re-
sponse of cold-formed steel. Although Moreyra & Pekoz (1994) and Feng et al. (2003)

proposed various tri-linear models for modelling cold-formed steel, the most commonly
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2.2 Cold-formed steel members

used model for materials with a rounded stress-strain behaviour, initially developed for
aluminium, is the one proposed by Ramberg & Osgood (1943) and later modified by Hill
(1944):
o o \"
e =— +0.002 () (2.1)
E 00.2
where € and ¢ are the engineering strain and stress respectively, F is the elastic modulus of

the material, o¢ 2 is the 0.2% proof stress and n is the strain hardening exponent describing

the roundedness of the stress-strain curve.

Research by Mirambell & Real (2000) and Rasmussen (2003) led to extending the ori-
ginal Ramberg-Osgood model into a two-stage model, to more accurately capture the beha-
viour of stainless steel, which also exhibits a rounded stress-strain curve. While Equation
(2.1) is still used to describe the stress-strain curve up to the 0.2% proof stress o¢ .2, Equa-
tion (2.2) is employed to capture the stress-strain profile beyond ¢ 2 and up to the ultimate

engineering stress oy:

g — 00.2 g — 00.2
orm

m
+ €02 for g2 <o <0 2.2
Ep2 Oy — 00.2) “ (22)

where Ej o is the tangent modulus of the stress-strain curve at og.2, €¢.2 is the corresponding
strain and e, is the ultimate strain at the ultimate engineering stress o,. A second strain

hardening component is also introduced with the empirical parameter m.

Further work on the Ramberg-Osgood model by Gardner & Nethercot (2004b) demon-
strated that the model’s accuracy can be improved at low strains by utilising the 1.0%
proof stress oj o rather than the ultimate stress o, in Equation (2.2). The final version of
this model is presented by Gardner & Ashraf (2006). Similarly, as with the Mirambell &
Real (2000) model, the first stage of the model, for stresses up to g2, utilises Equation
(2.1), while the second stage is given by Equation (2.3) and is applicable up to the ultimate

engineering stress oy,:

!

0 — 002 01.0 — 002 o —opp 020

€= — + | €10 — €02 — — . . +epo for opgo <o <oy (2.3)
Ep.2 Ep.2 01.0 — 00.2

In Equation (2.3), 010 and €1 are the 1.0% proof stress and the corresponding strain
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2.2 Cold-formed steel members

respectively, while n6_2’1_0 is the strain hardening exponent describing the curve between

0.2% and 1.0% proof stresses.

Arrayago et al. (2015) provide an expansive summary on the description of the above
models, along with empirical recommendations for the values of the strain hardening ex-
ponents. Haidarali (2011) recommended the use of Equation (2.4) for calculating the 1.0%
proof stress o1 in the absence of experimental data. This empirical determination was
based on cold-formed steel tensile coupon testing by Yu & Schafer (2003) and Yu & Schafer
(2006).

L0 _ 1 86560500948 (2.4)

00.2

Gardner & Yun (2018) developed predictive models for the key input parameters of the

two stage Ramberg-Osgood model for cold-formed steel.

2.2.1.3 Cold-forming effects and enhanced strength in corner regions

The effect of cold-working on the mechanical properties of steel was experimentally
studied at Cornell University in the 1960s by Chajes et al. (1963), Karren (1967) and
Karren & Winter (1967). The extent of the effects of cold-working depends on the type of
steel and the amount of cold-work undertaken as well as on whether compressive or tensile
stresses are induced and their direction with respect to the direction of cold-working. These
studies concluded that, due to strain hardening effects, the mechanical properties of mild
carbon steel are altered by cold-forming in the following ways: (i) strengths increased while
ductility decreases, (ii) higher values of ultimate to yield strength ratio f,/f, correspond to
higher strain hardening potential, (iii) higher values of the internal radius to thickness ratio
r/t correspond to increasing amount of work required and, as a result, to more pronounced
strain hardening, and (iv) material anisotropy increases with the amount of cold-work.
These are the reasons why fabrication of sharper and thicker corners (i.e. smaller internal
radius to thickness ratio) requires more cold-work and as a result a higher yield strength is

induced (Hancock 2003, Rossi et al. 2013).

The work by Karren (1967) led to the development of semi-empirical equations for the
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2.2 Cold-formed steel members

ratio of the yield stress in the corner regions over that in the flat regions. Later research by
Abdel-Rahman & Sivakumaran (1997) debated that the initial equations by Karren (1967)
should impose a 40% reduction. The findings of numerous other researchers have confirmed
that corners, when compared to their neighbouring flat regions, have different mechanical
properties, with the most significant difference being an overall increase in stresses, as re-
ported by Zhao & Hancock (1992) following studies on cold-formed steel hollow sections.
Based on studies on cold-formed square and rectangular hollow sections, Gardner et al.
(2010), proposed modified equations to the ones originally recommended by Karren (1967).
Studies by Hui (2014) and Kyvelou et al. (2017b) on purlin systems demonstrated an in-
crease in yield strength of about 10% to 20% for 1.5 - 3.0 mm thick corner and stiffener

regions when compared to flat surfaces.

Afshan et al. (2013) showed that full stress-strain curves can be used to describe the
different material behaviour for flat and corner regions by using the modified Ramberg-
Osgood curves as described in Section 2.2.1.2. In finite element simulations by Kyvelou
et al. (2017b), a 17% increase in strength in the material model of the corner regions was
adopted, in comparison to the one adopted for the flat regions, while in the finite element
studies of Hui (2014), a 10% increase in strength for the corner regions was adopted. In
finite element models of sheathed stud columns by Vieira & Schafer (2016) and Fratamico
& Schafer (2014), no enhanced strength in the corner regions was considered. In the current
research, although strength enhancements in the corner regions were considered in the finite
element models presented in Chapter 6, their effect on the ultimate capacity of the sheathed
stud columns was found to be negligible due to the small corner area compared to the
total area of the section (less than 8% in terms of the total steel area), the presence of the
sheathing boards and the small thickness of steel (less than 1.5 mm) corresponding to a

moderate r/t ratio.

2.2.1.4 Residual stresses

Residual stresses are stresses that arise during the manufacture and fabrication of mem-

bers. For hot-rolled steel structural sections, residual stresses are the result of uneven cooling
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after hot-rolling or welding (Yu & LaBoube 2010), while for cold-formed steel sections, re-
sidual stresses are induced due to plastic deformations imposed during fabrication. The
distribution of residual stresses and their effect on the load-carrying capacity of cold-formed
steel members has been analytically and experimentally studied by a number of researchers,
including Ingvarsson (1977), Moen et al. (2008) and Weng & Pekéz (1990). Residual stresses
can be split into membrane and flexural stresses. Membrane stresses are compression stresses
idealised as constant through the plate thickness, while flexural ones vary linearly through

the thickness of the plate.

Experimental studies by Schafer & Pekoz (1998a) demonstrated that cold-formed steel
sections are dominated by flexural residual stresses. Tests showed that although membrane
stresses are small enough to be neglected, the magnitude of flexural stresses can be up to 40%
of the yield strength. Moen et al. (2008) developed a mechanics-based method in predicting
and modelling initial residual stresses which vary along the thickness of the steel plate.
Such methods can be used in finite element modelling to predict the premature yielding
caused by residual stresses. In accordance with the studies by Schafer & Pekoz (1998a)
and Schafer et al. (2010), the effects of residual stresses and enhanced corner strength
on cold-formed steel members offset each other and should either be both included or both
ignored in numerical simulations. However, research by Jandera et al. (2008) on cold-formed
stainless steel sections showed that flexural stresses do not need to be defined in finite element
simulations when the stress-strain curve used to describe the material behaviour is obtained
from tensile coupon tests, since they are inherently included in the stress-strain curve; this
is also supported by Dubina et al. (2012). Therefore, for the present study, the effect of
residual stresses on cold-formed steel is assumed to be inherently included in the stress-
strain curves used in the finite element simulations reported in Chapter 6, since these have

been obtained by tensile tests.

2.2.2 Service hole openings in the web of the member

Structural cold-formed steel members often comprise service holes (see Figure 2.3) to

accommodate cables and various pipes for electrical, plumbing and other services (Kulatunga
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& Macdonald 2013). For lipped channel stud column members, these service holes are
typically cut in the web of the member - see Chapter 5. The effect of the openings on
the ultimate capacity of the member depends on the dimensions of the hole, the type of
loading on the member, and the proximity of the hole to the edges of the member and to
other holes along the length of the member. In accordance with the effective width theory
discussed briefly in Section 2.4.1 and in greater detail, in terms of the EN 1993-1-3 (2006)
implementation in Chapter 7, if the ratio of the width of the hole to the width of the
member hpoe/h is small enough, the presence of the hole may be not detrimental to the

local buckling capacity of a specimen under pure compression.

Service hole

Figure 2.3: A typical lipped channel section with a service hole in the web

Various researchers employed numerical modelling for studying cold-formed steel mem-
bers with holes. Finite element modelling of cold-formed steel studs with holes subjected to
compression was undertaken by Kulatunga & Macdonald (2013) to investiagte the influence
of the location and size of holes on the stud performance, while Chen et al. (2020) suc-
cessfully modelled back-to-back cold-formed channel lipped sections with openings. These
studies demonstrated accurate numerical predictions of physical test results, while studies
by Kulatunga & Macdonald (2013) showed that the ultimate load capacity of lipped chan-
nels under compression vary depending on the position of the holes, with holes closer to the
stud ends having a greater weakening effect. For members in bending, finite element models
of cold-formed steel lipped channel members with holes were developed by Uzzaman et al.

(2012a,b) and Lian et al. (2016), where the effect of web crippling was studied.
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Simplified methods for approximating the critical buckling loads of cold-formed steel
members with holes were developed by Moen & Schafer (2009), based on parametric studies
conducted using finite element simulations. These studies led to the development of the
CUFSM (Li & Schafer 2010) engine by Cai et al. (2017) to include a hole effect calculator

in the finite strip eigenvalue buckling analysis.

In the finite element models presented in Chapter 6 of the current study, the service
hole openings are modelled to allow direct comparison with the tests presented in Chapter 5
and with ‘as built’ wall stud frames. Although investigation of effects such as web crippling
is not the scope of this study, it is nevertheless the desire to capture all the detrimental

effects of holes on the behaviour of the modelled systems.

2.2.3 Buckling behaviour

Owing to the thin-walled nature of cold-formed steel members, their behaviour is com-
plex since they are susceptible to local instability phenomena. Depending on their slender-
ness, cold-formed steel members suffer buckling at stress levels lower than their material
yield stress. Slender cross-sections are susceptible to local and distortional buckling, while
unrestrained slender members are prone to global buckling modes such as flexural, torsional
or flexural-torsional buckling when in compression and lateral-torsional buckling in bending.
The shapes of the individual buckling modes are illustrated in Figure 2.4. Details on how
buckling is treated in accordance with the Eurocode 3 (EN 1993-1-1 2005) provisions and

determination of the ultimate capacity are provided in Chapter 7.

2.2.3.1 Cross-sectional buckling

2.2.8.1.1 Local buckling

The effect of local buckling in thin-plate elements, has been the subject of many studies
in the past (Bleich 1952, Timoshenko & Gere 1961, Bulson 1970, Trahair et al. 2008). Local
buckling is the limiting state of buckling of a thin-plate element in compression. As such,

for a cross-section, local buckling involves significant deformation of the flat parts between
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(¢) Minor flexural (d) Major flexural (e) Torsional

Figure 2.4: Longitudinal distribution of: (a,b) cross-sectional and (c-e) global buckling modes

the fold lines of a cross-section (i.e. the corners), since the flat parts are less stiff than the
corner regions. As shown in Figure 2.5 by the demarcated dashed lines of the local buckling
mode shape of a lipped channel section under compression, the corners are translationally
fixed, but rotationally free, while the maximum deformation takes place at the greatest
distance away from these points, i.e. at mid-web and at mid-flange. The buckle form is
of a sinusoidal shape and its half-wavelength is typically shorter or equal in length to the
largest unrestrained or unstiffened dimension of the cross-section subjected to compression
- see Figure 2.4 (a). Hence, decreasing the effect of local buckling by restraining it, is not
easy, since it requires introducing stiffeners (such as introducing bends in the geometry) at
the flat regions, or alteration of the end boundary conditions of the individual flat elements
making up the cross-section or increase of the overall thickness. The ultimate capacity of

cold-formed steel members is typically attained with failure triggered by local buckling.

1
Local buckling .: ': Distortional buckling
., \‘ || -
1

Figure 2.5: Local and distortional buckling
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2.2.8.1.2 Distortional buckling

Unlike local buckling, where fold line regions remain fixed in position and deformation
takes place within the length of the flat elements, in distortional buckling, instability can
occur at both rigid regions and flat regions. For instance, as shown in Figure 2.5, the
distortional buckling mode shape of a lipped channel section under compression has its web
distorted as well as rotation of the rigid edge-stiffened flange-lip regions. In accordance with
Dubina et al. (2012), for deeper channel sections, as the unstiffened web becomes longer,
the influence of the rotational stiffness offered by the web-flange corners is reduced, hence

the member is more prone to distortional buckling.

The half-wavelength of distortional buckling is typically several times larger than that
of local buckling, as shown in Figure 2.4 (b), but smaller than the half-wavelength of global
buckling modes, when the member is long enough. Since the critical wavelength of dis-
tortional buckling lies between that of local and global modes, bracing can be effective in
retarding distortional buckling; therefore sheathing or sheeting connected at spacings shorter
than the distortional half-wavelength of the member can result in strengthening (AISI S100
2016). The distortional half-wavelength is dependent on the geometry of the section and
loading. For members with sufficiently stiff edge stiffeners subjected to compression, distor-
tional buckling may be prevented (AISI S100 2016), whereas for members under bending,
distortional buckling can be critical since it has been observed to result in lower postbuck-
ling capacities than local buckling (Schafer & Pekéz 1999). In fact, it is based on such
observations and analytical work by Lau & Hancock (1987), that led to the development of
the first design curves for cold-formed steel members undergoing distortional buckling to be
proposed by Hancock et al. (1994), while later, served as the basis for the development of
the direct strength method (Schafer 2008).

2.2.3.2 Global buckling

Global buckling is a mode of buckling developing along the length of the member,
which involves translation and/or twist of the entire cross-section with no distortion of the

individual plate elements of the cross-section. The principal mode shapes of global buckling
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are illustrated in Figure 2.4 (c), (d) and (e), and correspond to flexural buckling about
the minor and major axis, and to torsional buckling, respectively. For columns, the global
buckling modes that need to be considered are flexural, torsional and flexural-torsional.
Flexural buckling is a form of buckling, where a member in compression deflects laterally
about its major or minor axis without twist or change in its cross-section. Torsional buckling
is a form of buckling, where a member twists about its shear centre. Flexural-torsional
buckling is a combination of flexural and torsional modes. For members in bending, global
buckling in the form of lateral-torsional buckling needs to be considered, which can be
visualised as a combination of the minor axis flexural and torsional buckling modes, since
it involves flexural buckling with deflection out of the plane combined with twist about the

shear centre of the cross-section.

Members can be restrained against global buckling by the use of bracing. In composite
construction, floor sheeting such as trapezoidal or re-entrant decks attached to the main
structural horizontal members, provide restraint against lateral-torsional buckling (Davison
& Owens 2012). In wall stud frame construction, horizontal bracing members are employed
in restraining the columns against flexural and flexural torsional buckling (Way & Heywood
2012). Ome of the main objectives of this study is to quantify the benefits of the bracing

effect offered by the sheathing.

2.2.4 Geometric imperfections

Structural steel members inherently possess out-of-straightness deviations along their
length, such as bowing and twisting (global imperfections), while their plate surfaces are
also imperfect because of local deviations and undulations (cross-sectional imperfections).
Imperfections can arise during manufacture, transportation, storing and construction. Due
to the unpredictability of circumstances occurring during the latter three phases, only the

imperfections that arise during manufacturing are accounted for in design.

Geometric imperfections are highly critical to the capacity and post-buckling behaviour
of cold-formed steel structures; therefore it is necessary to consider the magnitude and dis-

tribution of these imperfections. It is generally accepted that imperfections are subdivided
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into cross-sectional and global imperfections (Zeinoddini & Schafer 2012).

2.2.4.1 Initial studies

The adverse effect of taking into consideration an imperfect plate by assuming small
initial curvatures was the focus of early studies such as those conducted by Yamaki (1960)
and Timoshenko & Gere (1961). Yamaki (1960) investigated the postbuckling behaviour of
plates with initial curvature and loaded along the edge in compression, while Timoshenko &
Gere (1961) used classical solutions with double Fourier Series to approximate the deflected
shapes and capacities of plates under various load cases. Since the 1970s several researchers
attempted to measure geometric imperfections of cold-formed steel sections. These studies
concentrated on determining the shapes and amplitudes of the various imperfections present,
like Dawson & Walker (1972) who studied simply supported cold-formed steel plates and
reported expressions of imperfection amplitudes in terms of the thickness of the plate, and
Dat & Pekdz (1980) who reported imperfection amplitudes and examined their influence on

the ultimate strength of cold-formed steel columns.

2.2.4.2 Categorising imperfections and imperfection amplitudes

The magnitude of cross-sectional imperfections is most commonly described as a per-
centage of the thickness of the steel section, while their shape is typically described by the
local and distortional buckling modes - see Section 2.2.3. Such characterisation of initial
geometric cross-sectional imperfections has been adopted in studies by Chou et al. (2000),
Gardner & Nethercot (2004a), Camotim et al. (2005), Ashraf et al. (2006), Dinis et al.
(2007), Schafer et al. (2010) and Pham & Hancock (2010).

Schafer & Pekoz (1998a), based on measurements of maximum geometric imperfections
from previous research done by Ingvarsson (1977), Thomasson (1978), Dat & Pekdz (1980),
Mulligan & Pekéz (1984), Lau (1988), Kwon & Hancock (1992) and Bernard (1993), estab-
lished simple rules of thumb for quantifying cross-sectional imperfections. The measured

imperfections were classified into two categories: (i) type 1, defined as the maximum local
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imperfection (Jz) in a stiffened element and (ii) type 2, defined as the maximum deviation
(0p) from straightness of a flange (with or without a lip stiffener) susceptible to distortional
buckling. Both types of imperfections are illustrated in Figures 2.6 and 2.7 for a typical
C-lipped section under axial compression, when the flanges are buckled inwards and out-
wards respectively. According to the simple rules established by Schafer & Pekoz (1998a),
the maximum local imperfection is defined as 67, ~ 6te~2' and is applicable to stiffened
elements with a width to thickness ratio less than 200 while the maximum distortional im-
perfection is defined as dp = t and is applicable to elements with a width to thickness ratio

less than 100, where t is the thickness of the plate and is assumed to be always less than 3

mm thick.
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Figure 2.7: Local (61) and distortional (6p) imperfections with flanges buckling outwards

A summary of reported measured amplitude imperfections is provided by Zeinoddini &
Schafer (2012); the mean values of imperfections as well as the percentiles of probabilities of
exceedance are reported in Table 2.1. The amplitudes for the local §;, and distortional ép

imperfections are given as a function of the plate thickness ¢, while the global amplitudes for
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minor axis flexural dg mi, and major axis flexural dg y,q; buckling imperfections are given in
terms of the length of the member L. Finally, the imperfection amplitudes corresponding to
twist 0 or are typically expressed in terms of degrees per metre. The summary of Zeinoddini
& Schafer (2012) was compiled based on the collected dataset from the researchers previously
mentioned in the studies by Schafer & Peko6z (1998a) as well as measurements by Young

(1997), Shifferaw et al. (2010), Zeinoddini & Schafer (2011) and Peterman (2012).

Table 2.1: Imperfection amplitudes provided by Zeinoddini & Schafer (2012)

Local Distortional Flexural minor Flexural major Twist

o/t op/t L/éG min L/6G maj 0G tor (deg/m)
Mean  0.47 1.03 2242 3477 0.36
COV  1.32 0.94 1.36 1.63 0.64
25%ile  0.17 0.43 4755 6295 0.20
50%ile  0.31 0.75 2909 4010 0.30
75%ile  0.54 1.14 1659 2887 0.49
95%ile  1.02 3.06 845 1472 0.85
99%ile  3.87 4.46 753 1215 0.95

A set of expressions for the prediction of imperfection magnitudes is provided in the
studies by Selvaraj & Madhavan (2018a) where the results from Mulligan & Pekoz (1984),
Young (1997), Schafer & Pek6z (1998a), Zeinoddini & Schafer (2011) and Peterman (2012)
were analysed along with a set of new geometric imperfection measurements undertaken on

lipped channel sections using a 3D non-contact laser scanner.

2.2.4.3 Simulating imperfections

It is recognised that the strength and post-buckling behaviour of cold-formed steel
members is highly influenced by imperfections, typically having the shape of the most fun-
damental eigenmode determined by an elastic buckling analysis (Schafer & Pekoz 1998a).
Therefore, the most common way of replicating geometric imperfections prior to the start of

a numerical simulation is to carry out an elastic buckling analysis for the determination of
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the fundamental eigenmode shape, which is then introduced as initial imperfections of the
modelled member (Moreyra & Pekdz 1994). Modelling of imperfections by using the lowest
eigenmode from an eigenvalue buckling analysis has been shown by Bonada et al. (2012) and
Sadovsky et al. (2012) to be inadequate in capturing vigorously the local and distortional
modes. The shapes of the lowest modes are often mixtures and not distinct shape forms
of local and distortional modes, which, as a result, could lead to inappropriate shapes for

initial imperfections and may provide conservative capacity estimates.

Isolating pure local and distortional buckling mode shapes can be made possible with
the finite strip analysis CUFSM program (Li & Schafer 2010), offering an alternative way
for modelling imperfections. Numerous researchers, such as Haidarali (2011), Hui (2014),
Kyvelou (2017) and Hadjipantelis et al. (2019) have successfully used the CUFSM software
to determine and impose imperfections to the member prior to a finite element analysis.
Therefore, the simulation of imperfections for this study has been implemented using the
CUFSM software, with post-processing of the results in MATLAB to create input files of

imperfect geometries for use in the finite element analyses.

Signature curves, such as the one shown in Figure 2.8, can be readily produced using
CUFSM (Li & Schafer 2010). In Figure 2.8, the critical load factors (plotted on the vertical
axis as P../P, where P, is the critical load and P, is the yield strength multiplied by
the gross area of the cross-section) and corresponding half-wavelengths for the fundamental
buckling modes, are identified by the minima points of the signature curve. Typical minima
indications for local, distortional, torsional-flexural and minor axis flexural buckling of a

C-lipped section under pure compression are provided in Figure 2.8.

In numerical simulations of elements with imperfections modelled as a combination of
local and distortional modes, as demonstrated by Dinis et al. (2007), the collapse mechanism
and load-bearing capacity is affected by the shape of the imperfections of the flange plates
(i.e. inward or outward deformation) at the critical region of the member. Numerical
sensitivity case studies on flexural cold-formed steel members performed by Hui (2014)
demonstrated that the most critical scenario (i.e. lower ultimate capacity) arises when

both local and distorional modes are superimposed, with both flange imperfections facing
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Figure 2.8: Signature curve and deformed shapes using CUFSM (Li & Schafer 2010)

inwards at mid-length of the member - see Figure 2.6. Global imperfections of flexural and
torsional buckling modes are particularly influential to the mode of failure for members in
compression. The global imperfection shapes are described using single half-sine for the
flexural mode and full cosine functions for the torsional buckling mode, as recommended by

Zhao (2016) and adopted by Vieira & Schafer (2016) and Kechidi et al. (2017).

2.3 Sheathed wall stud systems

Cold-formed steel lipped channel vertical members (studs) set in tracks and sheathed
with wood-based boards or gypsum plasterboards are frequently employed in the construc-
tion industry, both as non-structural and load-bearing wall stud systems, offering prac-
ticality, economy and versatility. Load-bearing light-steel frames are becoming increasingly
popular in buildings exceeding four storeys, with their use being further promoted by the re-
cent emerging practice of lightweight modular construction (Lawson & Ogden 2008). When
sheathed wall stud frames are used as load-bearing systems, additional cold-formed steel
members are employed to provide lateral bracing, as illustrated in Figure 2.9 (a). Recog-
nising the presence of sheathing is a practical way to increase the buckling resistance of the
studs by taking into account the bracing effect arising as a result of the connection between
the two components and the stabilising effect from the sheathing. Although several studies

such as those by Vieira & Schafer (2013) and Peterman & Schafer (2014) have shown that
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2.3 Sheathed wall stud systems

the attached sheathing (Figure 2.9 (b)) can provide sufficient bracing and result in improved
axial and flexural capacities, current design guidances (EN 1993-1-3 2006, AISI S100 2016)
remain conservative regarding the treatment of the attached sheathing. It should be noted
that for buildings subjected to high repeated wind loads or dynamic effects the stabilising
effect from sheathing should be justified by testing (Lawson et al. 2019), since the limita-
tions from the interconnection between the cold-formed steel and the sheathing should be

carefully considered for the bracing effect of the sheathing to be accounted for.

Stud Lateral

column bracing

Track Sheathing

(a) (b) ()

Figure 2.9: Illustrations of (a) stud wall with lateral bracing (b) stud wall with sheathing (c) single

sheathed column

2.3.1 Sheathed studs under compression

It is well understood that column strength can be increased by bracing the member,
and since sheathing is present in most load-bearing stud applications, it is logical to utilise
its presence structurally (Green et al. 1947, Simaan & Pekoz 1976, Miller & Pekoz 1994,
Lee & Miller 2001, Telue & Mahendran 2004, 2006, Tian et al. 2007, Vieira & Schafer 2013,
Peterman & Schafer 2014, Fratamico & Schafer 2014, Kechidi et al. 2020, Lawson et al.
2019), and potentially eliminate the need for secondary steel bracing members. Although
a series of investigations by Telue & Mahendran (2004, 2006), Tian et al. (2007), Miller &
Pekoz (1994), Lee & Miller (2001), Vieira & Schafer (2013), Fratamico & Schafer (2014)
and Kechidi et al. (2020) have been conducted to examine the bracing effect of sheathing

on the axial load-bearing capacity of cold-formed steel studs, research on the possibility of
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achieving further performance gains by increasing the number of connectors between the

columns and boards has been limited (Telue & Mahendran 2004, 2006, Tian et al. 2007).

Analytical work by Tian et al. (2007) on cold-formed steel studs under axial load,
sheathed on one or both sides, indicated that no significant benefits can be achieved by
decreasing the connector spacing from 600 mm to 300 mm or by using stronger sheathing
material, while numerical investigations with plasterboard sheathing on one or both sides
of the stud by Telue & Mahendran (2004) and Tian et al. (2007) indicated further en-
hancements in capacity could be achieved by decreasing the connector spacing to less than

300 mm.

It is well established, through theoretical and experimental work (Green et al. 1947,
Simaan & Pekoz 1976, Miller & Pekdz 1994, Lee & Miller 2001, Tian et al. 2007), that the
presence of sheathing can provide adequate restraint to an axially loaded cold-formed steel
stud against minor axis flexural and flexural torsional buckling. It has been debated whether
this restraining effect emerges from a local restraint at the point of connectors (Green
et al. 1947, Miller & Pekdz 1994) or due to global shear diaphragm behaviour (Simaan
& Pekoz 1976). Experimental and numerical studies by Miller & Pekoz (1994), Lee &
Miller (2001), Telue & Mahendran (2004) and Telue & Mahendran (2006) demonstrated
that the load-bearing capacity of a stud wall system is insensitive to the spacing between
the studs, contradicting the findings of Simaan & Pekoz (1976), that the sheathing acts
as a diaphragm. Furthermore, experimental studies on full stud-wall systems by Vieira
et al. (2011) demonstrated that a single column experiment, as shown in Figure 2.9 (c), can
accurately replicate the overall performance of a wall system comprising five studs. Through
experimental and analytical work by Vieira & Schafer (2012) and Vieira et al. (2011), it
was deduced that bracing from sheathing is derived from both local deformation and shear
diaphragm effects and can be predicted using a model of springs in series with individual
stiffness definitions for both phenomena. These stiffness definitions can be either determined
from experiments (Peterman et al. 2014, Vieira 2011), using analytical models (Vieira &
Schafer 2012, 2013) or numerical analysis (Vieira & Schafer 2016). In the studies by Lawson

et al. (2019), a design formula for the effective minor axis slenderness of lipped channel
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sections sheathed on one side was developed, based on experimental findings presented in

the same study.

Reducing the connector spacing from 600 mm to 300 mm or having stronger sheathing
material with one or both sides sheathed under axial load, was analytically shown to bring no
significant benefits for cold-formed steel studs (Tian et al. 2007). Decreasing connector spa-
cing on studs with plasterboard sheathing to less than 300 mm has been shown numerically
(Telue & Mahendran 2004, 2006) to bring further enhancements in capacity. Nevertheless,
previous numerical studies and analyses (Telue & Mahendran 2004, 2006, Tian et al. 2007)
have been limited in scope, while provisions for considering the effect of sheathing with
reduced effective length for flexural and torsional buckling were recommended. Numerical
studies to date on sheathed wall studs (Telue & Mahendran 2004, 2006, Tian et al. 2007,
Vieira & Schafer 2016) have utilised only elastic behaviour for the description of the sheath-
ing material, while in studies by Kyvelou et al. (2018), flooring on steel joists was nonlinearly
modelled with the results from the simulations accurately capturing the behaviour observed
in physical experiments. Observed enhancements in load-bearing capacity with decreasing
connector spacing between the sheathing and the steel (Telue & Mahendran 2004, Selvaraj &
Madhavan 20185, Peterman 2012) are believed to arise due to greater restraining effects and
mobilisation of composite action between the two materials, when the system is primarily

under bending.

2.3.2 Sheathed studs under combined compression and bending

Wall studs under combined compression and major axis bending, which can be the result
of gravity and wind actions, have been the subject of a limited number of studies. Work on
the beneficial influence of sheathing on stud columns under combined compression and major
axis bending has been presented by Peterman & Schafer (2014), while studying sheathed
specimens under pure bending was the focus of the research by Selvaraj & Madhavan (2019a,

2018b).

Experimental work on load-bearing cold-formed steel stud columns braced only by

sheathing, under compression and out-of-plane mid-height load resulting in major axis bend-
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2.3 Sheathed wall stud systems

ing was performed by Peterman (2012) and Peterman & Schafer (2014). The tested speci-
mens were single-sided OSB sheathed studs and doubly-sided sheathed studs with OSB and
gypsum boards under various combinations of compression and bending, loaded until fail-
ure; the capacities of the sheathed specimens were benchmarked against results from bare
steel studs. Significant increases in load-carrying capacity were achieved when sheathing

was added, as shown in Figure 2.10 (Peterman 2012, Peterman & Schafer 2014).
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Figure 2.10: Observed axial and horizontal failure loads of the same size stud of length 2.4 m, set in
track, with various sheathing configurations on the two stud flanges (B=bare, O=0SB, G=gypsum).
From Peterman & Schafer (2014).

Building on the work of Vieira & Schafer (2013), design proposals for sheathed studs
under compression and major axis bending were presented by Peterman & Schafer (2014),
with the restraining effect of the sheathing being accounted for through the use of linear
springs in an elastic buckling analysis, where the critical buckling loads are determined and
subsequently used in the direct strength method (Schafer 2008). It is noted by Peterman
(2012) that significant advancements are still possible, since many capacities determined by
tests exceeded design predictions. It is worth noting that these design assumptions have
only been based on a limited number of tests, considering only one size of member section,

a standard connector spacing of 300 mm and no consideration of composite action.

When sheathed cold-formed steel members are subjected to compression, bending or a
combination of the two, the forces that develop along the interface between the steel and

the sheathing can cause excessive separation (pull-through failure) or slip (tilting-bearing
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failure) between the two elements, if the strength and stiffness of the connection is not
sufficient. Selvaraj & Madhavan (2019a, 2018b) tested plasterboard sheathed C shaped
members (with no lip) under pure bending indicating pull-through and bearing connector
failure for specimens screw connected at a spacing of 300 mm and 150 mm, while observing
significant improvements in capacity, in excess of 80% when compared to the equivalent
bare steel members. A combination of pull-through and bearing failures for connections in
assemblies with plasterboard and cold-formed steel were reported by Selvaraj & Madhavan
(2019¢,d). Although screw and sheathing manufacturers tend to report characteristic pull-
through capacities, experimental data on screws failing purely by pull-through are very

limited.

2.3.3 Studies on components of wall stud systems

Experimental studies into the stress-strain response of cold-formed steel, which is typ-
ically more rounded than that of conventional hot-rolled steel due to the influence of the
cold-forming process, have been widely reported in the literature (Gardner & Yun 2018,
Kyvelou et al. 2017b, Vieira et al. 2011). Studies into the stress-strain response of sheath-
ing material are, however, more scarce. A detailed experimental study into the mechanical
properties of various types of plasterboard was reported by Petrone et al. (2016), while
further test results were presented by Selvaraj & Madhavan (2019b). Similarly, results of
tensile and compressive tests on OSB were presented by Chen & He (2017) and Plenzler
et al. (2017), while Zhu et al. (2005) reported key properties from tests on OSB along with

an empirical deduced material model for use in numerical simulations.

The nonlinear interaction between the board and the column in cold-formed steel wall
systems, as well as the failure mode of the connectors, are dependent on the arrangement,
type and material characteristics of the various system components. Past studies (Miller &
Pekoz 1994, Lange & Naujoks 2006, Serrette et al. 1997, Fiilop & Dubina 2004, Swensen
et al. 2015) have focused primarily on the shear characteristics of the interface owing to its
importance when the studied wall systems are designed to act as diaphragms. Individual

shear connection tests, featuring OSB and plasterboard as the sheathing, and a range of
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steel thicknesses and screw connector sizes, were reported by Serrette et al. (1997), Peter-
man et al. (2014), Fiorino et al. (2017, 2007), Vieira & Schafer (2009), Chen et al. (2016),
Ye et al. (2016). Experimental studies into the shear response of sheathing-to-cold-formed
steel connections have also been conducted for various other types of board material, in-
cluding cement based boards (Fiorino et al. 2017, Abu-Hamd 2019), calcium silicate boards
(Nithyadharan & Kalyanaraman 2011, Ye et al. 2016), fibre cement boards (Shahi et al.

2013) and Bolivian manganese boards (Ye et al. 2016).

The tests carried by Peterman et al. (2014) and Peterman & Schafer (2013) included
both monotonic and cyclic loading schemes, with the aim to characterise the monotonic
and hysteretic behaviour of the connection between cold-formed steel studs and sheathing
when subjected to in-plane lateral shear demands, as part of an effort to advance seismic
performance-based design of cold-formed steel frames. The specimens were composed of
two channel lipped sections with their flanges facing each other and connected on both sides
with sheathing. The studied parameters included three different thicknesses for the cold-
formed steel members, and plasterboard and OSB sheathing connected to the steel members
with 3.5 mm and 4.8 mm in diameter screws respectively. The backbone curves from the
cyclic tests compared similarly with the respective monotonic load-slip curves, with slightly
reduced strengths (about 10% - 20%) but higher initial stiffnesses observed (more than 20%
increase). The specimens connected to the plasterboard failed primarily by tilting-bearing
while the specimens connected to OSB failed by pull-through and bending of the screw.

Higher scatter of results was also observed for the specimens connected to plasterboard.

In a set of experimental studies, the load-deformation characteristics of lapped connec-
tions between cold-formed steel members were examined by Ho & Chung (2006), where an
empirical formula was developed describing the observed behaviour. Monotonic and cyclic
shear tests on cold-formed steel plates connected with screws were performed by Moen et al.
(2016, 2014) in order to investigate whether the effect of cyclic loading on the strength and
stiffness of the connection is detrimental. The difference between the backbone profiles from
the cyclic and monotonic tests was deemed not significant, with strength reduction found

to be negligible, while some increased stiffness was demonstrated due to the screw threads
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locking into the connected members.

2.4 Existing design methods

The two main methods, currently, formally available in designing cold-formed steel
members are the effective width method (EWM) and the direct strength method (DSM).
The effective width method is available, in some form, worldwide, including the European
Eurocode 3 (EN 1993-1-3 2006) and the North American AIST (AISI S100 2016) standards,
while the DSM has been adopted for use as a second designing option (Schafer 2008) in
North America (AIST S100 2016) and Australia/New Zealand (AS/NZS 4600 2018).

2.4.1 Effective width method (EWM)

The effective width concept was originally conceived by Von Karman (1932) and was
later developed by Winter (1947). The main idea is that local buckling of slender plate
elements under compression leads to a reduction of their effectiveness to carry load. When
under compression, local instabilities are expected to be triggered in the central regions of
slender plate elements with simply supported edges, away from corners and stiffeners, and as
such, these central excess regions are ignored in the calculation of effective width properties
- see Figure 2.11, where b is the actual width of the plate, b.ys is the effective width of the
plate and f, is the yield strength of the material. The effective width method conceptualises
the entire cross-section as a collection of plated elements with simply supported edges and
thus requires the determination of the effective width of each element, with a clear indication
of where the cross-section is ineffective in carrying load due to local buckling. The resulting

reduced cross-section properties are known as the effective local cross-sectional properties.

In design codes such as Eurocode 3 (EN 1993-1-3 2006), further reductions of the cross-
sectional properties of a member may be realised due to distortional buckling, which is
accounted for through an effective thickness approach. For C-shaped lipped sections, this
thickness reduction is performed in the stiffener region, where distortional instabilities de-

velop. Details of the effective width calculation approach for accounting for the effects from
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Figure 2.11: The effective width concept applied to a plate. Adapted from Trahair et al. (2008)

local and distortional buckling in accordance with the EN 1993-1-3 (2006) guidance are

provided in Chapter 7.

2.4.2 Direct strength method (DSM)

North American design specifications in the 1990s for cold-formed steel columns (AISI
1996) failed to recognise the local-global buckling interaction and did not provide an explicit
check for distortional buckling. To recognise the effects of distortional buckling on cold-
formed steel cross-sections, Hancock et al. (1994) proposed a set of strength design curves
for members experiencing distortional buckling. The concept of this ‘direct’ approach was
later introduced by Schafer & Pekéz (1998b) as a new method, where the strength curves
were calibrated against a collection of test data, and the determination of the elastic buckling
strength of cold-formed steel members can be predicted using computational elastic buckling
analysis methods. In the work of Schafer (2002), a set of direct strength column curves,
which had been calibrated against experimental data, were proposed for the prediction of
local and distortional buckling of cold-formed steel columns members. In the studies by
Yu & Schafer (2003) and Yu & Schafer (2006), a series of flexural tests were reported and
distortional buckling was shown to be a predominant failure mode. This work led to the

development of the method known as the Direct Strength method (Schafer 2008), which is
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an alternative to the traditional effective width concept. The direct strength method has
been incorporated in the North American Specifications as an Appendix I since 2004 and
joined the main body as an equal alternative to the effective width method since 2016 (AISI
S100 2016).

The direct strength method is fundamentally different from the effective width method.
While the effective width method uses reduced effective cross-section properties along with
the yield strength to calculate capacities, for the calculation of capacities with DSM, the
gross cross-section properties are used in conjunction with a ‘direct’ reduced strength, based
on the elastic stability of the gross cross-section (Schafer 2008). The elastic instabilities of
the gross cross-section, under compression or bending may be identified using numerical
elastic buckling solvers such as the finite strip method CUFSM (Li & Schafer 2010). Once
these critical loads of local, distortional or global instabilities are determined through elastic
buckling analysis, they are then fitted in empirical ‘direct’ expressions to predict the member
strength. These expressions are collectively known as the Direct Strength method and are

reported in detail by Schafer (2008) for members in pure compression and bending.

2.4.2.1 DSM calculation procedure

In accordance with the DSM, for members subjected to compression, the nominal
strength P, is determined by taking the minimum of the global buckling strength P, local-
global buckling interaction P,; and distortional buckling P4, i.e. P, = min(Pye, Pni, Pra)-
The expressions for P, P, and P,4 are empirical formulas (Schafer 2008), with the input
parameters being: the tensile yield capacity of the member P, (calculated by multiplying
the gross area of the cross-section with the yield strength) and the critical loads for global
P..., local P.,; and distortional P..; elastic buckling determined using a rational analysis.
An elastic buckling analysis using a software such as CUFSM (Li & Schafer 2010) provides
a signature curve where the relevant critical local P, and distortional P,..; loads are de-
termined as the minima, points on the curve while the global critical load P... is taken as
the value corresponding to a length equal to that of the member as shown in Figure 2.8.

Note that for cases where the distortional mode does not correspond to a minimum point on
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the signature curve, modal decomposition using the constrained finite method ¢cFSM (Li &
Schafer 2010) can be used for determining the critical wavelength and, as such, the critical

distortional load on the signature curve.

Similarly, in accordance with the DSM, for members in bending the nominal bending
strength M, is determined using M,, = min(Mpye, My, Myq). The respective global M.,
local M,; and distortional M,,; buckling strengths are calculated using the DSM expres-
sions (Schafer 2008) with the input parameters being: the yield moment M, (calculated by
multiplying the elastic section modulus of the cross-section with the yield strength) and the
critical elastic buckling moments for global M,,., local M. and distortional M..; buckling,

determined by an elastic buckling analysis.

2.4.2.2 Beam-column interaction

For a member under a compression-moment (P — M) interaction, current design guid-
ance in AISI S100 (2016) assumes a simple linear P— M interaction as indicated by Equation
(2.5), where P and M are the axial compression and bending moment in the member re-

spectively.
M

<1 2.
i < (2:5)

i

Py
In recent studies by Torabian & Schafer (2018) on members subjected to combined
compression and bending, it has been observed that the current approach for the design
of beam-column cold-formed steel members is overly conservative due to the assumption of
a linear interaction relationship, since the stability of the member under the actual stress
distribution arising due to combined actions is not considered directly. Numerical (Torabian
& Schafer 2018) and experimental (Torabian et al. 2015) studies were performed to study
the effects of combined loading on members of different cross-sections; this led to a proposed
extension of the current DSM provisions (Torabian & Schafer 2018), which accounts for the

potential gains in capacity when the actual stress distribution is considered.

The actual stress distributions arising from both compression and bending are utilised

in a buckling analysis to determine the critical buckling parameters. The difference, and
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potential gains from the new DSM method, between the nominal strengths achieved assum-
ing a linear interaction and the actual stress distributions are illustrated in the dark grey
areas of Figure 2.12 for a channel lipped cross-section. Note that the interaction obtained is
cross-section specific and varies in the P — My — M> space, where P is the axial load, while

M; and My are the bending moments about the major and minor axis respectively.
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Figure 2.12: Comparison between the current DSM linear interaction equations (with light grey)
and the difference with the proposed beam-column interaction DSM for a single symmetric channel

lipped section which is indicated with dark grey; from Torabian & Schafer (2018)

As reported by Torabian & Schafer (2018), the new DSM provisions accounting for com-
bined stress contributions in the buckling analysis provide more representative predictions
of capacities and eliminate the conservatism of the linear interaction. It should be noted
though that considering combined stress distributions and carrying elastic buckling analysis
at several stages of the combined loading scheme to achieve a representative P — M profile
can be a complex process for use in design, compared to the simplicity of an interaction
curve where only strengths at the two ends (under pure compression and pure bending) are

required.

Note that the current EN 1993-1-3 (2006) guidance is even more conservative than
a linear relationship between compression and bending, since a concave profile (achieved
with 0.8 power coefficients) of the beam-column interaction is provided for the design of
cold-formed steel members under combined loading. For members which are sheathed and
adequate bracing is provided, a linear, but even more so a concave, P — M interaction profile

is overly conservative, as shown by the test results of Peterman & Schafer (2014), which
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demonstrated a convex profile - see Figure 2.10. Further discussion and assessment of the

current EN 1993-1-3 (2006) guidance is provided in Chapter 7.

2.4.3 Comparisons between the EWM and the DSM

The effective width method and direct strength method are fundamentally different and
although both have their merits, it is sometimes more efficient to use one over the other.
Because of the way the effective width method is conceptualised, there is a clear indication
of where local buckling takes place (Trahair et al. 2008). It has been a long established
method and reliable in predicting local buckling behaviour of members. For simple shaped
members, such as C-shaped or Z-shaped members the process of calculating properties under
pure compression or pure bending is relatively straightforward (Way & Heywood 2012).
However, for cross-sections with stiffeners and of complex geometries, the method can be
involved and cumbersome, as well as the interaction and compatibility between the elements
not recognised. Stiffeners are usually accounted for in design using effective ‘springs’. Also,
calculating effective properties under combined stress distributions, although possible, can
be very complicated. Treatment of distortional buckling through the concept of effective
thickness is a lengthy and iterative process and is preferably performed through the use of

a coded ‘loop’ solver.

The clear advantage of the direct strength method is that the cross-section is con-
sidered as a whole and any interaction between elements is ensured (Schafer 2008), while
the required calculations are simple to perform for any cross-sectional shape, since the gross
sectional properties are used and therefore no shift of the neutral axis occurs. However,
advanced elastic buckling analysis through computational solvers is required for calculating
the elastic buckling critical loads; engines such as CUFSM (Li & Schafer 2010) are readily
available, although care should be taken when deciding on the mesh of the system and the
input parameters, such as stresses and boundary conditions. The DSM, although relatively
new in comparison with the effective width method, has been demonstrated to be reliable
and as accurate, if not more, than the effective width method; comparisons between the

two methods can be found in the works of Schafer (2008), Yu & LaBoube (2010) and Cam-
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otim et al. (2016). The DSM has been calibrated against test data and allows for further
extensions, as recent developments have been made to include members with holes in their
cross-sections (Moen & Schafer 2009), built-up members (Kechidi et al. 2020, Fratamico
et al. 2018), members at elevated temperatures, as well as other materials such as stainless

steel, hot-rolled steel, aluminium and plastics (Camotim et al. 2016).

2.4.4 Considering sheathing into the design of wall studs

In 1947, Green et al. (1947) and Winter (1952, 1960) developed a method, which was
later incorporated in the North American specifications (AISI 1962), that acknowledged
that sheathing, through its restraining effect, can act as bracing to stud columns under
compression. This method became known as the ‘local stiffness’ approach and features two
key assumptions: (i) the fasteners connecting the sheathing to the stud provide a stabilising
effect to the stud column in compression and can be simulated using a set of translational
springs of stiffness k as shown in Figure 2.13, (ii) the stiffness k can be determined from small-
scale sheathing-to-stud shear experiments. In accordance with this approach (AISI 1962),
flexural buckling about the minor axis with the springs included had to be greater than or
equal to the column squash load (failure in cross-sectional buckling), flexural buckling about
the minor axis over an unbraced length (equal to twice that of connector spacing) had to be
equal to or greater than the flexural strength about the main axis, and the connector fixings
had to be designed for approximately 2% of the axial demand. No consideration was made
for flexural-torsional buckling or distortional buckling, while some of the prerequisites were
thought to be arbitrary (Vieira & Schafer 2013); as such the method was abandoned from

the North American design guidance in 1980.

An alternative methodology to account for the bracing effect of sheathing on wall studs,
developed by Simaan & Pekéz (1976), was adopted in the North American design guidance
in 1980 (AISI 1980) and was used until 2004. This method became known as the ‘diaphragm
stiffness’ approach and it treated bracing provided by the sheathing and the connectors in
a global manner. The local stiffnesses offered by the connectors were replaced with an

experimental shear stiffness of a diaphragm in global behaviour. The buckling resistance
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Figure 2.13: Local stiffness approach by Green et al. (1947), Winter (1952, 1960). Adapted from
Vieira & Schafer (2013).

of the sheathed studs was calculated based on the energy dissipated as the studs deformed
with in-plane shear deformation of the assumed diaphragm (Vieira & Schafer 2013). The
method considered flexural-torsional buckling and theoretically could account for dissimilar
sheathing, though this was not adopted by AISI (1980). The method also included a distinct
check for the shear strain of the sheathing, although critical failures were known to be at
the locations of connectors and did not correspond to material failure of the sheathing. As
commented by Vieira & Schafer (2013), this method was complex, resulted to a non-efficient
design of stud spacings for wall stud frames and test results by Miller & Pekéz (1993) did

not agree well with the method.

Current North American specifications AIST S100 (2016), since 2004, have adopted a
method similar to the original ‘local stiffness’ approach, without the need to characterise
bracing stiffness. The stud is required to be checked for all global buckling modes, including
that of flexural-torsional buckling for an unbraced length equal to that of two times the
spacing of the connectors, as well as checking the fastener capacities for 2% of the axial
demand. As commented by Vieira & Schafer (2013), this method is extremely simple and
ignores the effect of stiffness of the sheathing-to-steel connection on the stability of the
member, as well as not distinguishing between different types of connector, sheathing and

stud spacing.
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Recent analytical (Vieira & Schafer 2013) and experimental (Vieira & Schafer 2012, Vie-
ira et al. 2011) work on sheathed wall studs under pure compression, has demonstrated that
restraint from sheathing is supplied to the stud from both local connector deformations and
global shear diaphragm behaviour (which is dominated by the shear modulus of the sheath-
ing material). Incorporation of these effects into an elastic buckling analysis and subsequent
use of the direct strength method can result in accurate capacity predictions (Schafer 2013).
Analytical formulae for determining appropriate stiffnesses for use in CUFSM (Li & Schafer
2010) have been developed by Vieira & Schafer (2013, 2012) while stiffnesses derived dir-
ectly from tests were reported by Vieira (2011) and Peterman (2012). Implementation of
this approach is illustrated in Figure 2.14, where significant improvements in capacity are
observed for the global modes. An extension to this approach for wall studs under com-
bined compression and bending was performed by Peterman & Schafer (2014). Assessment
of these proposals is performed in Chapter 7, through comparisons against the full scale

beam-column tests reported in Chapter 5.

2.5 Concluding remarks

An overview of the relevant literature of the subjects that are investigated within this
thesis has been provided in this chapter. The literature overview focused on three main areas,
namely, research on cold-formed steel members, research on sheathed stud wall frames and,
finally, technical background on the current design methodologies adopted for both cold-
formed steel stud members and sheathed stud walls. Any further, appropriate literature is
to be introduced and examined along with the relevant studies presented in each individual

chapter.

In general, research on cold-formed steel is extensive and work on sheathed wall studs
has mainly focused on specimens under pure compression. Although recommendations on
ameliorating the design have been made by several researchers, it is evident that significant
improvements can still be made, especially for sheathed members under combined loading.

Therefore, it is the scope of the following chapters to explore the behaviour of sheathing-to-
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Figure 2.14: Tllustrating the use of springs in elastic buckling analysis (CUFSM Li & Schafer (2010))

for determining enhanced capacities. From Vieira (2011).

column connections and the structural benefit of sheathing to stud wall systems experiencing
combined compression and bending, and provide recommendations for a more efficient design

approach than is currently available.
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Chapter 3

Experimental study on components
of sheathed cold-formed steel wall

systems

3.1 Introduction

‘ N Y ALL systems built using cold-formed steel members and sheathed with boards such

as plasterboard and orientated strand board (OSB), are commonplace in the con-
struction industry and are being increasingly used as load bearing elements. Cold-formed
steel frames have been employed successfully as an alternative to timber and masonry con-
struction for low and medium rise buildings, principally due to their speed of construction,
lightweight nature and sound structural performance. Whereas traditionally the contribu-
tion of the sheathing to the strength and stiffness of cold-formed steel columns and walls has
been ignored, it has been shown by several researchers (Vieira & Schafer 2012, Peterman
& Schafer 2014, Lawson et al. 2019) that sheathing can offer effective bracing to columns,
provided a suitably strong and stiff inter-connection exists. Thus, it is recognised that a
more efficient design can be achieved if the influence of the sheathing is taken into ac-
count. First though, a thorough understanding of the material behaviour of the individual

components and of the interaction between them is required.
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3.2 Material and component testing

An experimental investigation into the material response of the different components
used to form a typical sheathed cold-formed steel wall system, as well as the load-slip
behaviour of the employed fasteners in pull-through and shear are presented herein. A total
of 103 material and component tests was performed, including six cold-formed steel tensile
coupon tests, nine tests on screws in tension, nine tests on screws in shear, 36 material
tests on plasterboard and orientated strand board (OSB), 25 pull-through connection tests
and 18 push-out (shear) connection tests. In Section 3.2, a description of the material
and screw connector tests, along with the obtained results, is provided, while the results
of the pull-through tests featuring various arrangements of plasterboards and OSB, are
presented in Section 3.3. Push-out tests, examining the shear behaviour of cold-formed
steel-to-sheathing connections are reported in Section 3.4. In Section 3.5, the results from
corresponding material and connection tests reported in the literature are collected and
compared to those obtained in the present study. In Chapter 4, the combined dataset is
analysed and used to underpin the development of predictive models. The experimental
studies on components of sheathed cold-formed steel wall systems presented in this chapter

have been published by Kyprianou et al. (2021a).

3.2 Material and component testing

Material tests were carried out to determine the stress-strain behaviour of the cold-
formed steel and sheathing material used in the pull-through and shear tests, while exper-
iments to determine the ultimate load-carrying capacity of the employed screw connectors
were also undertaken. Testing was carried out in the Structures Laboratory of Imperial
College London under controlled temperature and humidity conditions, in the range of 20 -

24 °C and 30 - 50% respectively.

3.2.1 Cold-formed steel

Tensile coupon tests were conducted to determine the engineering stress-strain beha-

viour of the cold-formed steel material of grade S450 galvanised with Z275 zinc coating.
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3.2 Material and component testing

Four coupons were extracted longitudinally from the web of 150 mm deep lipped channel
sections of 1.2 mm and 2.0 mm nominal thickness (two coupons for each thickness) while,
for each thickness, one coupon was also extracted from the coil prior to section forming.

The nominal dimensions of the tensile coupons are illustrated in Figure 3.1.

J

: 60 ~30 65 ~20 60 !

Figure 3.1: Nominal dimensions of steel tensile coupons (in mm)

3.2.1.1 Testing tensile cold-formed steel coupons

The tensile coupons were tested in accordance with EN ISO 6892 (2016) where an axial
strain rate of 0.00007 s~! was initially applied and gradually increased to 0.00025 s~! after
the 0.2% proof stress had been reached through three intermediate strain rate steps. A 150
kN Instron 5984 testing machine was used, along with the Bluehill data acquisition system,

collecting data every second.

To capture the strains at the early stages of testing accurately, two strain gauges were
mounted on each coupon (one per side). An optical video extensometer with a gauge
length of 50 mm was also used as an additional method of capturing strain measurements.

Illustrations of the strain gauges and the optical extensometer are shown in Figure 3.2.

3.2.1.2 Results of tensile cold-formed steel coupons

The key measured material properties of the tested coupons are presented in Table 3.1
while the full stress-strain curves are illustrated in Figure 3.3. The notation of the coupons
begins with the letter C, followed by the nominal thickness of the material (x10) in mm and
then, either the number of the test for the repeated tests or the word ‘coil’ for the samples

taken from the coil. In Table 3.1, F is the Young’s modulus, o2 is the 0.2% proof stress
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3.2 Material and component testing

(a) Tensile coupon at point of failure (b) Optical extensometer reading during testing

Figure 3.2: Test setup for cold-formed steel tensile coupons

(considered as the yield strength), o1 is the 1% proof stress, o, is the ultimate strength,
€sh is the strain at the end of the yield plateau, €, is the strain at oy, €y is the elongation
at fracture measured over the standard gauge length (EN ISO 6892 2016). The average
measured material properties and thickness ¢ for the nominally 1.2 mm and 2.0 mm thick

cold-formed steel coupons are presented in Table 3.2.

Table 3.1: Material properties obtained from tensile coupon tests on cold-formed steel

Coupon ID  E (GPa) o092 (MPa) o109 (MPa) o, (MPa) e4, (%) eu (%) 5 (%)

C12-coil 207 502 533 539 - 3.25 7.31
C12-1 207 499 528 532 - 3.44 7.03
C12-2 205 500 527 532 - 3.28 6.56

C20-coil 210 519 516 589 2.05 10.5 17.9
C20-1 203 509 514 588 1.92 9.77 16.2
C20-2 205 518 523 591 1.71 9.75 16.0
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Figure 3.3: Stress-strain curves of tensile coupons of (a) 1.2 mm and (b) 2.0 mm thickness

Table 3.2: Average material properties obtained from tensile coupon tests on cold-formed steel

t (mm) E (GPa) o092 (MPa) o019 (MPa) o, (MPa) e4, (%) eu (%) €5 (%)

1.19 206 500 529 034 - 3.32 6.97
1.99 206 515 018 589 1.89 10.0 16.7

3.2.2 Plasterboard

Material tests were performed on standard type gypsum-based plasterboard, designated
as Type A in accordance with EN 520 (2009), of average measured thickness and density
of 12.5 mm and 665 kg/m?3 respectively. A standard type A plasterboard is composed of

a gypsum based core encased and bonded to durable paper on one face to which suitable
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3.2 Material and component testing

plastering and finishes may be applied, and to a much coarser and weaker paper lining on
the other side which is not intended to carry any decoration. This type of board is typically

used as sheathing for metal frame stud walls and ceilings.

3.2.2.1 Tensile and compressive plasterboard tests

Tensile and compressive material tests were carried out to determine the stress-strain
curves and key material properties of the examined plasterboard. The tests were performed
in accordance with EN 789 (2005), which provides guidance on determining the mechanical
properties of wood-based panels; this standard was used in preference to EN 520 (2009),
which is a specification for gypsum plasterboard, since more extensive information on the
determination of compressive and tensile properties is provided (Petrone et al. 2016). Tests
were carried out on specimens loaded both longitudinally and transversely to the production
direction of the board. Five tensile tests and four compressive tests were performed for each

direction; 18 plasterboard material experiments were carried out in total.

The dimensions of the tensile and compressive coupons are shown in Figures 3.4 (a) and
3.4 (b) respectively. Each compressive coupon comprised four boards glued together using
a spray adhesive which was non-absorbent and hence would not be expected to alter the
mechanical properties of the plasterboard. For the tensile coupons, failure occurred within
the parallel length - see Figure 3.5 (a). For the compressive coupons, load was introduced
through a hemispherical bearing, seated on a steel plate, to achieve a uniform applied stress,
as shown in Figure 3.5 (b). The coupons were tested under displacement control, at a rate
of 0.25 mm/min, using a 150 kN Instron 5984 testing machine, while the Bluehill data

acquisition system was used to record data every second.

Although 50 mm long strain gauges, typically used for concrete samples, were initially
considered, finally these were not used due to difficulties in attaching them to the plas-
terboard surface. Hence, for capturing accurately the overall strain field of the examined
systems, digital image correlation (DIC) was employed. A speckle pattern was first applied
to all specimens to allow the use of DIC. The non-contact optical DIC system was used

with two cameras tracking the same speckled pattern from two different angles. The DaVis
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3.2 Material and component testing

(2019) software was employed to record and process the images captured at a frequency of 2
Hz. One linear variable displacement transducer (LVDT) was also mounted on the reverse
side of each specimen, out of view of the DIC, as shown in Figure 3.5, providing a second
method of measuring the overall deformation of the specimen. The LVDT measurements

were recorded using the Bluehill data acquisition system at one second intervals.

1 fa0 —
70
400 30 200 240
70
30 1 /Z layers
L >
‘ 50 50
(a) Dimensions of tensile coupons in mm (b) Dimensions of compressive coupons in mm

Figure 3.4: Dimensions of (a) tensile and (b) compressive plasterboard coupons

(a) Plasterboard tensile coupon test (b) Plasterboard compression coupon test

Figure 3.5: Test setup for (a) tensile and (b) compressive material tests on plasterboard
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3.2 Material and component testing

3.2.2.2 Results of material tests on plasterboard

Loading of all specimens was continued until failure could be clearly observed. The
adopted notation for the tensile and compressive plasterboard coupons begins with PL,
denoting plasterboard, following by the letter t for tension or c¢ for compression, then the
capital letter L or T to designate longitudinal or transverse respectively and, finally, the

test number.

Failure of the tensile specimens was marked by a sharp decrease in load, together with
the development of a distinct horizontal crack in both the internal gypsum and the outer
paper surfaces, perpendicular to the direction of the applied load, as shown in Figures 3.5
(a) and 3.6 (b). The key measured properties of the plasterboard from the tensile tests - the
Young’s modulus in tension F, the ultimate tensile stress f,, and the corresponding strain ¢,
are provided in Table 3.3. The stress-strain curves for the longitudinal and transverse tensile
coupons, shown in Figure 3.7 (a) and (b) respectively, generally exhibit a rounded profile
with no distinct yield point. Two transverse specimens, T1 and T3, displayed initial peaks
before dropping to the rounded stress-strain responses exhibited by other specimens; this
behaviour may relate to the weaker paper not failing until after the internal gypsum core
had fractured or a delay in the fracture of the internal gypsum core. Note that these two
sharp peaks were ignored when determining the ultimate tensile strength f,, as indicated

in Table 3.3.

(b) Plasterboard tensile coupon after test

Figure 3.6: Typical plasterboard tensile coupon (a) before and (b) after test
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Figure 3.7: Stress-strain curves obtained from plasterboard tensile coupon tests in (a) the longitudinal

and (b) the transverse directions
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3.2 Material and component testing

Table 3.3: Key tensile material properties from plasterboard coupon tests

Loading direction Specimen FE (MPa) f, (MPa) &, (%)

PL-t-L1 1580 1.39 0.74

PL-t-1.2 1880 1.41 0.54

PL-t-L3 1770 1.48 0.62

Longitudinal PL-t-14 1630 1.40 0.51
PL-t-L5 1380 1.54 0.65

Average 1650 1.45 0.61

Ccov 0.10 0.05 0.15

PL-t-T1 1780 0.68* 0.37

PL-t-T2 1620 0.71 0.41

PL-t-T3 1850 0.65* 0.37

Transverse PL-t-T4 1720 0.66 0.36
PL-t-T5 1390 0.63 0.38

Average 1670 0.67 0.38

Ccov 0.11 0.04 0.05

* Sharp peaks ignored in the determination of f,

Two distinct modes of failure were observed for the compressive plasterboard specimens:
(a) a diagonal shear plane across the four plasterboards and (b) crushing of the material,
with the outer boards folding outwards and vertical cracks forming within the boards, both
of which can be seen in Figure 3.8. Failure appeared to be essentially simultaneous across the
four boards for both modes of failure. The profile of the stress-strain curves obtained from
the compression tests was consistent for both the longitudinal and transverse specimens,
featuring an elastic region, some loss of stiffness, attainment of the peak stress and then a

gradual decrease in stress - see Figure 3.9.
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(b) Transverse

Figure 3.8: Failure modes observed in compressive coupon tests on plasterboard in (a) the longitud-

inal and (b) the transverse directions

101



3.2 Material and component testing

4.5
4.0 |
3.5
3.0 Tl
£ 25
2 20
o
o+ c-L2
0.5 --cL3
0.0 --clL4
0.000 0.002 0.004 0.006 0.008
e
(a) Longitudinal
4.5
4.0 4
3.5 1
3.0 -
251
2 20 1
© 15 - -
o+ c-T2
0.5 - —-c13
0.0 --cT4
.0.000 0.002 0.004 0.006 0.008

&

(b) Transverse

Figure 3.9: Stress-strain curves obtained from compressive coupon tests on plasterboard in (a) the

longitudinal and (b) the transverse directions

The key measured properties of the plasterboard from the compression tests - the
Young’s modulus in compression F, the ultimate compressive strength f,, the correspond-
ing strain e, and the strain €,0.s at which the post peak stress level had dropped to 80%
of the ultimate strength, are reported in Table 3.4. The notation defining the key points
on the material stress-strain is illustrated in Figure 3.10. While the difference between the
stiffness of the longitudinal and transverse samples was small for both the tensile and com-
pressive tests, a difference of 30% was observed between the values of stiffness in tension and
compression. In terms of strength, the ultimate compressive stress was similar in the two
loading directions (transverse and longitudinal), while the ultimate tensile stress showed far

greater variation, with higher strengths in the longitudinal direction.
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Figure 3.10: Notation defining key points on material stress-strain curves

Table 3.4: Key compressive material properties from plasterboard coupon tests

Loading direction Specimen FE (MPa) f, (MPa) &, (%) euos (%)

PL-c-L1 2210 3.97 0.21 0.24
PL-c-L2 2130 3.93 0.22 0.27
PL-c-L3 1790 3.83 0.26 0.30
Longitudinal

PL-c-L4 2290 3.51 0.22 0.69
Average 2110 3.81 0.23 0.37

cOov 0.10 0.05 0.11 0.57
PL-c-T1 2120 3.44 0.25 0.46
PL-c-T2 2130 3.14 0.21 0.46
PL-c-T3 2170 3.39 0.20 0.28

Transverse

PL-c-T4 2080 3.33 0.26 0.50
Average 2130 3.33 0.23 0.42

COvV 0.02 0.04 0.13 0.24

3.2.3 Oriented strand board (OSB)

Orientated strand boards are multi-layered boards made from strands of wood bonded
together with adhesive. In the external layers, the strands are aligned while in the internal
layers the strands tend to be either randomly orientated or perpendicular to the direction

of the external layers. As part of the experimental programme presented herein, material
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3.2 Material and component testing

tests were carried out on type OSB/3 oriented strand boards, suitable for load-bearing use
in humid conditions, as indicated in EN 300 EN 300 (2006) and EN 1995-1-1 EN 1995-1-1
(2004). The tested material had on average measured thickness of 11 mm and a density of

590 kg/m3.

3.2.3.1 Tensile and compressive tests on OSB material

Determination of the tensile and compressive mechanical properties of the OSB was
conducted in accordance with the provisions of EN 789 EN 789 (2005). Similarly to the
approach followed for the plasterboard material testing, tests were carried out on specimens
cut both longitudinally and transversely to the production direction of the board. In total,

ten tensile and eight compressive OSB material tests were carried out.

The dimensions of both the tensile and compressive coupons were the same as those of
the plasterboard coupons illustrated in Figure 3.4. The employed test setup (see Figure 3.11)

and procedure were also the same. Digital image correlation with two cameras recording

(a) Tensile OSB coupon test (b) Compression OSB coupon test

Figure 3.11: Test setup for OSB coupons in (a) tension and (b) compression

images at a frequency of 2 Hz was employed for measuring the strains, while the acquisition

of load and strain measurements was carried out using the Bluehill data acquisition system
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3.2 Material and component testing

and DaVis (2019) respectively.

3.2.3.2 Results of OSB material tests

All tests were carried out until failure of the coupons could be observed. The notation
of the OSB tensile and compressive coupons begins with the capital letters OSB; this is
followed by the letter t for tension or ¢ for compression, then the capital letter L or T to

designate the coupons as either longitudinal or transverse and finally the number of the test.

Sudden failure without any significant plastic deformation was exhibited by all tensile
coupons, as apparent in the stress-strain curves depicted in Figure 3.12. The failure mode
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(b) Transverse

Figure 3.12: Stress-strain curves obtained from OSB tensile coupon tests in (a) the longitudinal and

(b) the transverse directions

105



3.2 Material and component testing

of a typical tensile coupon is shown in Figure 3.13. The key measured material properties
are listed in Table 3.5. The values of the Young’s modulus and tensile strength of the
longitudinal coupons were found to be, on average, about 40% and 70% higher, respectively
than those of the transverse coupons. This is attributed to the direction of production of

the OSB panels, with the orientation of the strands parallel to the loading direction having

a beneficial influence on the material response.

(b) After test

Figure 3.13: Typical OSB tensile coupon (a) before and (b) after test.

Table 3.5: Key measured tensile material properties from OSB tests

Loading direction Specimen E (MPa) f, (MPa) &, (%)
OSB-t-L1 4020 10.5 0.30
OSB-t-L2 3960 12.1 0.33
OSB-t-L3 4490 13.9 0.40
Longitudinal OSB-t-L4 4330 11.2 0.37
OSB-t-L5 3720 10.7 0.42
Average 4100 11.7 0.37
6{0)% 0.07 0.12 0.13
OSB-t-T1 2980 5.86 0.26
OSB-t-T2 2650 6.51 0.39
OSB-t-T3 3040 7.74 0.41
Transverse OSB-t-T4 3200 7.85 0.42
OSB-t-T5 1800 7.11 0.37
Average 2940 7.01 0.37
6{0)% 0.07 0.12 0.17
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The stress-strain curves of the coupons tested in compression were rounded, with a
gradual decrease in stiffness prior to the peak strength and a gradual post peak softening

response - see Figure 3.14. The two main failure modes that were observed for both sets
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Figure 3.14: Stress-strain curves obtained from OSB compressive coupon tests in (a) the longitudinal

and (b) the transverse directions

of coupons (i.e. longitudinal and transverse) were diagonal shear and folding out of the
external surfaces resulting in horizontal cracks between the boards; these are shown in
Figure 3.15. The key measured compressive material properties are reported in Table 3.6.
Similarly to in tension, the Young’s modulus in compression was about 40% higher in the
longitudinal direction than in the transverse direction. However, the ultimate compressive
strength f,, was only 13% higher in the longitudinal direction than in the transverse direction.

The key material properties were generally similar in tension and compression, except for
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ultimate strength in the transverse direction, which was about 50% higher in compression

than tension.

(b) Transverse

Figure 3.15: Failure modes observed in the OSB compression tests in (a) the longitudinal and (b)

the transverse directions
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Table 3.6: Key measured compressive material properties from OSB tests

Loading direction Specimen E (MPa) f, (MPa) &, (%) eu0s (%)

OSB-c-L1 4510 12.2 0.37 0.48

OSB-c-L2 3620 12.2 0.41 0.62

OSB-c-L3 3810 12.5 0.48 0.60

Longitudinal

OSB-c-L4 4140 11.3 0.34 0.48

Average 4020 12.1 0.40 0.54

(6{0)% 0.10 0.05 0.15 0.14

OSB-c-T1 3230 9.7 0.42 0.53

OSB-c-T2 2490 9.0 0.44 0.63

OSB-¢-T3 2750 11.6 0.57 0.69

Transverse

OSB-c-T4 2630 12.3 0.57 0.80

Average 2780 10.7 0.50 0.66

COov 0.12 0.15 0.16 0.17

3.2.4 Screw connectors

Three different types of screw connectors of 3.5 mm, 4.8 mm and 5.5 mm diameter
were examined in this study and tested in tension and shear. The three types of screws
considered are illustrated in Figure 3.16 and the average measured geometric properties are
reported in Table 3.7, where d is the nominal diameter of the screw, ds ¢, is the diameter at
the threads, d; g, is the diameter of the shank excluding the threads, d g is the diameter
of the head of the screw, sgp, is the pitch between the threads, hgpq is the depth of the
head and s, nontnr is the non-threaded length of the shank below the head of the screw and

before the start of the threads.

The 3.5 mm diameter screws had a bugle head and sharp tip and can be self-driven into
up to 2.2 mm thick steel; these screws are typically used for attaching plasterboard to cold-
formed steel sections. The 4.8 mm diameter screws are typically employed for attaching OSB
sheathing to cold-formed steel sections while the 5.5 mm diameter screws were examined to
investigate the effect of a larger screw diameter. Both of the 4.8 mm and 5.5 mm diameter
screws had ‘wings’ just above the screw tip; these were manually removed to allow a direct

comparison with the screws of 3.5 mm diameter.
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Figure 3.16: Types of screws considered (a) 3.5 mm (b) 4.8 mm and (c) 5.5 mm in diameter and (d)

notations of the dimensions

Table 3.7: Average measured dimensions of screw connectors

d (mm) | dsypy (mm)  dsep (mm)  dgpg (Mm)  Sggpe (Mm) A pa (M) S ponenr (Mm)
3.5 3.51 2.63 8.36 1.15 3.33 1.67
4.8 4.73 3.50 10.02 1.45 4.00 0.25
5.5 5.38 4.04 10.55 1.65 4.48 1.63

3.2.4.1 Tensile and shear tests on screws

Tensile screw tests were performed using an 150 kN Instron 5984 hydraulic testing
machine; the screws were held in the specifically designed jig shown in Figure 3.17. Within
the jig, the bugle head screw was free to rotate in part 1 and screwed into part 2 - see
Figure 3.17. The force F' was applied under displacement control at a constant rate of 0.25
mm/min, while data were collected using the Bluehill data acquisition system at one second

intervals.

Screw

Jig part 1 Jig part 2

Figure 3.17: Jig for tensile testing of screw connectors
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Double shear screw tests were performed using an 150 kN Instron 5984 testing machine
by means of the setup shown in Figure 3.18, where tension was maintained throughout
testing to avoid any movement/slippage of the screw during loading. The force F' at each
shear plane was applied using displacement control at a constant rate of 0.25 mm/min; the

Bluehill data acquisition system was employed to collect data at one second intervals.

Screw

2F <—

Figure 3.18: Test setup for double-shear tests on screw connectors, applying force F' at each shear

plane

3.2.4.2 Results of tensile and shear tests on screws

Three tensile tests and three double shear tests were performed for each of the three
different screws; the results are summarised in Tables 3.8 and 3.9 respectively, where F,, g
is the ultimate tensile resistance and Fj, , is the ultimate shear resistance. The ultimate

tensile stresses f, s can be calculated using Equation 3.1.

Fu,s

fu,s = 7T(d573h2/4)

(3.1)

Table 3.8: Results of tensile tests on screws

F,.s (kN) for three screw diameters:

Test number 3.5 mm 4.8 mm 5.5 mm
Test 1 5.92 9.72 10.19
Test 2 6.36 8.90 11.09
Test 3 6.08 8.86 11.20
Average 6.12 9.16 10.83
COoV 0.04 0.05 0.05
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3.3 Pull-through behaviour of sheathing-to-steel screws

Table 3.9: Results of shear tests on screws

Fy» (kN) for three screw diameters:

Test number 3.5 mm 4.8 mm 5.5 mm
Test 1 3.64 5.12 6.45
Test 2 3.37 4.95 5.95
Test 3 3.49 5.38 5.99
Average 3.50 5.15 6.13
COV 0.04 0.04 0.05

The experimental ultimate shear resistances F, , reported in Table 3.9 were found to be
within 3% of the shear resistance values calculated from Equation 3.2 using the measured

ultimate tensile stresses f, s and screw shank diameters d; s.

2
ds,sh fu,s

Foo—
up = T 4 \/g

3.3 Pull-through behaviour of sheathing-to-steel screws

Although pull-through tests have featured in some studies (Peterman & Schafer 2014,
Selvaraj & Madhavan 2019d), this failure mode in isolation has not been extensively in-
vestigated in the literature. Hence, a series of pull-through tests are presented herein. The
resistance of the examined connectors depends on the combined effect of the connector head
bearing into the surface of the board and the screw threads interacting with the board

material.

In total, 25 pull-through tests, covering five different cases, were carried out; the relevant
details are given in Table 3.10. The specimen identification system starts with the letters PT,
followed by the nominal diameter of the screw connector (x10) in mm, then the number of
layers of board and finally a letter corresponding to the board type (with P for plasterboard
and O for OSB). It should be mentioned that the use of double layer plasterboards is common

practice to provide increased fire resistance.
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3.3 Pull-through behaviour of sheathing-to-steel screws

Table 3.10: Details of pull-through test specimens

Designation Screw diameter No. of boards Individual layer thickness Board material No. of tests

(mm) (mm)
PT-35-1P 3.5 1 12.5 Plasterboard 5
PT-35-2P 3.5 2 12.5 Plasterboard 5
PT-55-1P 5.5 1 12.5 Plasterboard 5
PT-55-2P 5.5 2 12.5 Plasterboard 5
PT-48-10 4.8 1 11.0 OSB 5
Total: 25

3.3.1 Pull-through tests

Pull-through testing specifications for timber based materials, such as OSB, and plas-
terboard, are provided in EN 1383 (2016) and EN 14566:2008-+A1 (2009) respectively. Al-
though both procedures are similar, for consistency, testing was performed in accordance
with the provisions of EN 1383 (2016) for all tests, using the setup shown in Figures 3.19

and 3.20. The board specimens were cut in squares of 100x 100 mm. Each screw was driven

I 100 mm ‘| Double board

Load /2

3 mm thick
steel plate

Board
(1 or 2 layers)

Screw clamp

Loading clamp

Figure 3.19: Schematic illustration of pull-through test arrangement
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3.3 Pull-through behaviour of sheathing-to-steel screws

vertically through the middle of the board (or two boards) with its head finishing flush to
the board surface - see Figure 3.19. The screws were then pulled through the board via
a circular hole of 60 mm diameter at the base of a steel box by means of a screw clamp
and loading clamp, as shown in Figure 3.20. Load was applied in displacement control at
a constant rate of 0.25 mm/min using an 150 kN Instron 5984 testing machine. Data were

acquired using the Bluehill software system at one second intervals.

Tensile loading jack

Steel box with circular
hole at bottom

Mount for LVDTs
LVDTs

Specimen with screw

LVDT on screw LVDT on board

Figure 3.20: Pull-through test setup: (a) overall arrangement, (b) employed instrumentation and (c)

bottom view
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3.3 Pull-through behaviour of sheathing-to-steel screws

To capture the net embedment d,; of the screw into the board, two measurements of
displacement were taken: the vertical deflection of the board adjacent to the screw and the
vertical displacement of the screw itself - see Figure 3.20 (b). The net embedment of the
screw Oy, as indicated in Figure 3.19, was determined by subtracting the deflection of the
board from that of the screw. The load-displacement curves from the two LVDTs for a
typical case are shown in Figure 3.21 (a), while the corresponding calculated embedment

of the screw 6y, is shown in Figure 3.21 (b). The results for all tests are presented in the

following section.

0.5

0.4

Load (kN)

0.2

0.1 4 - LVDT on board
] —LVDT on screw

0.0 7 . . . .
0.0 0.2 0.4 0.6 0.8 1.0

Displacement (mm)

(a)

F-bt------- — = ~Lu,pt

I O~4E1Apt

\ oA : 51Apt
T

0.2 0.4 0.6 0.8 1.0
61)t (mm)

(b)

©
o =

Figure 3.21: Load-displacement curves from pull-through tests (a) from two LVDTs (one on screw
and one on adjacent board) and (b) showing the net embedment §,; and key properties, where F, p; is

the ultimate pull-through resistance, d,, ,; is the corresponding displacement and K, 49 is the secant

stiffness at 0.4F, ,¢
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3.3 Pull-through behaviour of sheathing-to-steel screws

3.3.2 Results of pull-through tests

For all specimens, testing was continued until failure was clearly marked by a substantial
drop in load. For the plasterboard specimens, failure occurred suddenly in the manner
shown in Figure 3.22. The OSB specimens exhibited a more gradual decrease in load post
peak; testing was ended after the load had decreased by at least 20% relative to the peak.
Load-net embedment curves, where net embedment ¢,; is defined in Figure 3.21 (b), are
given for the single board specimens in Figure 3.23 and for the double board specimens
in Figure 3.24. Note that in Figure 3.23, for clarity, graphs are provided for each test on
two separate horizontal scales. For the double layer test specimens, a third graph is also
provided in Figure 3.24 up to a net embedment of 8 mm to include the second peak in the

load-displacement curves, which was found to be a feature of the double board specimens.

(b) (c)

Figure 3.22: Failure of plasterboard pull-through specimens: (a) top view, embedded screw (b)

bottom view of board failing (c) rupture of the underside of plasterboard forming a conical surface

The load-displacement profile of the curves shown in Figure 3.23 for the 3.5 mm and the
5.5 mm diameter screw specimens are distinctively different in shape, with the 3.5 mm screw
specimens exhibiting a more rounded and ductile response. This behaviour is attributed to
the shape of the underside of the head of the screws, which is flatter in the case of the
3.5 mm diameter screws resulting in delayed cutting of the paper at the board surface and

hence improved ductility.

A similar profile can be observed for the initial stage of the load-displacement curves
of the double board specimens, shown in Figure 3.24, since the same screw types as those

used in the respective single board arrangements were employed. Hence, doubling the board
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Figure 3.23: Single board pull-through load-displacement curves for (a) PT-35-1P, (b) PT-55-1P and
(¢) PT-48-10 on a horizontal scale up to 2 mm (al, bl, c1) and up to 0.5 mm (a2, b2, c2)

layers does not significantly affect the initial behaviour because the dominant effect of the
shape of the screw head in the early stages of loading remains the same. The first peak
in capacity and the initial stiffness of the double board specimens, when compared to their
single board equivalents, are shown to be 20-30% and 60-70% higher, respectively, due to
the extra screw thread length engaged in the second layer of plasterboard. A characteristic

of the two board specimens are the two peaks shown in Figure 3.24 (al) and (a2). For
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3.3 Pull-through behaviour of sheathing-to-steel screws

the 3.5 mm screws, the two peaks are more distinct with a decrease in load of about 20%

between them, while for the 5.5 mm screws, the profile of the load-displacement is flatter.

The displacement d,; at which the second peaks occurred is around 6 mm, which corresponds

approximately to the mid-depth of the first board.

1.0 1.0
0.8 0.8
:ZE 0.6 :ZE 0.6
3 3
S 04 S 04 —PT-55-2P-1
w PT-55-2P-2
0.2 0.2 ---PT-55-2P-3
--PT-55-2P-4
. ---PT-55-2P-5
0.0 . . . . . . . 0.0 . . . . : : !
00 1.0 20 30 40 50 6.0 7.0 80 00 10 20 30 40 50 6.0 7.0 8.0
5[1/, (mm) 6[1/, (mm)
(al) (b1)
0.8 0.8
0.7 0.7 4
0.6 0.6 4
= 0.5 = 0.5 1 F
5 04 < 04
S 03 S 0.3 —PT-55-2P-1
------- PT-55-2P-2
0.2 0.2 ---PT-55-2P-3
0.1 0.1 | --PT-55-2P-4
---PT-55-2P-5
0.0 : : : : : : : : | 0.0 : : : . . . . . .
00 02 04 06 08 1.0 1.2 14 1.6 1.8 2.0 00 02 04 06 08 1.0 1.2 14 16 1.8 20
0yt (nm) Jp (mm)
(a2) (b2)
0.8 0.8
0.7 4 0.7
0.6 0.6
Z 0.5 Z 0.5 4
= 044 2 = 04| £ S
2 0.3 4 _,::_ e S 0.3 4 _ _55-2P-
= = ) o PT-55-2P-2
0.2 1 -—-PT-35-2P-3 0.2 4k ---PT-55-2P-3
0.1 - --PT-35-2P-4 0.1 - --PT-55-2P-4
0.0 : : - PI-35-2P5 0.0 : : = PT-55-2P-5
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
0y (mm) Oyt (mm)
(a3) (b3)

Figure 3.24: Two layer board pull-through load-displacement curves for (a) PT-35-2P and (b) PT-
55-2P on a horizontal scale up to 8 mm (al, bl), up to 2 mm (a2, b2) and up to 0.5 mm (a3,

b3)

The OSB pull-through load displacements curves are shown in Figures 3.23 (cl) and
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3.3 Pull-through behaviour of sheathing-to-steel screws

(c2), where a smooth profile can be observed both before and after the peak capacity.
This is attributed to the screw being pulled through a relatively homogeneous timber-based
material, unlike in the plasterboard arrangement where the gypsum core and outer surface

paper layers have very different properties.

The key measured properties, as defined in Figure 3.21 (b), are tabulated for the single

and double board specimens in Tables 3.11 and 3.12 respectively. These properties include

Table 3.11: Experimental results from pull-through tests with single boards

Designation K, 40 (kN/mm) F,p (KN)  ype (mm)  Fypro8 (KN) 6y pr08 (mm)

PT-35-1P-1 9.49 0.47 0.31 0.38 0.37
PT-35-1P-2 10.0 0.45 0.40 0.36 0.44
PT-35-1P-3 12.6 0.47 0.22 0.38 0.43
PT-35-1P-4 11.0 0.50 0.34 0.40 0.37
PT-35-1P-5 9.26 0.49 0.38 0.40 0.44
Average 10.5 0.48 0.33 0.38 0.41
(6{0)Y) 0.13 0.05 0.21 0.05 0.09
PT-55-1P-1 13.4 0.54 0.10 0.43 0.16
PT-55-1P-2 15.8 0.46 0.07 0.37 0.11
PT-55-1P-3 11.9 0.50 0.17 0.40 0.24
PT-55-1P-4 13.3 0.46 0.11 0.37 0.16
PT-55-1P-5 16.9 0.52 0.17 0.42 0.22
Average 14.2 0.50 0.12 0.40 0.18
Ccov 0.14 0.07 0.33 0.07 0.29
PT-48-10-1 17.9 1.39 0.42 1.12 2.08
PT-48-10-2 17.5 1.40 0.56 1.12 2.32
PT-48-10-3 18.8 1.47 0.55 1.18 2.42
PT-48-10-4 19.4 1.62 0.74 1.29 2.46
PT-48-10-5 18.9 1.29 0.41 1.03 2.71
Average 18.5 1.44 0.54 1.15 2.40
Ccov 0.04 0.08 0.25 0.08 0.10

the peak capacity F), ,:, the displacement at the peak capacity d, ,; and the secant stiffness
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3.3 Pull-through behaviour of sheathing-to-steel screws

K, 40, calculated by dividing the load at 40% of F), ;¢ by the corresponding displacement, as
shown in Figure 3.21 (b). For the specimens comprising two boards, the peak capacity and
corresponding displacement at the second peak are denoted by F), ;¢ 2 and d,, ¢,2 respectively.
Finally, the post peak properties F}, pi,0.8 and 9, p¢,0.8 are also provided, where F, ,; 0.8 is the
load at 80% of Fy, p and 0y, 0.8 is the corresponding displacement. For the tests with the 5.5
mm screws and two boards, since the load did not decrease as low as F, pt,0.8 between F,
and F 12, Fyupi,08 was taken as the lowest point between the two peaks and d,, p¢,0.8 as the
corresponding measured displacement. A summary of the average measured key properties

is provided by Table 3.13.

Table 3.12: Experimental results from pull-through tests with two layers of board

Ko 40 Fupt  Oupt  Fuptos Oupt08 Fupt2 Oupt2
(kN/mm) (kN) (mm) (kN) (mm)  (kN) (mm)

PT-35-2P-1 14.0 0.74 0.92 0.59 1.83 0.76 4.81
PT-35-2P-2 17.7 0.65 0.80 0.52 2.05 0.74 5.77
PT-35-2P-3 15.6 0.73  0.90 0.58 1.65 0.79 7.24
PT-35-2P-4 17.1 0.66  0.86 0.53 2.30 0.76 7.42
PT-35-2P-5 17.9 0.69 0.98 0.55 2.29 0.74 6.90

Designation

Average 16.5 0.69 0.89 0.55 2.03 0.76 6.43
COVv 0.10 0.06 0.08 0.06 0.14 0.03 0.17

PT-55-2P-1 31.1 0.66 1.24 0.61%* 1.91* 0.91 5.43
PT-55-2P-2 184 059 1.42 0.56* 1.94% 0.89 5.63
PT-55-2P-3 27.6 0.63 1.42 0.61* 1.81%* 0.78 3.90
PT-55-2P-4 29.5 0.65 1.28 0.60* 2.16* 0.85 5.09
PT-55-2P-5 21.4 0.67 1.70 0.65* 1.84%* 0.90 4.75
Average 25.6 0.64 1.41 0.61 1.93 0.86 4.96
cov 0.21 0.05 0.13 0.05 0.07 0.06 0.14

*Load did not drop to 80% of Fy pi; Fupt0.8 taken as lowest point between

the first and second peaks
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3.4 Shear behaviour of sheathing-to-steel screw connectors

Table 3.13: Average measured results from pull-through tests

. . Ko740 Fu,pt 5u7pt Fu7pt,0.8 6u,pt,0.8 Fu7pt,2 5u,pt72
Designation
(kN/mm) (kN) (mm) (kN) (mm)  (kN) (mm)
PT-35-1P 10.5 0.48 0.33 0.38 0.41 - -
PT-35-2P 16.5 0.69  0.89 0.55 2.03 0.76 6.43
PT-55-1P 14.2 0.50 0.12 0.40 0.18 - -
PT-55-2P 25.6 0.64 1.41 0.61% 1.93* 0.86 4.96
PT-48-10 18.5 1.44  0.54 1.15 2.40 - -

*Load did not drop to 80% of F, pt; Fupt0.8 taken as lowest point between

the first and second peaks

3.4 Shear behaviour of sheathing-to-steel screw connectors

The principal action resisted by fixings connecting two elements and resisting relative
slip between them is shear. Hence, the shear behaviour of an individual connection between
two elements (the sheathing and the steel in the present context) is characterised by its load-
slip response. A procedure to determine the shear behaviour and strength of a connection
between plasterboard and timber is provided in EN 520 (2009) - see Figure 3.25 (a). This
test procedure was adapted by Fiorino et al. (2017) where, instead of timber members, two
cold-formed steel sections were used, with the plasterboard screwed to the opposite flanges
of the cold-formed steel profiles. Similar test setups with plasterboard connected to both
sides of cold-formed steel members were employed by Serrette et al. (1997), Peterman et al.
(2014), Vieira & Schafer (2009) and Ye et al. (2016), while test arrangements with a single
board and flat cold-formed steel plates were reported by Chen et al. (2016). According to EN
1994-1-1 (2004), push-out tests are the standard means for determining the shear behaviour
and capacity of connectors in composite construction - see Figure 3.25 (b). Therefore,
several researchers have adopted this approach to determine the shear behaviour of fasteners
connecting cold-formed steel sections and various types of boards, including plasterboards
(Stergiopoulos et al. 2019), timber based boards (Kyvelou et al. 20175, Vella et al. 2020)

and cement based boards (Abu-Hamd 2019). The latter approach is considered to be more
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3.4 Shear behaviour of sheathing-to-steel screw connectors

representative of how a typical stud column is loaded in practice, and is therefore employed

herein.
Load
- = —
] A B = —
Load

(a) (b)

Figure 3.25: Standard tests for measuring the shear behaviour of a connector between two elements:
(a) pull-test in EN 520 (2009) and (b) push-test in EN 1994-1-1 (2004)

In total, 18 push-out tests were performed with the varied parameters being the screw
size, the number of plasterboard layers and the steel thickness in order to investigate their
influence on the load-slip behaviour in shear. Details of the six investigated combinations
of tests parameters are provided in Table 3.14; three repeat specimens were tested for each

combination. The adopted labelling system for the test specimens begins with the letters PO

Table 3.14: Combinations of parameters investigated in push-out tests

Designation  Screw diameter (mm) No. of boards Steel thickness (mm) No. of tests

PO-35-1P-12 3.5 1 1.2 3
PO-35-2P-12 3.5 2 1.2 3
PO-35-1P-20 3.5 1 2.0 3
PO-35-2P-20 3.5 2 2.0 3
PO-55-1P-12 5.5 1 1.2 3
PO-55-2P-20 5.5 2 2.0 3

Total: 18

for push-out tests, followed by the nominal diameter of the screw in mm multiplied by ten,

then by 1P or 2P for single or double plasterboard layers respectively and finally by the
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3.4 Shear behaviour of sheathing-to-steel screw connectors

nominal thickness of the steel section in mm multiplied by ten. The key characteristics of

the steel, plasterboard and screws are as provided in Section 3.2.

3.4.1 Push-out tests

Schematic views of the employed push-out test setup are shown in Figure 3.26. The
test specimens consisted of two back-to-back 400 mm long cold-formed steel lipped channel
sections of 150 mm depth and 44 mm width, with square 400 x 400 mm boards connected
to their flanges. Single or double layers of plasterboard were connected to the steel sections

with four screws.

Loading was applied to the push-out specimens by a 750 kN Instron hydraulic testing
machine in the arrangement shown in Figures 3.26 and 3.27. The specimens were loaded
under displacement control at a constant displacement rate of 0.25 mm/min. The slip dp,
between the steel section and the boards, illustrated in Figure 3.26, was measured using
four LVDTs, as shown in Figure 3.28 (b); the LVDTs were mounted on the steel section and
recorded the slip between steel and the inside surface of the boards, as shown in Figure 3.27,
to eliminate any additional displacement from the potential crushing of the plasterboard

edges under the compression load.

Load and slip were recorded at one second intervals using the DATASCAN acquisition
system. Load-slip measurements were reported after averaging the four LVDT displace-
ment readings and after dividing the force recorded from the hydraulic actuator by eight to

calculate the load per screw.

3.4.2 Results of push-out tests

All tests were carried out until failure or until the recorded slip exceeded three times
the diameter of the screw fixing. Typical failure modes are shown in Figure 3.29. For the
single board arrangements, the main failure mode observed was bearing of the screw into
the board and tilting of the screw. For the double board arrangements, the failure modes

also featured bearing and tilting, but this was accompanied in some cases by pull-through
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Load
Loading jack
o Loading plate
- Shimming plates
] > Cold-formed steel section
75
Plasterboards
(one or two layers)
200
TN _ Self-driving screw
75 N~
Before and after loading
50 % Y
e — —
156
44

% 29
292
44

156

150

Figure 3.26: Schematic views of push-out test arrangement in elevation and from above. All dimen-

sions are given in mm.
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LVDT

Support for LVDT end
on plasterboard

Figure 3.27: Experimental arrangement for push-out tests

Figure 3.28: (a) Overview and (b) top view of push-out test specimens

and screw bending; screw shear failure occurred for the specimens featuring the smaller
diameter (3.5 mm) screws in the thicker steel section (2 mm). On the back surface of the
plasterboards, the weaker paper was torn as the screw tilted downwards, as shown in Figure

3.29 (c).

The measured load-slip (d,,) responses per connector are given in Figure 3.30 for the
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3.4 Shear behaviour of sheathing-to-steel screw connectors

Figure 3.29: Tllustration of key aspects of failure modes (a) pull-through of screw for double board
specimens, (b) bearing and tilting of screw for single board specimens and (c) typical failure surface
on the back of the plasterboard

single board specimens and in Figure 3.31 for the double board specimens. For each set of
tests, two graphs are given — one up to a slip of 16 mm, to show the overall response to the
end of the test and a second up to a slip of 2 mm to enable the initial part of the load-slip
profile to be seen more clearly. As expected, the shape of the load-slip response for all
specimens with one layer of plasterboard is consistent since all the screws failed in a similar
manner by tilting and bearing into the plasterboard. Higher capacities were achieved with
the use of the 5.5 mm screws, compared to the conventional 3.5 mm ones, which is expected

due to the larger contact area between the screw and the board.
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Figure 3.30: Single layer plasterboard push-out load-slip responses, averaged per screw, for (a) PO-
35-1P-12, (b) PO-35-1P-20 and (c) PO-55-1P-12 over a horizontal scale up to 16 mm (al, bl, c1)

and up to 2.0 mm (a2, b2, c3)
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Figure 3.31: Double layer plasterboard push-out load-slip responses, averaged per screw, for (a)
PO-35-2P-12, (b) PO-35-2P-20 and (c¢) PO-55-2P-20 over a horizontal scale up to 16 mm (al, bl,

cl) and up to 2.0 mm (a2, b2, c3)

The key measured properties from the push-out tests are tabulated for the single and

double layer board specimens in Tables 3.15 and 3.16 respectively, where F, p, is the ultimate

shear capacity per screw, 4, p, is the displacement at the ultimate capacity, K, is the initial

stiffness calculated using Equation (3.3) and K, 49 is the secant stiffness measured at 40%

128



3.4 Shear behaviour of sheathing-to-steel screw connectors

of Fy po-

1 n
K, =~ <§ K) while K, > 0.75K,, (3.3)
n
=1

K, is the the average value of the secant stiffnesses calculated between the points at 0.1F%, p,
and either 0.4F), p, or up to the point where the calculated stiffness is no less than 75% of
the stiffness calculated at 0.1F, p, (with K,; being the secant stiffness corresponding to
point 7). The K, 49 stiffness is typically reported in the literature (Peterman et al. 2014,
Fiorino et al. 2017) and therefore represents a useful reference value, while K, provides a
more accurate representation of the initial stiffness, particularly when there is high degree
of nonlinearity in the early stages of the load-slip response. Calculation of F, ;,, 0y po and

K, for typical load-slip curves per connector in shear are illustrated in Figure 3.32.

F]‘)o
F’ll,pU
0.4F, o |7 K, ,>0.75K,,
oy
0.1F R
U, PO ](;’1
K, |
0, 5})0

U, PO

Figure 3.32: Typical load-slip curve per connector in shear and calculation detail for the initial
stiffness K,

A summary of the average measured properties from the push-out tests, along with the
observed failure modes, is provided in Table 3.17. The failure modes are also illustrated in
Figure 3.33. A combined failure mode is indicated by the + sign while progress to additional
modes is indicated by the — sign. Higher capacities are observed when two boards are used,
while thicker steel reduced tilting and increased bearing along the whole length of the screw
in contact with board resulting in higher initial stiffness. A 180% increase in F,,, was
achieved by increasing the diameter of the screw from 3.5 mm to 5.5 mm, increasing the
number of layers of plasterboard from one to two and thickening the cold-formed steel section

from 1.2 mm to 2.0 mm. It is important to note that the 5.5 mm screws are not designed
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3.4 Shear behaviour of sheathing-to-steel screw connectors

for use with plasterboards and therefore, their head shape is not ideal; a flatter head would

have led to further improvements in performance, as demonstrated with the pull-through

tests in Section 3.3.

Table 3.15: Measured results from push-out tests on single board specimens

Designation K, (kN/mm) K,40 (kN/mm) F,p, (KN) 6y po (mm)
PO-35-1P-12-1 1.11 0.78 0.51 10.3
PO-35-1P-12-2 1.19 0.75 0.48 9.97
PO-35-1P-12-3 1.13 0.80 0.47 10.7
Average 1.14 0.77 0.49 10.3
Ccov 0.04 0.03 0.04 0.04
PO-35-1P-20-1 3.51 0.90 0.54 12.7
PO-35-1P-20-2 3.11 0.95 0.53 8.35
PO-35-1P-20-3 3.35 1.03 0.55 11.0
Average 3.32 0.96 0.54 10.7
Cov 0.06 0.07 0.01 0.20
PO-55-1P-12-1 1.03 0.84 0.58 5.10
PO-55-1P-12-2 1.10 0.80 0.59 6.33
PO-55-1P-12-3 0.99 0.80 0.61 5.02
Average 1.04 0.81 0.59 5.48
Cov 0.05 0.03 0.02 0.13

(a)

(b)

o

()

g

(d)

(e)

(f)

Figure 3.33: Illustrations of the observed failure modes for (a) PO-35-1P-12, (b) PO-35-2P-12, (c)
PO-35-1P-20, (d) PO-35-2P-20, (e) PO-55-1P-12 and (f) PO-55-2P-20 specimens
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3.4 Shear behaviour of sheathing-to-steel screw connectors

Table 3.16: Measured results from push-out tests on double board specimens

Designation K, (kN/mm) K,40 (kN/mm) F, o (kN) 8y po (mm)

PO-35-2P-12-1 2.88 0.45 0.81 11.9
PO-35-2P-12-2 1.79 0.39 0.87 11.4
PO-35-2P-12-3 2.11 0.40 0.90 12.0
Average 2.26 0.41 0.86 11.8
COV 0.25 0.08 0.05 0.03
PO-35-2P-20-1 091 0.46 0.67 4.72
PO-35-2P-20-2 0.89 0.47 0.75 6.02
PO-35-2P-20-3 1.22 0.47 0.75 5.45
Average 1.00 0.47 0.72 5.40
COV 0.18 0.02 0.06 0.12
PO-55-2P-20-1 0.50 0.48 1.38 12.0
PO-55-2P-20-2 0.57 0.49 1.42 11.7
PO-55-2P-20-3 0.53 0.51 1.36 11.2
Average 0.54 0.49 1.38 11.6
COV 0.06 0.02 0.02 0.03

Table 3.17: Average measured results from push-out tests

Designation K, Ko.40 Fupo  Oupo Failure mode
(KN/mm) (N/mm) (kN)  (mm)

PO-35-1P-12 1.14 0.77 0.49 10.3 T+ B
PO-35-2P-12 2.26 0.41 0.86 11.8 T+PT—-M
PO-35-1P-20 3.32 0.96 0.54 10.7 T+ B
PO-35-2P-20 1.34 0.47 0.72 540 T+PT —-M—>S
PO-55-1P-12 1.04 0.81 0.59 548 T+ B
PO-55-2P-20 0.54 0.49 1.38 11.6 T+PT—->M

T = tilting; B = bearing; PT = pull-through; M = bending of screw; S = shear failure of screw
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3.5 Assemblage of experimental database

3.5 Assemblage of experimental database

Experimental data from the literature, to complement those reported herein, have been
collected. The combined dataset are utilised for the development and assessment of pre-
dictive models in Chapter 4. Data from material tests on cold-formed steel have not been
collected since a detailed review and development of a predictive model for the description
of stress-strain curves for cold-formed steels has been recently performed by Gardner & Yun
(2018), where more than 700 experimental stress-strain curves were collected and analysed.
Similarly, in the work by Yun & Gardner (2017), more than 500 stress-strain curves for hot-
rolled steel were assessed and predictive models were developed. Also, no data were found in
the literature for the individual mode of screw pull-through in plasterboard or OSB. Data
collection was therefore focused on plasterboard and OSB material and the behaviour of

screw connectors in shear.

3.5.1 Data on material behaviour

3.5.1.1 Plasterboard

A summary of the experimental data on the material properties of standard type plas-
terboard, both from the the current study and collected from the literature is presented in
Table 3.18, along with the number of tests from each source. The average material proper-
ties are provided in the Table 3.18, while the individual stress-strain curves are examined

in Chapter 4. The employed notation is as defined in Section 3.2.2.

In the experimental studies reported by Petrone et al. (2016), tests were performed
on five different types of plasterboard, two of which are considered to be standard and
have hence been included in Table 3.18. Three tensile coupons of 12.5 mm and 15.0 mm
thick standard plasterboard tested in the longitudinal direction were reported by Selvaraj
& Madhavan (2019b) as part of an experimental investigation on stud walls. For all the
gathered experimental data, full stress-strains curves were provided and are examined in

Chapter 4.
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Table 3.18: Summary of key average material properties from the present study and the literature on standard plasterboard

Tension Compression
Source Thickness Density No. of E fu euw No. of E fu Eu  Eu08
(mm) (kg/m3)  tests (MPa) (MPa) (%) tests (MPa) (MPa) (%) (%)

€eT

Longitudinal

Present study 12.5 665 ) 1650 1.45 0.61 4 2110 3.81 0.23 0.37
Petrone et al. (2016) 12.5 720 15 1940 1.86 098 14 2470 3.28 0.19 0.36
Petrone et al. (2016) 18.0 862 16 4630 1.56 0.74 16 3310 548 0.22 0.28
Selvaraj & Madhavan (2019b) 12.5 NR 3 2100 1.29  0.96 - - - - -
Selvaraj & Madhavan (2019b) 15.0 NR 3 2270 1.40  0.90 - - - - -
Transverse

Present study 12.5 665 ) 1670 0.67 0.38 4 2130 3.33 0.23 042
Petrone et al. (2016) 12.5 720 16 1540 0.80  0.45 16 2130 3.02 030 0.65
Petrone et al. (2016) 18.0 862 15 3900 0.68  0.20 15 3080 494 022 0.31

NR = not reported

aseqejep [ejuswiliadxa jJo aSe[quiassy G'¢




3.5 Assemblage of experimental database

3.5.1.2 OSB

A summary of key material properties of OSB, gathered from the current study and the
literature (Chen & He 2017, Plenzler et al. 2017, Zhu et al. 2005), are presented in Table
3.19. The number of tests and average properties from each source are reported along with
the number (in brackets) of the available full stress-strain (o-¢) curves, which are examined
individually in Chapter 4. A database of 120 stress-strain curves for 9.5 mm thick OSB is
reported by Chen & He (2017) for specimens tested both in tension and compression, cut at
0°, 45° and 90° to the direction of production of the board. Tests along these three directions
were also performed in tension only by Plenzler et al. (2017) and in both compression and
tension by Zhu et al. (2005). In the work by Plenzler et al. (2017), no stress-strain curves
are provided, but the mean values of Young’s modulus and strength are reported for the
core and outer surfaces of an 18 mm thick type 3 OSB (OSB/3); the properties reported
in Table 3.19 are those of the outer surfaces. Similarly, average properties are reported by
Zhu et al. (2005), with only two stress-strain curves provided as typical examples in the

longitudinal direction, both for tension and compression.

Characteristic values of key design properties such as density, Young’s modulus and
ultimate strengths in bending, compression and tension, both parallel and perpendicular to
the direction of production of the board, for thicknesses of less than 25 mm are provided in
EN 12369-1 (2001). In Table 3.19 the relevant properties for OSB/3, for thicknesses between
10 mm and 18 mm are provided for comparison with the the results of this study and the

data gathered from the literature.

The results of the current study in tension are generally consistent with those reported
in the literature, whereas in compression, the obtained values of strength are approximately
5-15% lower than the results from the literature. The tensile strength in the longitudinal
direction given in EN 12369-1 (2001) is approximately 20% lower compared to the results
from the current study and literature. On the other hand, the compressive strength reported
in EN 12369-1 (2001) is approximately 10% higher compared to the data reported in the
literature and 20-25% higher compared to the results of this study, both for the longitudinal

and transverse load directions.
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Table 3.19: Summary of key average material properties from the present study and the literature on OSB

Tension Compression

Source Thickness Density No. of tests E fu euw  No. of tests FE fu Eu  Eu08

(mm) (kg/m?®) (o-e curves) (MPa) (MPa) (%) (o-ecurves) (MPa) (MPa) (%) (%)
Longitudinal
Present study 11 590 5 (5) 4100 11.7  0.37 4 (4) 4020 121 040 0.54
Chen & He (2017) 9.5 580 20 (20) 3160 12.1  0.38 20 (20) 3250 13.6  0.55 0.65
Plenzler et al. (2017) 18 594 5 (NR) 5150 11.2 NR - - - - -
Zhu et al. (2005) 9 575 8 (1) 3770 11.9  0.39 5 (1) 3650 141 0.58 0.78
EN 12369-1 (2001) 10-18 550 NR 3800 9.4 NR NR 3800 154 NR NR
Transverse
Present study 11 590 5 (5) 2940 7.01 037 4 (4) 2780 10.7  0.50 0.66
Chen & He (2017) 9.5 580 20 (20) 2330 9.7  0.42 20 (20) 2490 11.3  0.61 0.70
Plenzler et al. (2017) 18 594 5 (NR) 3720 6.15 NR - - - - -
Zhu et al. (2005) 9 575 8 (NR) 2560 7.55  0.29 5 (NR) 2770 126 NR NR
EN 12369-1 (2001) 10-18 550 NR 3000 7.0 NR NR 3000 127  NR NR
at 45°
Chen & He (2017) 9.5 580 20 (20) 2760 10.9  0.39 20 (20) 2770 125 0.57 0.66
Plenzler et al. (2017) 18 594 5 (NR) 4850 584 NR - - - - -
Zhu et al. (2005) 9 575 8 (NR) 3170 9.14 0.29 5 (NR) 3100 139 NR NR

NR = not reported
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3.5 Assemblage of experimental database

3.5.2 Shear behaviour

Test data on the shear behaviour of screws connecting boards to cold-formed steel have
been collected from the literature based on the following three conditions. Firstly, only
standard plasterboard and OSB were considered. Secondly, tests in which the screws were
located near to the edge or end of the board, leading to the board breaking away (Fiorino
et al. 2017, Serrette et al. 1997, Swensen et al. 2015, Vieira & Schafer 2009, Chen et al.
2016, Ye et al. 2016), were ignored; all other failure modes were considered. Finally, data

obtained from both push and pull tests were considered but only under monotonic loading.

A summary of the key details and average results from the shear behaviour tests fea-
turing screwed connections between cold-formed steel and plasterboard or oriented strand
board collected from the literature (Serrette et al. 1997, Peterman et al. 2014, Fiorino et al.
2007, Vieira & Schafer 2009, Chen et al. 2016, Ye et al. 2016, Stergiopoulos et al. 2019) is
presented in Table 3.20, along with the results of the current study. The data from a total
of 51 tests on plasterboard specimens from seven different sources and 42 tests on OSB spe-
cimens from five different sources were collected. Full load-displacement (F-0) curves were
available for 42 of the plasterboard tests and 24 of the OSB tests, which allowed calculation
of properties such as the initial stiffness K, (as described in Section 3.4.2) and the analysis
of the form of the response, as examined in Chapter 4. For each group of tests, along with
the number of test data from each source and the average measured properties (Fy po, dupos
K, 40 and K,), key details for each group of tests are provided, such as the diameter of the
screws and the thicknesses of the steel sections and boards. The observed failure modes are

also provided.

Some comments on the data collection follow. The pull tests performed by Peterman
et al. (2014) and Vieira & Schafer (2009) with connectors spaced at different distances apart
were grouped together since the variation in spacing between the connectors did not have
a strong effect on the results, while the tests performed by Vieira & Schafer (2009) with
overdriven screws and those that examined the influence of the humidity content of the board

were excluded. For the tests reported by Chen et al. (2016), only the room temperature
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3.5 Assemblage of experimental database

specimens, and not those subjected to elevated temperatures were considered.

Regarding the observed modes of failure, for tests comprising a single layer plasterboard,
the main failure mode was tilting of the screws and subsequent bearing into the material.
On the other hand, for the OSB test specimens, bending of the screws was shown to be the
principal mode of failure after some initial tilting and bearing into the material. Tilting
of the screws generally arises in specimens with weaker and thinner board material while
screw bending occurs when the board is sufficiently strong or thick to restrict tilting and
hence enforce flexure of the screws. The thickness of the steel also plays a role, with thicker
material restricting tilting of the screws (Vella et al. 2020). For the groups of tests in the
current study employing two layers of plasterboard, screw bending was dominant. Pull-
through usually developed eventually in all cases, following the types of failure mentioned

above, for both the plasterboard and OSB specimens.

As described in Section 3.4.2, the test specimens with two layers of plasterboard, 2.0 mm
thick steel and 3.5 mm screws all featured failure of the screws in shear. Peterman et al.
(2014) reported similar shear failures of the screws in specimens with 4.8 mm diameter
screws connecting OSB material to 2.46 mm thick steel. In both studies (i.e. the present
study and the one by Peterman et al. (2014)), when the same tests were repeated using
thinner steel sections, the ultimate load was higher and shearing of the screw did not occur.
Although further investigation is needed to support this, it appears that when the steel is
thick enough (at least half the diameter of the screw connector) and the board is sufficiently
strong (either through material strength or thickness), shearing of the screw can occur as a

result of high shear, coupled with bending and axial tension in the screw.

From the collected data, it can be observed that the average stiffness calculated at
40% of the peak load K, 49 varies between about 0.4 and 1.8 kN/mm for the plasterboard
specimens and between about 0.6 and 1.9 kN/mm for the OSB specimens. The average
initial stiffness K, can be seen to be consistently higher than K, 49 for all test specimens,

indicating early nonlinearity of the load-displacement curves.
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Table 3.20: Summary of key average results from shear behaviour tests from the present study and the literature

Source No. of Full F-¢ Screw diameter Steel thickness Board thickness Fypo  Oupo Ko, 40 K, Failure mode
tests curves (mm) (mm) (mm) (kN)  (mm) (kN/mm) (kN/mm)
Plasterboard
Present study 3 3 3.5 1.2 12.5 049 103 0.77 1.14 T+B
3 3 3.5 1.2 2 x 125 0.86 11.8 0.41 2.26 T+ PT —-M
3 3 3.5 2.0 12.5 0.54 10.7 0.96 3.32 T+B
3 3 3.5 2.0 2 x 125 0.72  5.40 0.47 1.00 T+PT—->M-—=S
3 3 5.5 1.2 12.5 0.59  5.48 0.81 1.04 T+ B
3 3 5.5 2.0 2 x 125 1.38 116 0.49 0.54 T+ PT =M
Peterman et al. (2014) 4 4 3.5 0.84 12.7 0.51 749 0.61 0.63 T+ B+ PT
4 4 3.5 1.37 12.7 0.56  6.48 0.61 0.70 T+ B+ PT
4 4 3.5 2.46 12.7 0.48 4.19 0.74 1.03 T+ B+ PT
Fiorino et al. (2007) 6 2 3.5 1.0 12.5 0.60  4.28 1.77 2.49 T +PT
Ye et al. (2016) 6 4 4.8 0.9 12.5 0.75  3.77 0.69 0.82 T+ B
2 NR 4.8 1.2 12.5 0.79 3.5 NR NR T+ B
Chen et al. (2016) 1 1 4.2 1.00 12.5 0.72  1.35 0.99 1.07 T+ B
1 1 4.2 1.00 2 x 125 1.04 1.87 1.17 1.20 T+ B
Stergiopoulos et al. (2019) 1 NR 3.5 1.2 12.5 0.5 NR 0.54 NR T+ B+ PT
OSB
Peterman et al. (2014) 4 4 4.8 0.84 11.1 1.98  7.62 0.85 1.50 T+ M+ PT
4 4 4.8 1.37 11.1 2.16  6.73 1.52 1.95 T+ M+ PT
5 4 4.8 2.46 11.1 1.66 249 1.90 2.33 B+M+S
Fiorino et al. (2007) 16 4 4.2 1.0 9 1.69  5.60 1.05 2.26 T+ M+ PT
Vieira & Schafer (2009) 1 1 4.8 1.81 11.1 235  8.13 1.19 1.42 T+ M
Ye et al. (2016) 6 4 4.8 0.9 18 1.98 9.27 0.50 0.62 T+B+M
Serrette et al. (1997) 3 NR 3.5 0.88 11.1 1.03 NR NR NR T+ B+ M+ PT
Total: 86 59

T = tilting; B = bearing; PT = pull-through; M = bending of screw; S = shear failure of screw. NR = not reported.
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3.6 Conclusions

The ultimate capacities of the specimens with a single board and 3.5 mm screws from
the current study are generally similar to those reported in the literature by Peterman et al.
(2014), Fiorino et al. (2007), Vieira & Schafer (2009) and Stergiopoulos et al. (2019). When
two layers of plasterboard are used, increases in capacities of up to 75% over equivalent
setups with a single layer of plasterboard were found in both the present study and in the
work by Chen et al. (2016). The average ultimate capacities from the present study and the
literature for the OSB specimens are about three to four times higher than the respective
plasterboard specimens; this is attributed to the higher stiffness and strength of the OSB,
which changes the main failure mode from tilting to bending of the screw. Displacements at
the ultimate capacities 6, p, can be seen to be rather variable from the collected data. For
the plasterboard data, the shear push-out test specimens, examined in this study, exhibited
dupo values in excess of 10 mm, whereas the pull-out test specimens, the results of which
were collected from the literature (Peterman et al. 2014, Fiorino et al. 2007, Ye et al. 2016,

Chen et al. 2016), tend to exhibit lower 6, p, values, ranging between 2 - 7 mm.

3.6 Conclusions

An experimental investigation into the material response of, and interaction between,
the different components of a typical sheathed cold-formed steel wall system has been presen-
ted. A total of 103 material and component tests was performed, covering tensile tests on
cold-formed steel coupons, compressive and tensile material tests on OSB and plasterboard
coupons (extracted from both the longitudinal and transverse board directions), tensile and
shear screw connector tests and, finally, pull-through and push-out (shear) tests to examine

the behaviour of screwed steel-to-board connections.

The material tests conducted on plasterboard revealed that, although the values of
Young’s modulus and compressive strength were similar for the longitudinal and transverse
directions, the ultimate tensile stress in the longitudinal direction was substantially higher
than in the transverse direction. Also, the mechanical properties of the plasterboard material

in compression were found to be higher than in tension.
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3.6 Conclusions

The response of the OSB material was found to be influenced significantly by the direc-
tion of loading relative to the production direction of the board, with higher values of Young’s
modulus and strength measured in the longitudinal direction compared to the transverse
direction. This anisotropy is related to the orientation of the strands in the OSB, which are

generally parallel to the direction of production (i.e. the longitudinal direction).

Addressing a lack of relevant test data in the literature, a series of pull-through ex-
periments was conducted, featuring different types of screws and sheathing boards — OSB
and plasterboards, with the latter board type studied in both single and double layer ar-
rangements. The shape of the underside of the screw head was found to have a significant
influence on the pull-through response, with flatter heads resulting in delayed cutting of the
paper at the board surface and hence in improved ductility. Using two layers of plasterboard
led to average increases of 60% in stiffness and 30% in strength, when compared to a single
plasterboard layer. The specimens with the OSB sheathing reached ultimate capacities of

about three times those attained by the single layer plasterboard specimens.

To investigate the shear behaviour of screwed connections between cold-formed steel
sections and sheathing boards, push-out tests were undertaken, with the varied parameters
being the screw size, the number of board layers and the steel thickness. The shear strength
of the connection was found to increase with increasing steel thickness, screw diameter
and number of plasterboard layers. The main failure modes were screw tilting and screw
bending, with the latter mode being more prominent in the specimens with the stronger

and thicker boards.

Finally, experimental data from the literature, to complement those reported in the
present chapter, have been collected and discussed. In Chapter 4, the combined dataset is
employed for the development and assessment of analytical models to describe the observed
mechanical responses of the material and components in sheathed cold-formed steel wall

systems.
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Chapter 4

Analytical modelling of
components of sheathed

cold-formed steel wall systems

4.1 Introduction

NALYTICAL models to describe the material and connection behaviour of the key
A components of sheathed cold-formed steel wall systems are developed and assessed
in the present chapter. The experimental data generated and collected in Chapter 3 are
utilised for the calibration of the developed models. The assembled experimental database
comprises the results of more than 400 physical tests, featuring material tests on plaster-
board and oriented strand board (OSB), screw connector tests as well, such as pull-through
and push-out tests. A review of key existing formulations by Ramberg & Osgood (1943) and
by Mander et al. (1988) type models, which are the basis of the proposed models, is provided
in Section 4.2. Material models for describing the behaviour of key components of sheathed
wall studs, such as cold-formed steel, plasterboard and OSB are presented in Section 4.3.
Predictive behavioural models, expressions of ultimate capacities and recommended values
for the remaining model parameters for the interaction between screw connected steel and

sheathing components in pull-through and shear are presented in Section 4.4. The develop-
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4.2 Review of key existing formulations

ment of predictive models, presented in this chapter and summarised in Section 4.5, which
have been based on the analysis of the collected dataset presented in Chapter 3, are suitable
for use in numerical simulations and advanced design methods. The analytical modelling of
components of sheathed cold-formed steel wall systems presented in this chapter has been

published by Kyprianou et al. (2021b).

4.2 Review of key existing formulations

The general form of the stress-strain and load-deformation curves studied herein are
characterised by an initial linear portion, followed by a rounded response up to a peak
load and an unloading path. Although other expressions exist, the most widely adopted
formulations to represent the above described behaviour are the Ramberg & Osgood (1943)

and Mander et al. (1988) type models. The two models are introduced below.

4.2.1 Ramberg-Osgood model

As already discussed in Section 2.2.1.2 of Chapter 2, the Ramberg-Osgood model presen-
ted in Equation (4.1), was initially devised for the constitutive modelling of aluminium
(Ramberg & Osgood 1943, Hill 1944), and has been widely used for describing the material
behaviour of metals exhibiting a rounded stress-strain curve, with no distinct yield point.
A two stage version (Rasmussen 2003, Mirambell & Real 2000) of the original model is now
used to provide an accurate description of the stress-strain behaviour of several metals, in-
cluding cold-formed steel (Gardner & Yun 2018), stainless steel at both room temperatures
(Rasmussen 2003, Mirambell & Real 2000, Arrayago et al. 2015) and elevated temperatures
(Liang et al. 2019) and aluminium alloys (Gardner & Ashraf 2006); the second stage was
introduced to enable an accurate description of the stress-strain response of these materials

over their full range, overcoming limitations in accuracy of the original expression.

The two-stage Ramberg-Osgood model, in its latest format as provided by Gardner
& Yun (2018), is presented in Equations (4.1) and (4.2), comprises two parts: the first

stage describes the stress-strain response from the origin to the 0.2% proof stress oo while
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4.2 Review of key existing formulations

the second stage describes the curve from the 0.2% proof stress to the ultimate stress oy;
continuity in position and slope is ensured at the intersection between the two stages. In
Equations (4.1) and (4.2), o and ¢ are the engineering stress and strain respectively, E is
the Young’s modulus, Fy 2 is the tangent modulus at 0g.2, €, and g2 are the total strains
corresponding to the ultimate and 0.2% proof stresses respectively while n and m are strain
hardening exponents determining the degree of roundedness of the stress-strain curve.

o o \"
-7 .0 2 < :
e = 5 +0.002 <00,2) ) for o < og2 (4.1)

m

o — 002 Oy — 00.2 0 —00.2

E= —""4 <gu — €09 — v ) ( > + 0.2, for op2 <o <oy, (4.2)
Ey.2 Ep.2 Oy — 00.2

A generalised form of the single stage Ramberg-Osgood model is illustrated in Figure
4.1 and given by Equation (4.3) where o, and e, are the stress and strain of the point

through which the curve is forced to pass.

€ “e

T

Figure 4.1: Generalised form of single stage Ramberg-Osgood model

4.2.2 Mander model

The Mander model (Mander et al. 1988), given by Equation (4.4) and illustrated in

Figure 4.2, has been shown to be capable of accurately capturing the full stress-strain curve
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4.2 Review of key existing formulations

of confined concrete for various arrangements of transverse reinforcement. It accounts for
both the strength enhancement due to confinement and the slope of the descending part of

the material curve.
15 r

c=fo—— 1 for 0<e<ceu (4.4)
Ec €
r—1+ ()
Ec
E
E — ¢
Ec

In Equation (4.4), f. and e, are the compressive strength and corresponding strain
respectively, €., is the final compressive strain while r is defined according to Equation
(4.5), where E is the Young’s modulus.

o

& & &

c [

Figure 4.2: Mander et al. (1988) model

4.2.3 Discussion

The formulation of the Ramberg-Osgood model is such that it can only describe the
ascending part of a curve, with strain expressed as a function of the stress. The Ramberg-
Osgood expressions (Rasmussen 2003, Mirambell & Real 2000, Arrayago et al. 2015, Gardner
& Ashraf 2006, Gardner & Yun 2018) usually provide a very accurate fit to experimental
data obtained from material tests on metals with rounded stress-strain responses, since the
degree of roundness can be directly captured through the strain hardening exponents n

and m. On the other hand, the response observed during compression tests on materials
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4.3 Material modelling

such as confined concrete can be more completely described by the Mander model since,
with a single expression for stress in terms of strain, both the ascending and descending
parts of the response can be captured, accounting for the post-peak capacity. Note that,
in both models, three basic parameters need to be defined i.e. E, gg2 and n for the single
stage Ramberg-Osgood model and F, f. and ¢, for the Mander model. The suitability of
these two models, and adaptations thereof, for representing the nonlinear stress-strain and

load-deformation responses studied herein, is examined throughout the present chapter.

4.3 Material modelling

Describing the material response of the key components (i.e. the steel and the sheathing)
of sheathed cold-formed steel wall systems is the focus of the present section. The experi-
mental data assembled in Chapter 3 are analysed and predictive models are developed and

assessed.

4.3.1 Cold-formed steel

A model to describe the stress-strain response of cold-formed steel, based on the two-
stage Ramberg-Osgood formulation, was developed by Gardner & Yun (2018). Predictive
expressions for the key parameters were devised based on an extensive dataset of more than
700 experiments. Use of these expressions led to stress-strain curves that could accurately
capture the rounded nature of the material response obtained from tensile testing of the 1.2
mm thick cold-formed steel coupons presented in Chapter 3. However for the steel coupons
of 2.0 mm thickness, although some degree of roundness was exhibited up to the yield point
00.2, a plateau was observed thereafter, rendering the use of the 2-stage Ramberg-Osgood
model inappropriate. This supports the previous observations (Gardner & Yun 2018) that
thinner sheet material generally undergoes a higher level of cold-work and is therefore more

likely to exhibit a shorter (or no) yield plateau and a more rounded stress-strain curve.

To achieve a good fit to the stress-strain data of the 2.0 mm thick coupons, a three

step model is adopted; (i) Equation (4.1) up to ep2, (ii) a flat plateau at oo and (iii)
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4.3 Material modelling

the nonlinear strain hardening model, established and used by Yun & Gardner (2017) for

hot-rolled steel, fitted up to €, - see Equation (4.6), where £y, is the strain at the end of

the 09 02 plateau and the start of the strain hardening expression.

A

00.2 for epo <e<eg

& — Esh
£ — Egh ) N 2 (su — ssh) (4.6)

Y for eg, <e<ey
o)
1+ 400 (585’1)

Eu — Esh

comparison between the predicted and experimental stress-strain curves reported

00.2+ (04 —0022) < 0.4 (
Eu — €sh

in Chapter 3 is shown in Figure 4.3 while the average material properties of the tested

steel coupons are presented in Table 4.1, where the employed notation is as determined in

Section 4.2.1 and t is the average measured thickness. Both models provide a good fit to

the respective sets of data and are therefore recommended for the material modelling of the

respective cold-formed steel sections.

Table 4.1: Averaged material properties of cold-formed steel reported in Chapter 3 for use in models

t (mm) FE (GPa) op2 (MPa) eo2 (%) eon (%) ou MPa) e, (%) n m

1.19 206 500 0.443 - 534 3.323 8.7 4.0
1.99 206 515 0.450 1.894 589 10.007 8.7 -
700 700
600 | 600 —
500 - //’— 500 |
& 400 - | = 400 |
= =
7300 — 300
© S
200 : 200 |
100 Tests - 1.2 mm 100 - Tests - 2.0 mm |
| — Model | — Model ‘
0 e : : 0 : : :
0 2 4 6 8 0 5 10 15 20
e (%) e (%)
(a) 1.2 mm thick coupons (b) 2.0 mm thick coupons

Figure 4.3: Stress-strain curves predicted using (a) Equations (4.1) and (4.2) for the 1.2 mm thick

coupons and (b) Equations (4.1) and (4.6) the 2.0 mm thick coupons

146



4.3 Material modelling

4.3.2 Sheathing material

4.3.2.1 Plasterboard

Plasterboard is the most commonly used sheathing material for stud wall systems.
Physical tests have revealed orthotropic material behaviour, with the mechanical properties
in the longitudinal direction of the panel being higher compared to those in the transverse
direction. Numerous material test results have been reported in the literature, both in

tension and compression. A summary of these is presented in Table 3.18 of Chapter 3.

Petrone et al. (2016) proposed the use of a bilinear stress-strain curve to describe the
response of plasterboard material in tension while, when subjected to compression, use of
the Mander et al. (1988) model was recommended. The data used for the model derivation
by Petrone et al. (2016) were limited to the experimental results conducted by the authors
themselves. A broader dataset of 147 material tests (Kyprianou et al. 2021a, Petrone et al.
2016, Selvaraj & Madhavan 2019b), has been assembled in Chapter 3 and is employed
herein to assess the suitability of existing models presented in the literature, along with
new predictive models proposed herein. Note that particular attention was given during the
model derivation to maintaining a balance between accuracy and simplicity, such that all
key aspects of the material behaviour are captured while limiting the required number of

input parameters.

Following analysis of the experimental results, the model presented in Equation (4.7)
has been established for modelling the material behaviour of plasterboard, both in tension
and compression. The proposed model is based on the Ramberg-Osgood (R-O) formulation
presented in Equation (4.3), appropriately adapted to fit the experimental curves. It should
be mentioned that, when modelling the material response of plasterboard under compression,
both the Mander et al. (1988) model presented in Equation (4.4) and the Ramberg-Osgood
expression presented in Equation (4.7) were found capable of providing good fits to the
experimental data, though the Ramberg-Osgood material was more accurate for individual
specimens up to the peak stress owing to the ability to change the value of n to alter the

degree of roundedness of the curve.
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(-8

The parameters employed in Equation (4.7) are the Young’s modulus F (calculated as
the slope of the curve between the points corresponding to 10% and 40% of the ultimate
strength), the ultimate strength f,,, its corresponding strain €, and n, which is the exponent
controlling the degree of roundness of the curve; these have been determined as the average
values for the full examined dataset and are reported in Table 4.2. Note that the model
can be used for describing the material behaviour of plasterboard both in tension and com-
pression and in the longitudinal and transverse directions, by employing the corresponding

values of F, f,, €, and n.

Table 4.2: Averaged measured material properties of plasterboard

Thickness E (MPa) fu (MPa) ey (%) n
Loading Direction
(mm) Mean COV Mean COV Mean COV Mean COV
Longitudinal 1940 0.30 1.66 0.17 090 0.31 4.0 0.18
Tension
Transverse 1570 032 0.77 0.10 0.43 048 10.7 0.26
12.5 - 15.0
Longitudinal 2390 0.23 340 0.09 020 0.16 10.2 0.16
Compression
Transverse 2130 041 3.08 0.06 029 0.28 7.9 0.16
Longitudinal 4630 0.15 1.56 0.08 0.74 0.30 7.0 0.28
Tension
Transverse 3900 0.16 0.68 0.10 0.20 0.32 5.0 0.30
18.0

Longitudinal 3310 0.20 548 0.16 0.22 038 11.0 0.27
Compression
Transverse 3080 0.25 494 020 0.22 0.36 11.0 0.27

Comparisons between the normalised experimental stress-strain curves on 12.5 mm and
15.0 mm thick plasterboard and the proposed model are shown in Figure 4.4, where the
model can be seen to accurately capture the material response of the plasterboard in both
directions (i.e. longitudinal and transverse) and loading configurations (i.e. tension and
compression). Comparisons against the Mander et al. (1988) model (given by Equation
(4.4) for which f. = f, and e, = ¢,), employed as recommended by Petrone et al. (2016)
for specimens in compression only and plotted up to 80% of f, post-peak, are also shown
in Figure 4.4 since this model has been also found to provide a good fit to the test curves.

Note that the test results presented in Figure 4.4 are normalised against their respective
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1.2 1.2

1.0 A 1.0 4
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Kyprianou et al. tests 0.2 - IP({_O andel 1 )
02 4 Petrone et al. (12.5 mm) tests “ yprianou et al. tests
Selvaraj et al. tests Petrone et al. (12.5 mm) tests
0.0 : : : 0.0 ‘ ;
0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6
/e, /e,
(a) Tension, longitudinal (b) Tension, transverse

1.2 1.2

1.0 | — (VIR [ —

0.8 | 084 L TN
T 0.6 T 0.6
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00 Petrone et al. (12.5 mm) tests 0.0 Petrone et al. (12.5 mm) tests

0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 1.6 2.0

/e, ele,
(¢) Compression, longitudinal (d) Compression, transverse

Figure 4.4: Comparison of the proposed model for plasterboard with normalised test curves for

specimens of 12.5-15.0 mm thickness in (a-b) tension and (c-d) compression

values of f, and €, to allow all curves to be shown together. Finally, the material models
for plasterboard under compression and tension for both directions (i.e. longitudinal and
transverse), presented for the average measured mechanical properties reported in Table 4.2,

are shown in Figure 4.5.

4.3.2.2 Oriented Strand Board

Oriented strand boards (OSB) are frequently used as sheathing panels in wall systems
due to their durability. Although several studies have been conducted (Zhu et al. 2005, Plen-
zler et al. 2017, Chen & He 2017) to determine the mechanical properties of OSB material,
few models describing the observed stress-strain response have been devised. A parabolic
stress-strain curve was proposed by Zhu et al. (2005) and Chen & He (2017) for OSB while

the single Ramberg-Osgood formulation was adapted by Kyvelou et al. (2018) to describe
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& (%) /-
72
~.o — Longitudinal R-O
Tealxg” /-3 - - - Longitudinal Mander
N — Transverse R-O
4 - - Transverse Mander

Figure 4.5: The Ramberg-Osgood (R-O) and Mander models using the average measured material
properties of plasterboard, with positive values of stress and strain signifying tension (where only

the R-O model is used) and negative values signifying compression (where both models are shown)

the stress-strain behaviour of wood-based particle boards. Aiming at the establishment of a
material model for OSB derived on the basis of a wider experimental dataset, results from
195 material tests on OSB have been assembled in Chapter 3 and are employed herein; these

are summarised in Table 3.19.

The Ramberg-Osgood formulation provided in Equation (4.7) has been adopted for the
description of the material response of OSB; the definitions of the employed parameters
are provided in Section 4.3.2.1. The proposed model can be used for both directions (i.e.
longitudinal and transverse) and load configurations (i.e. tension and compression), using
the respective mechanical properties. A summary of the average measured mechanical

properties of the examined dataset is presented in Table 4.3.

The normalised experimental stress-strain curves and the proposed model given by
Equation (4.7) are compared in Figure 4.6 where the model is shown to accurately capture
the exhibited behaviour in both the longitudinal and transverse directions, both in tension
and compression. Note that the presented curves are normalised against their respective
ultimate strength f, and corresponding strain ¢,. In a similar fashion to the plasterboard
specimens tested under compression, the Mander et al. (1988) model, plotted up to 80% of
fu post-peak, was also fitted to the data from the OSB specimens tested under compression

and was found to also provide a good fit. The material models for OSB under compression
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and tension for both directions (i.e. longitudinal and transverse), presented based on the

average measured mechanical properties reported in Table 4.3, are shown in Figure 4.7.

Table 4.3: Averaged measured material properties of OSB

E (MPa) fu (MPa) eu (%) n
Mean COV Mean COV Mean COV Mean COV

Loading Direction

Longitudinal 3670 0.19 11.9 0.08 0.38 0.08 4.2 0.06

Tension
Transverse 2640  0.20 8.4 0.19 038 0.18 4.0 0.09
A 45° 3180 0.15 9.7 0.10 036  0.12 4.0 0.10
Longitudinal 3430  0.10 134  0.07 053 0.15 11.5  0.11
Compression
Transverse 2580 0.09 11.4 0.10 0.59 0.16 12.0 0.10
At 45° 2840  0.08 12.8 0.06 0.57 0.10 12.0  0.10
1.2 1.2
1.0 1.0
0.8 0.8
0.6 506
0.4 .
—R-O model o —R-0 model
02 | Kyprianou et al. tests 02 | .
. 7Zhu et al. tests . Kyprianou et al. tests
0.0 Chen & Ho tests 0.0 Chen & Ho tests
0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6
ele, ele,
(a) Tension, longitudinal (b) Tension, transverse
1.2 1.2
1.0 . 04 e
0.8 - 08 -
T 064 —R-0 model T 06
0.4 1 ---Mander model 0.4 | —R-O model
Kyprianou et al. tests ---Mander model
0.2 4 Chen & Ho tests 0.2 4 Kyprianou et al. tests
0.0 ‘ ‘ Zhu et al. ‘tests 0.0 4 . . Chen & H.O tests
0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6
ele, ele,
(c) Compression, longitudinal (d) Compression, transverse

Figure 4.6: Comparison of the proposed model for OSB with the obtained normalised test curves in

both directions in (a-b) tension and (c-d) compression
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Figure 4.7: The Ramberg-Osgood (R-O) and Mander models using the average measured material
properties of OSB, with positive values of stress and strain signifying tension (where only the R-O

model is used) and negative values signifying compression (where both models are shown)

4.4 Modelling of interaction between components

The characteristics of the connectors employed within a stud wall system have been
shown to play a significant role in the exhibited structural response, since, depending on their
arrangement, they can allow effective bracing and mobilise composite action (Peterman &
Schafer 2014, Vieira & Schafer 2013, 2016, Kyvelou et al. 2015, Selvaraj & Madhavan 2019a,
Stergiopoulos et al. 2019). Self-drilling screws, which are the most frequently employed type
of connector for stud wall systems, are the focus of the present study; their interaction with

the steel studs and sheathing panels is examined in this section.

4.4.1 Pull-through load-deformation response

Although pull-through failures of steel stud-to-sheathing connectors have been reported
by several researchers (Peterman & Schafer 2014, Selvaraj & Madhavan 2018b, 2019c¢),
experiments focusing solely on this type of failure are very limited. In Chapter 3, a series of
25 pull-through tests was conducted and presented in detail; the obtained results are used
herein as the basis for the derivation of a predictive model to describe the load-deformation
response. Note that the pull-through deformation reported in the examined test results is

the net embedment of the screw d,, as indicated in Figures 3.19 and 3.21 of Chapter 3.
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4.4.1.1 Pull-through load-deformation model

A generalised form of the Ramberg-Osgood expression, which has been used thus far
for modelling the examined material responses, was also found to be capable of accurately
capturing the shape of the pull-through load-deformation curves presented in Chapter 3 up
to the ultimate capacity Fy . The post-peak response can be described by a straight line
passing from the peak point to a point corresponding to 80% of F), ,+ post-peak (i.e. point
(Oupt,0.8, Fupt,0.8)). Note that for the specimens comprising two boards, which were found to
exhibit a second peak (i.e. Fy p2 at a displacement dy, ¢ 2), use of an additional linear part
can be used for modelling the response between Fy p 0.8 and F, pio - see Figure 4.8. The
modified Ramberg-Osgood expression and the bilinear expression post F,, ,; proposed herein
for the modelling of the pull-through load-deformation characteristics of screw connectors,

is provided by Equation (4.8) and illustrated in Figure 4.8.

Fpt Fu t F, t "
— Supt — —2L P f Opt < 0
Ko,40 * ( wpt Ko,40 Fu,pt o P Twpt
Oupt.08 — O
61?1‘/ = 5u,pt + (Fpt - Fu,pt) <M) for 6u,pt < 5pt < 5u,pt,0.8 (48)
u7p b u7p
5 F F 5u,pt,2 - 5u,pt70.8 f 5 5. <6
u,pt,0.8 + ( pt — u,pt,O.S) I o — Ia 0.8 or u,pt,0.8 < pt >~ Ou,pt,2
u?p b u7p b

In Equation (4.8), 0, is the pull-through deformation, F}y is the load, d,, p; is the deformation
at Iy pt, Ko 40 is the secant stiffness calculated at 0.4F, ;¢ and n is the exponent controlling

the roundedness of the curve.
1.6
1.4 (dz,pt,?) Fz},pt.?) 5])#

12 i
1.0 {fme f
2
o8-
=~ 0.6 -
04 H-04r
0.2 -
0.0

(511,1)h0.8f E;,pt,(],S)

Ho40
T
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épt/éu,pt

Figure 4.8: Pull-through load-deformation model
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4.4.1.2 Calculation of key parameters for pull-through load-deformation model

Analysis of the test results revealed that the resistance of the examined connectors in
pull-through depends on the combined effect of the connector head bearing into the surface
of the board and the screw threads interacting with the board material. Based on these
observations, Equation (4.9) has been devised for the calculation of F, ¢, where A, is the
total bearing area during pull-through and f, is the compressive strength of the board
material, taken herein as the average of measured values for the longitudinal and transverse
directions. The average value of f, for each group of tests is provided in Table 4.4 where the
designations for the groups of tests start with the letters PT, followed by the screw diameter
in mm x10, then the number of board layers and finally the type of material (with P for
plasterboard and O for OSB).

Fu,pt = Aptfu (49)

The bearing area A, consists of three components, as described by Equation (4.10):
Apt = As,thr + As,hd + As,eff (410)
where Ag4p, is the contribution by the threads given by Equations (4.11) and (4.12):

As,thr = As,thr,l(tb - hs,hd - Ss,nonthr)/ss,thr (411)

in which Agpr1 = 7 [(dsinr/2)? — (ds,sn/2)?] (4.12)
Ag pa is the area directly below the head of the screw given by Equation (4.13):
Agpa =7 [(ds pa/2)* = (ds,nr/2)?] (4.13)

A, oy is an effective area around Aj 4, defined by means of the angle 0, .y shown in Figure

4.9, as given by Equation (4.14):

Agepr = [(dspa/2+ lsers)? = (dsna/2)?] (4.14)

where lseff = hspatanOsqry (4.15)
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It should be mentioned that the area A,.¢r has been established to account for the
conical failure surfaces observed in the pull-through tests presented in Chapter 3 (see Figure
3.22), while the angle 6, ¢y was found to be dependent on the shape of the screw head,
with the screws of 3.5 mm diameter having flatter heads (compared to the screws of 4.8
mm and 5.5 mm diameter) and thus higher values of §,.7r. The recommended values of
Osers for the different screw types have been determined based on the dataset presented
in Chapter 3 and are reported in Table 4.4. The aforementioned areas can be determined
using Equations (4.11) to (4.15) while their graphical illustration, along with the employed

screw geometry notation, are provided in Figure 4.9.

2@2’A8,thr,l
. \A

his hd Agpa - Aseff

12
s ha || THSSIISSSISHTE sty
< i . - xS
1 Ss,_:o;zthr Ss,thr l\ \
s,eff

Figure 4.9: Screw connector geometry and bearing pull-through areas

The calculated F, p; values, for the screws tested in Section 3.3 of Chapter 3, together
with the contributing areas determined using Equations (4.11) to (4.15) are summarised in
Table 4.4. Good agreement between the calculated and test values of Fy, ;; is demonstrated
in Figure 4.10, with the average ratio of the test to calculated F, j,; values being 0.99 with
a COV of 0.10.

Table 4.4: Pull-through screw properties and comparison between calculated and test capacity F, p¢

Average fu Osesr Asthr  Asha  Asers  Cale. Fyp Test Fp  Test/Cale.

Designation
(N/mm?) () (om?) (mm?) (mm?)  (kN) (kN) Fupt
PT-35-1P 3.57 30 27.3 45.3 62.1 0.48 0.48 1.00
PT-35-2P 3.57 30 72.9 45.3 62.1 0.64 0.69 1.08
PT-55-1P 3.57 10 42.4 63.7 28.1 0.48 0.50 1.04
PT-55-2P 3.57 10 125.2 63.7 28.1 0.78 0.64 0.82
PT-48-10 114 10 39.5 60.8 23.8 1.41 1.44 1.02
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Figure 4.10: Comparison between experimental and calculated values of F, ¢

Regarding the other input parameters required for the proposed pull-through load-
deformation model given by Equation (4.8), namely the stiffness K, 40 and ultimate dis-
placement d,, ,¢, recommended average values, expressed as a function of the nominal screw
diameter d and overall board thickness t; are provided in Table 4.5. The average measured
Table 4.5: Average measured properties for tested screws expressed in terms of screw diameter d,

overall board thickness ¢, and F,, ,;; recommended representative values for the key model parameters

are also provided.

. . d tb K0$40/d2
Designation 5u,pt/tb Fu,pt,o.s/Fu,pt 514,pt,0A8/tb Fu«,pt,Q/Et,pt 5urﬁpt,2/tb
(mm) (mm) (kN /mm?)
Mean 0.85 0.026 0.80 0.033 - -
PT-35-1P 3.5 12.5
COoV 0.13 0.214 0.00 0.090 - -
Mean 0.47 0.010 0.80 0.014 - -
PT-55-1P 5.5 12.5
COV 0.14 0.330 0.00 0.293 - -
Mean 0.80 0.049 0.80 0.218 - -
PT-48-10 4.8 11.0
COV 0.04 0.250 0.00 0.095 - -
Mean 1.34 0.036 0.80 0.081 1.09 0.26
PT-35-2P 3.5 25.0
COV 0.10 0.075 0.00 0.141 0.05 0.17
Mean 0.85 0.056 0.95 0.077 1.36 0.20
PT-55-2P 5.5 25.0
(610)% 0.21 0.128 0.02 0.071 0.07 0.14
Recommended representative values 0.80 0.035 0.80 0.075 1.20 0.20

post-peak displacement 0, p¢ 0.8, as well as the second-peak displacement 9, ,¢2 for the two
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layer specimens, are also provided in terms of t;, while the loads Fy pt08 and F, p2 are
expressed in terms of the experimental pull-through load F, ;. Note that for the specimens
with 5.5 mm diameter screws and two board layers (PT-55-2P), since no more than 5%
decreases in F), , were observed, F, p¢ 08 was taken as 0.95F, ,; (rather than 0.8F, ). In
the absence of experimental data, representative values for the key parameters are also

provided in Table 4.5.

4.4.1.3 Assessment of proposed pull-through model against experimental data

The proposed pull-through model was validated against the test curves reported in
Section 3.3 of Chapter 3; typical comparisons between the model predictions and test curves
for single- and double-layer specimens are presented in Figures 4.11 and 4.12 respectively,
where the load F,, normalised by F, p¢, is plotted against the pull-through deformation d,,
normalised by d,,¢. It can be observed that the devised expression using average measured
values for the model parameters (summarised in Table 4.6) provides a very good fit to the

experimental curves and is therefore suitable for use in numerical simulations and advanced

Table 4.6: Average measured values of model parameters, as determined from pull-through tests

Designation Ko 40 (KN/mm) Fyp (KN)  Oype (mm)  Fypo8 (KN)  ypros (mm)  Fypo (KN)  Oype2 (mm) n

PT-35-1P 10.5 0.48 0.33 0.38 0.41 - - 10.5
PT-55-1P 14.2 0.50 0.12 0.40 0.18 - - 5.5
PT-48-10 18.5 1.44 0.54 1.15 2.40 - - 7.5
PT-35-2P 16.5 0.69 0.89 0.55 2.03 0.76 6.43 5.0
PT-55-2P 25.6 0.64 141 0.61 1.93 0.86 4.96 12.0

design models. Pull-through load-deformation curves based on calculated values of F),
and the recommended values for the key model parameters given in Table 4.5, along with a
value of n = 8 for all curves, are also plotted in Figures 4.11 and 4.12 for comparison. The
normalised load-deformation curves obtained using the recommended representative values
for the parameters generally provide a good match with the experimental results, particu-
larly up to the ultimate load F, ¢, with the exception of the PT-55-1P case shown in Figure
4.11 (b), where the test ultimate displacement is somewhat lower than the recommended

representative value; in the presented normalised format, this creates the impression of a
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substantial deviation in initial stiffness, though this is not in fact the case when the curves

are compared in their unnormalised form.
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Figure 4.11: Comparisons of the proposed model using test and recommended predicted input para-

meters with test curves for single board specimens

The derived model curves for all five test groups using the average measured values

of the key input parameters provided in Table 4.6 are plotted together in Figure 4.13 for
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Figure 4.12: Comparisons of the proposed model using test and recommended predicted input para-

meters with test curves for double-board specimens

comparison. The curves emphasize the superior performance of the steel-to-OSB screwed
connections in pull-through, with up to three times the capacity of their plasterboard coun-

terparts. Substantially improved ductility can also be observed when two layers of plaster-

board are used in place of a single layer.
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Figure 4.13: Pull-through load-deformation curves from proposed model for different test groups
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4.4.2 Shear load-slip response

The shear load-slip response at the stud-to-sheathing interface, which is controlled by
the characteristics of the employed shear connection, can have a significant influence on the
structural behaviour of the examined systems; its thorough description is therefore essential.
An empirical quad-linear model was devised by Peterman et al. (2014) and Ye et al. (2016)
to capture the load-slip response at the interface between cold-formed steel and sheathing
boards while, in the studies by Kyvelou et al. (2017b), a load-slip relationship for self-drilling
screws connecting cold-formed steel beams and wood-based particle boards was proposed,

utilising a generalised Ramberg-Osgood curve.

To facilitate the development of a predictive model for the shear load-slip response of
screwed connections between cold-formed steel studs and sheathing boards (i.e. plaster-
boards and OSBs), more than 80 shear tests (including push-out and pull-out tests), from
different sources, have been collected and analysed. A summary of the collected dataset
is presented in Table 3.20 of Chapter 3. Note that only tests with plasterboard or OSB
sheathing under monotonic loading were collected, while tests with board failure due to the
connectors being close to the board edge were ignored. The examined connections failed
mainly by tilting of the screw and bearing into the sheathing, while bending or shearing of
the screws along with some pull-through was observed when more substantial components

(i.e. stronger boards and thicker steel) were connected.

4.4.2.1 Shear load-slip model

Use of a generalised version of the Ramberg-Osgood formulation given by Equation
(4.3), which has been used thus far for modelling the examined responses, was not found to
be capable of accurately capturing the shape of some of the test curves over their full range
using a single value for the strain hardening exponent n. Hence, a generalised Ramberg-
Osgood model with two different exponents n; (where i = 1 or 2) for describing the degree of
roundedness of the early part and later part of the shear load-slip behaviour is recommended,

as given by Equation (4.16) and illustrated in Figure 4.14:
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F F, Foo \™
Opo = —22 Oppo — —22 Po 4.16
(o) (2 o

where F), is the load, d,, is the slip, K, is the initial stiffness defined in Equation (3.3) in
Section 3.4.2 of Chapter 3, F} p, is the load at a slip of 0, and Fy, p, is the ultimate load

at the corresponding ultimate displacement 0y, po.

For the initial part of the curve, when Fj,, < Fj 5, the first exponent is used i.e. n; = ny,
while for the later part of the curve when F, p, < Fp, < Fypo the second exponent is used
i.e. n; = ny. Based on the experimental results, a suitable point for the transition between
the two curves was found to be at a slip of 1 mm i.e. d,p, = 1 mm (denoted 61 p,), with the
corresponding load denoted F ;.. Values of ny are explored in Section 4.4.2.3 with reference
to the experimental data, while ny can be expressed by Equation (4.17), by forcing the curve

to pass through the ultimate point (dy po,Fupo)-

Fu (0] F$ [0]
(on ) o)

ny = (4.17)
In ( Fu,po >
F T,po
E, Load
Fipo =
/‘// F il 1
e F
7 e st R_ : po po
FJ;J)U e 1% R-O curve with n, ¢ L L ¢
0 --- 2 R-O curve with n,
," _ Proposed combined
y R-O model
v 1T T v
5, + ‘
> 51; po 5u,p0 62”0 bo L ]

Fu (0]
(e 52

Figure 4.14: Proposed combined Ramberg-Osgood (R-O) model consisting of 2 single R-O curves for

describing the shear load-slip behaviour of screw connections between cold-formed steel and sheathing
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4.4.2.2 Calculation of key parameters for shear load-slip model

Expressions for the prediction of the load carrying capacity per shear plane of a screw
connector in a steel-to-timber connection, as provided by EN 1995-1-1 (2004), are presented
and assessed herein for the prediction of F,, ,, - see Equations (4.18) and (4.20). In accord-
ance with EN 1995-1-1 (2004), the failure mode of a connector is dependent on the thickness
of the steel section to which the sheathing is attached. A steel section with thickness less
than half the nominal diameter of the screw (i.e. ¢ < 0.5d) is classified as thin and the asso-
ciated modes of failure are tilting and bending of the screw in the board; these failure modes
are illustrated in Figures 4.15 (a) and (b) respectively, while the corresponding predictions

of F, po are given by Equation (4.18).

0.4fn rtpd (for Mode a)
Fy po = min (4.18)

Fy
1.154/2My serew frkd + T’pt (for Mode b)

where fp 1 is the embedment strength in N/mm? of the board material, ¢, is the thickness
of the board, d is the diameter of the screw, F,, ,; is the pull-through (withdrawal) capacity
of the fastener, which can be calculated using Equation (4.9) in the absence of experimental

data and My screw is the yield moment of the screw given by Equation (4.19).

My,screw = fyd§73h/6 (419)

where f, is the yield strength of the screw and d, 4, - the diameter of the shank of the screw,

which is approximately 0.75 times the nominal screw diameter d.

A steel plate is classified as thick when its thickness is greater than or equal to the
diameter d of the screw; the associated modes of failure, shown in Figures 4.15 (c), (d)
and (e), are bearing and single and double bending of the screw, respectively, while the

corresponding predictions of F, p, are given by Equation (4.20).
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)
Jhktod (for Mode c)
4M Sscrew FU
Fupo=min{ frptyd | (/2 + 2% 1) + =% (for Mode d) (4.20)
’ ’ Frrdt? 4
2.3\/M, Frrd Fupt for Mod
. y,screwJ b, kG + 4 ( or ode e)

In accordance with EN 1995-1-1 (2004), for the capacity of connections F, ,, with steel
plates between a thin and a thick steel plate, linear interpolation between the limiting thin

and thick plate values may be carried out.

(a) (b) (c) (d) (e)

Figure 4.15: Failure modes for steel-to-timber connections in accordance with EN 1995-1-1 (2004):
(a) tilting, (b) bending in board, (¢) bearing, (d) bending at steel plate and (e) double bending

Use of Equation (4.21) is recommended by EN 1995-1-1 (2004) for the calculation of
the embedment strength of timber f, . gen, expressed as a function of the board density p,
while, specifically for OSB, use of Equation (4.22) is recommended for the calculation of
embedment strength fj 1 0sp (EN 1995-1-1 2004). Note that, although Equations (4.21)
and (4.22) were initially developed for nails, they can be also employed for screws by taking

their effective diameter d.rs equal to the shank diameter ds o, (EN 1995-1-1 2004).

Fhegen = 0.082pxd 77 (4.21)

fnkosB = 65d 05ty (4.22)
Since there is no expression for the embedment strength of plasterboard in EN 520
(2009), Equation (4.23), which is analogous to Equation (4.22), was devised based on the

collected dataset (of 47 tests) summarised in Table 3.20 in Chapter 3. Equation (4.23) was
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defined in terms of the effective diameter d.s¢ (i.e. the screw shank diameter d; sp,), board
thickness t, and steel thickness ¢ with the coefficients determined by means of least squares
regression analysis.

Fhkgyp = 83d 757t 094702 (4.23)

In accordance with EN 1995-1-1 (2004), none of the specimens from within the examined
dataset (summarised in Table 3.20 in Chapter 3) is classified as having thick steel plates and
hence the predominant failure modes, corroborated by the conducted experiments, are screw
tilting and bending. Note though that some of the specimens fall in the range between 0.5d
and d (i.e. between thin and thick steel plate); this is considered to be the reason for multiple
failure modes taking place at different stages during these tests, i.e. both tilting (thin plate)
and bearing (thick plate) and bending of the screw (thin and thick plate) - or a combination
of these - as reported in Table 3.17 in Chapter 3. All five failure modes illustrated in Figure
4.15 were therefore represented in the test data. In assessing the accuracy of the predictive
equations for Fy p, (i.e. Equations (4.18) and (4.20)), the measured values of the screw
yield strength f, were used for the tests performed in Chapter 3 (f, = 1020 MPa for the 3.5
mm screws and f, = 730 MPa for the 5.5 mm screws), while for the other tests reported in
literature, which had nominal screw diameters ranging from 3.5 mm to 4.8 mm, an estimated
value of f, = 800 MPa was adopted, based on an analysis of the observed failure modes. The
density of plasterboard was taken as 665 kg/m? in accordance with measurements reported
in Chapter 3. Note though that plasterboard densities vary among manufacturers and with

humidity (Kyprianou et al. 2021a, Vieira & Schafer 2009, Petrone et al. 2016).

4.4.2.2.1 Shear capacity predictions Fy p, for screwed connections in plasterboard

For the 47 tests on screwed connections in plasterboard (collected in Table 3.20), com-
parisons between the test shear capacity values Fy o test and the predicted values using
Equations (4.18) and (4.20) with the generic embedment strength of Equation (4.21) (EN
1995-1-1 2004), are presented in Figure 4.16. The critical failure mode for all cases where
t/d < 0.5 was Mode a (screw tilting) according to Equation (4.18). For the ten cases falling

into the intermediate thickness range of 0.5 < ¢/d < 1.0, the capacity prediction F, ,, re-
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quired interpolation between the critical results for thin plates (Equation (4.18)) and thick
plates (Equation (4.20)), which were for Mode a and Mode d (i.e. screw bending in thick
plates with pull-through) respectively. The predominant mode of failure from the tests was
screw tilting and therefore largely in agreement with the predictions of EN 1995-1-1 (2004).
Despite plasterboard not being explicitly covered by EN 1995-1-1 (2004), Equation (4.18)

provides good predictions of the test results, though further improvements remain possible.

Thin Intermediate Thick
9.0 l«— (Equation 4.18) —s}«— (interpolated) —>}—(Equation 4.20)
1.8 -
8 1.6 1
5] X
L; 14 - *x
T 12 §5,
< X X X
= - ¥
§ 1.0 igg R g ¥
< 0.8 4 x X
O X X
= 0.6 - o
¢ 0.4 -
N R — Mean=1.03
0.2 1 COV=0.20
00 +—m———————q———
0.00 0.25 0.50 0.75 1.00
t/d

Figure 4.16: Comparisons between test and predicted F, ,, values for all screwed connections in
plasterboard, calculated using EN 1995-1-1 (2004), with Equation (4.21) for embedment strength and
interpolation between critical values from Equations (4.18) and (4.20) for cases when 0.5 < t/d < 1.0

In Figure 4.17, a comparison between the F), ;. test values and F, p, predictions obtained
using Equation (4.18) up to an extended limit for the thin plates of t/d < 0.75, with the
embedment strength calculated using Equation (4.21) and the newly proposed Equation
(4.23), is provided. As apparent from the results, including the mean values and coefficients
of variation shown in Figures 4.17 (a) and (b) and Table 4.7, use of Equation (4.23) for the
calculation of the embedment strength, when plasterboard is used, provides a more accurate
estimation of F, ,, with reduced scatter. Hence, use of Equation (4.18) up to an extended
limit for thin plates of ¢/d < 0.75, along with Equation (4.23), is recommended for screwed

connections in plasterboard within the range of properties examined herein.
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(b) Tilting with fr kgyp

Figure 4.17: Comparisons between test and predicted F, ,, values calculated using Equation (4.18)
Mode a (screw tilting) with embedment strength (a) fi kgen (Equation (4.21)) and (b) fa.k gup
(Equation (4.23)) for all screwed connections in plasterboard with the thin plate limit extended to
t/d <0.75

166



4.4 Modelling of interaction between components

Table 4.7: Comparisons between predictions of F,, ,, for shear tests with plasterboard using Equation
(4.18) for Mode a (tilting) with embedment strength calculated using Equations (4.21) and (4.23)

Fu,po,tcst Fu,po,test
Sheathing &, (mm) ¢ (mm) d (mm) No. of tests O0-4fnkgentsd  0-4fnk gyptod
Mean COV Mean COV

12.5 0.8-20 3.5 21 1.10  0.13 1.00 0.14
12.5 2.5 3.5 4 096 0.09 1.01 0.09
12.5 1.0 4.2 1 1.29 - 1.11 -
12.5 09-12 4.8 8 1.24 0.07 1.04 0.08
Plasterboard 12.5 1.2 5.5 3 0.88 0.03 0.76 0.03
2x12.5 1.2 3.5 3 0.87 0.05 098 0.05
2x12.5 1.0 4.2 1 0.93 - 0.98 -
2x12.5 2.0 3.5 3 0.74 0.06 091 0.06
2x12.5 2.0 5.5 3 1.03 0.02 122 0.02

Overall 1.06 0.17 1.00 0.13

4.4.2.2.2  Shear capacity predictions Fy p, for screwed connections in OSB

For the 39 tests on screwed connections in OSB (collected in Table 3.20), comparisons
between the test shear capacity values and the predicted values Fy, p, using Equations (4.18)
and (4.20) with the OSB embedment strength given by Equation (4.22), are presented
in Figure 4.18. According to Equation (4.18), the critical failure mode for specimens with
t/d < 0.5 was Mode a (tilting) in all cases, but the resulting resistance predictions can be seen
from Figure 4.18 to be poor. Moreover, the predicted failure mode did not accord well with
those observed in the physical experiments, where bending (Ye et al. 2016) and pull-through
(Peterman & Schafer 2013, Fiorino et al. 2007, Serrette et al. 1997) failures were reported.
Therefore, in Figure 4.19 and Table 4.8 comparisons are made between the F, ,, test values
and the F, ,, predictions considering Mode b (i.e. bending and pull-through) in Equation
(4.18) for the cases when t/d < 0.5. For the five specimens that fall marginally beyond
the thin plate category, into the intermediate category, linear interpolation between Mode
b in Equation (4.18) and the Mode d in Equation (4.20) was performed. The comparisons
reveal that good predictions of the test results (both in terms of capacity and failure mode)

are achieved using the Mode b resistance equation; use of Equation (4.24) is therefore
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recommended for screwed connections in OSB and not the minimum between the resistances
for Modes a and b from Equation (4.18), as recommended by EN 1995-1-1 (2004)), for cases
when ¢/d < 0.5. For cases when 0.5 < t/d < 1.0, interpolation between Equation (4.24) and

the critical value from Equation (4.20) is recommended.

Fu,po = 1-15\/2My,sc7“ewfh,k,OSBd + Fu,pt/4 (424)
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Figure 4.18: Comparisons between test and predicted F,, p, values for all screwed connections in OSB,
calculated using EN 1995-1-1 (2004), with Equation (4.22) for embedment strength and interpolation
between the critical values from Equations (4.18) and (4.20) for cases when 0.5 < t/d < 1.0
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Figure 4.19: Comparisons between test and predicted F, ,, values for all screwed connections in
OSB, calculated using Equation (4.24) for cases t/d < 0.5 and interpolation between Equation (4.24)
and the critical value from Equation (4.20) for cases when 0.5 < t/d < 1.0
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Table 4.8: Comparisons between test and predicted F, ,, values for groups of screwed connections in
OSB with similar characteristics, calculated using Equation (4.24) for cases t/d < 0.5 and interpola-
tion between Equation (4.24) and the critical value of Equation (4.20) for cases when 0.5 < t/d < 1.0

Fupoytest
Sheathing ¢, (mm) ¢ (mm) d (mm) No. of tests Fupo F po calculated using
Mean COV

11.1 0.9 3.5 3 0.76  0.15 Equation (4.24)
9.0 1.0 4.2 16 1.06  0.10 Equation (4.24)

OSB 18 0.9 4.8 6 0.94 0.08 Equation (4.24)
11.1 0.8-1.4 4.8 9 1.06  0.12 Equation (4.24)
11.1 2.5 4.8 5 0.84 0.10 Interpolation between Egs. (4.24) and (4.20)

Overall 0.99 0.14

4.4.2.2.8 Ko, dupo and F ,, estimations

Recommended values for the remainder of the input parameters for the proposed model
of Equations (4.16) and (4.17), namely the initial stiffness K, and the ultimate displacement

du,po are provided in Table 4.9; these have been determined as the average values from groups

Table 4.9: Average measured values for key properties derived from full load-slip Fj,, — dpo curves

obtained from shear tests, grouped by common arrangement properties

K,

Sheathing ¢, (mm) ¢ (mm) d (mm) Full 70 Jhkd Pupold Fupo/ Fupo
curves Mean COV Mean COV Mean COV
12.5 0.8-2.0 3.5 16 14.08 0.81 2.06 039 071 0.09
12.5 2.5 3.5 4 11.01  0.19 1.20  0.68 096 0.07
12.5 09-1.2 4.8 4 5,57 013 0.77 026 0.56 0.09
Plasterboard 12.5 1.2 5.5 3 6.69  0.05 1.00 0.13 076 0.01
2x12.5 1.2 3.5 3 257 025 336 0.03 044 0.06
2x12.5 2.0 3.5 3 12.68 0.18 1.54 0.12 053 0.05
2x12.5 2.0 5.5 3 468 007 212 0.03 036 0.04
Overall 12.25 0.77 1.67 0.56 0.67 0.26
9.0 1.0 4.2 4 14.84 0.16 1.33 023 055 0.20
18 0.9 4.8 4 3.69 0.29 1.73 0.24 0.28 0.22
0SB 11.1 08-14 4.8 9 10.45 0.19 1.52 0.15 051 0.17
11.1 2.5 4.8 4 1439 0.08 052 0.23 0.86 0.09

Overall 10.75 040 133 034 054 0.38
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of data with similar characteristics in terms of the embedment strength fj,; and screw
diameter d. Embedment strength was calculated using Equation (4.21) for screw connections
in plasterboard and using Equation (4.22) for screw connections in OSB. The force F} ,, at

1 mm slip is also provided, expressed as a proportion of the ultimate test capacity Fy ,o.

From Table 4.9, it can be seen that the properties are somewhat variable, but the aver-
age K,/(fnrd) values are approximately 10 for both plasterboard and OSB. For ultimate
displacement dy 5, the values typically range between 0.75d and 3.0d for the plasterboard

specimens and between 0.5d and 1.75d for the OSB specimens.

4.4.2.3 Assessment of proposed shear model against experimental data

Typical comparisons between the proposed load-slip model and the respective exper-
imental curves for the single- and double-layer plasterboard specimens, as well as for the
OSB specimens, are presented in Figures 4.20, 4.21 and 4.22 respectively, where the load
F,, normalised by the ultimate load F, p, is plotted against the slip at the shear interface
dpo normalised by the ultimate slip 0, po. It can be observed that the devised expression
provides a good fit to the experimental data and is therefore suitable for use in numerical
simulations and advanced design methods. The average values of the key parameters used
as input for the curves presented in Figures 4.20, 4.21 and 4.22 are provided in Table 4.10.
Note that, the exponent n; used to define the degree of roundedness of the initial part of
the curves (i.e. below a slip of 1 mm) was found to be within the range of 3.4 - 3.6 when
the board connected was a single layer of either plasterboard or OSB, while for specimens
with two layers of plasterboard, a value of ny = 2 was shown to provide a better fit to the

respective test curves.
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Figure 4.20: Comparison between the proposed load-slip model and normalised test curves for spe-
cimens with one layer of plasterboard for (a) all collected tests, (b) tests with d = 3.5 or 5.5 mm and
(c) tests with d = 4.2 — 4.8 mm
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Figure 4.21: Comparison between the proposed load-slip model and normalised test curves for spe-

cimens with two layers of plasterboard
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Figure 4.22: Comparison between the proposed load-slip model and normalised test curves for spe-
cimens with OSB

Table 4.10: Average values of the parameters required as input for the proposed models (¢, - board

thickness, t - steel thickness, d - screw diameter)

ty t d Full F -0 K, Fupo Oupo Fipo
Sheathing ' ny
(mm) (mm) (mm) curves (kKN/mm) (kN) (mm) (kN)
Mean 1.26 0.58 6.29 042 34
12.5 0.8-25 35-5.5 28
cov 0.70 0.19 048 0.20 0.09
Mean 1.34 0.54 6.93 041 34
12.5 0.8-25 3.5,5.5 23
COV 0.71 0.13 042 0.19 0.10
Plasterboard
Mean 0.87 0.77 335 048 35
12.5 09-1.0 42-48 )
cov 0.70 0.19 048 0.20 0.09
Mean 1.26 0.99 898 047 20
2x125 10-2.0 35-5.5 10
CoVv 0.62 029 045 034 0.19
Mean 1.72 190 594 1.00 3.6
0SB 9-18 0.8-25 42-48 21

COV 0.39 0.15 043 031 0.06

The average measured values of the key properties of screw connectors per shear plane
for different steel-to-sheathing connections is provided in Table 4.11, while the associated
two-part Ramberg-Osgood model curves for each type of connection are presented in Figure
4.23. The designation system employed for the specimens with plasterboard starts with
1P or 2P to indicate one or two layers of plasterboard (with the thickness of each layer
ranging between 12.5 and 12.7 mm), while for the OSB specimens, the designation starts

with O and is followed by the board thickness in mm. For all specimens, the designation
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4.4 Modelling of interaction between components

name is completed by the nominal diameter of the screw in mm multiplied by 10 and finally

by the thickness of the steel section to which the fixing is connected, with ’th’ denoting a

thin plate (of thickness less than half of the screw diameter) and 'm’ a medium thickness

plate (in the range of d/2 — d).

The curves shown in Figure 4.23, emphasize the greater

ductility obtained when using two layers of plasterboard compared to a single layer and the

higher shear resistances achieved by the OSB specimens in comparison to the plasterboard

specimens.

Table 4.11: Average measured values of key properties of screw connectors per shear plane for

different steel-to-sheathing connections (¢, - board thickness, ¢ - steel thickness, d - screw diameter)

Designation  Sheathing o ' ! Fuupo o Pupo Fipo ny
(om)  (mm)  (mm) | (N) (N/mm) (mm)  (kN)
1P-35-th 125 08-20 35 | 055 1.47 722 039 33
1P-35-m 12.5 2.5 3.5 | 048 1.03 419 046 3.6
1P-48-th 125 09-12 4.8 | 0.76 0.82 3.71 044 35
1P-55-th ~ Plasterboard  12.5 1.2 5.5 0.59 1.04 548 045 3.2
2P-35-th 2x12.5 1.2 3.5 0.86 2.26 11.8 0.38 2.3
2P-35-m 2x12.5 2.0 3.5 | 0.72 1.01 540 038 1.9
2P-55-m 2x12.5 2.0 5.5 1.39 0.53 11.6 050 1.5
09-42-th 9.0 1.0 4.2 1.69 2.26 560 090 3.5
018-48-th 18 0.9 4.8 1.98 0.63 829 0.55 3.5
011-48-th 08B 111 08-14 438 2.10 1.69 729 1.06 3.6
011-48-m 11.1 2.5 4.8 1.66 2.33 2.49 1.38 3.5
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Figure 4.23: Model fitting of the average key properties presented in Table 4.11 and comparisons

between the load-slip behaviour of a screw connector per shear plane when connected to (a) plaster-

board and (b) OSB

4.5 Summary of proposals

Based on the conducted analyses, the proposed expressions to describe the response of

the components of cold-formed steel stud wall systems, both at the material and connection

levels, are summarised in Table 4.12. The key input parameters and references are also

highlighted.
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Table 4.12: Summary of models and associated parameters for each material and system interaction system

Level Type Load

Model formulation

Description

Reference

Model parameters

Parameters

Reference

Cold-formed steel . )
Tension/compression

2-stage R-O model

Egs. (4.1) and (4.2)

E, 002, Ou, Eu,

Table 4.1 and

(rounded o — € curve) See Gardner & Yun (2018) n, m Gardner & Yun (2018)
Cold-formed steel . . Quadlinear or bilinear Eq. (4.1) and (4.6) E, 002, €sh, Table 4.1 and
Tension/compression
(o — € curve with plateau) + nonlinear model ~ See Yun & Gardner (2017) Ous €u Yun & Gardner (2017)
Tension R-O Eq. (4.7) E, fu, €u, 1 Table 4.2
Material
Plasterboard R-O Eq. (4.7) E, fu, €u, Table 4.2
Compression
Mander Egs. (4.4) and (4.5) E, fu, cu Table 4.2
Tension R-O Eq. (4.7) E, fu, €, Table 4.3
OSB R-O Eq. (4.7) E, fu,eu,n Table 4.3
Compression
Mander Egs. (4.4) and (4.5) E, fu, €u Table 4.3
Pull-through Ko a0, Fupty Oupts 1,y Egs. (4.9) - (4.15),
& R-O + linear Eq. (4.8) 040 Tt St as. (49) - (4.15)
(single layer board) Fupt,0.85 Oupt,0.8 Table 4.4, 4.5, 4.6
Pull-through K40, Fupt, Oupts 1, Egs. (4.9) - (4.15),
8 R-O + bilinear Eq. (4.8) 400 Bupty Cupt as. (4.9) - (4.15)
Component (two layer board) Foupt0.8s Oupt0.8s Fupt,2: Supt2 Table 4.4, 4.5, 4.6
interaction Shear with plasterboard . Eq. (4.18)
2 single R-O model Egs. (4.16) and (4.17) Ko, Fupos Oupos N1, Fipo
for t < 0.75d Eq. (4.23), Table 4.9
Shear with OSB Eq. (4.24) - bending (Mode b)
2 single R-O model Egs. (4.16) and (4.17) Ko, Fupo, Oupos N1, Fipo
for t < 0.5d Eqgs. (4.19), (4.22), Table 4.9
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4.6 Conclusions

4.6 Conclusions

A comprehensive study into the material modelling of the different components forming
a typical sheathed cold-formed steel wall system, as well as into the behaviour of the em-
ployed connectors in pull-through and shear has been presented. An experimental dataset
comprising the results of more than 400 physical tests, assembled in Chapter 3, has been

used as the basis for underpinning the development of predictive analytical expressions.

The stress-strain behaviour of the steel was shown to be well predicted by existing
models (Gardner & Yun 2018, Yun & Gardner 2017). The material behaviour of both
plasterboard and OSB was shown to be accurately described using the single stage of the
Ramberg-Osgood expression up to the ultimate material stress f,, both in the longitudinal
and transverse direction and both under tension and compression. The Mander et al. (1988)
model was also found to be capable of accurately capturing the response of plasterboard

and OSB in compression while also accounting for the post peak decreasing capacity.

A modified version of the Ramberg-Osgood expression has been employed for modelling
the pull-through behaviour of screwed connections both in plasterboard and OSB, up to the
ultimate capacity. Linear functions were proposed to account for the observed post-peak
behaviour. An expression based on the geometries of the screw and of the board, as well as
on the board strength, has been devised for the calculation of the ultimate capacity in pull-
through while the stiffness and ultimate displacement at peak capacity have been expressed

as a function of the screw diameter and board thickness.

Regarding the shear behaviour of screwed connections between steel and either plas-
terboard or OSB, a model consisting of two single Ramberg-Osgood expressions has been
adopted to accurately capture the load-slip behaviour up to the ultimate capacity. An
extensive investigation into the failure modes of steel-to-board connections revealed that
the expressions of EN 1995-1-1 (2004) for tilting can accurately predict the ultimate capa-
city of plasterboard while, for OSB, the expressions corresponding to failure due to screw
bending for thin plates combined with pull-through yield consistent and accurate capacity

predictions. A new empirical expression for the calculation of the embedment strength
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4.6 Conclusions

of plasterboard has been developed while the stiffness and ultimate displacement can be

expressed in terms of the embedment strength and screw diameter.

All devised models were found capable of accurately capturing the exhibited responses
for different sheathing and fastening arrangements and are suitable for use in design by
advanced computational analysis, as well as in numerical parametric studies. The devised

models, along with the key input test parameters, are provided in a summary table.
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Chapter 5

Sheathed cold-formed steel

beam-columns experiments

5.1 Introduction

XPERIMENTAL studies on sheathed cold-formed steel lipped channel wall studs,
Eset in tracks, with service holes, subjected to compression and major axis bending
are presented in this chapter. A total of 17 experiments were performed with both oriented
strand board (OSB) and plasterboard used as sheathing and with varying connector spacing
employed between the sheathing panels and the tested members. The tested specimens
comprised a single 2.4 m long column sheathed on both sides and secured at the ends to top
and bottom tracks. The member tests were complemented by material tests, stub column

tests and initial geometric imperfection measurements.

The focus of the experimental study presented herein is to extend the existing experi-
mental data and demonstrate that using closer-spaced connectors between the column and
the sheathing can further enhance the capacity of stud-wall systems under both compres-
sion and bending, as well as preventing sudden failure of the sheathing-to-steel connectors.
Sheathed stud columns, representative of a single vertical element in a stud wall system
(Vieira & Schafer 2013, Peterman & Schafer 2014), are tested under combined compression

and bending. Note, that the experiments presented herein are the only ones, known to the
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5.2 Material tests

author other than those by Peterman & Schafer (2014), where combined loading is used in
tests with sheathed studs and the first to examine combined loading with equivalent uniform
distributed loads instead of single mid-height horizontal point load as used by Peterman &
Schafer (2014). The tested stud members, in bare steel conditions, are shown in Figure
5.1, with the geometry and placement of the featured service holes indicated. The material
and geometric properties of all system components are provided in Section 5.2, while im-
perfection measurements, along with a detailed description of the specimens and of the test
rig are reported in Section 5.3. The obtained results are presented in Section 5.4 with a
discussion following in Section 5.5. The experimental studies presented in this chapter have

been published by Kyprianou et al. (2021¢,d)

2400 mm
g
g
o
305 mm 915 mm 1525 mm 38 mmi@ 19 mm
>
100 mm

Figure 5.1: Stud column test specimen showing arrangement of service openings

5.2 Material tests

The stress-strain behaviour and key materials properties of the main components of
the examined sheathed stud columns, shown in Figure 2.9 (c), were determined by coupon

testing, as described in this section.

5.2.1 Cold-formed steel

For the determination of the material properties of the steel stud and track of steel
grade S450GD (galvanised with zinc coat Z275) (BS EN 10346 2015, BS EN 10143 2006),
three coupons were extracted along the length of the web of both members. The notation of
the coupons begins with the letters CS, followed by the nominal thickness in mm multiplied
by 10 (i.e. CS15 for the studs and CS12 for the track) and then the test number. The tensile

coupons were tested in accordance with EN ISO 6892 (2016) at an initial axial strain rate
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5.2 Material tests

of 0.00007 s~ which was gradually increased to 0.00025 s~! via three intermediate steps. A
150 kN Instron 5984 testing machine was used to perform the tests, along with the Bluehill
data acquisition system, collecting data every second. Accurate measurements of strains at
the early stages of loading was ensured through the use of two strain gauges, mounted at
mid-height on either side of the coupons, while an optical extensometer with a gauge length
of 50 mm was used as an additional strain measurement method to capture the later parts

of the stress-strain curves.

The key measured properties are presented in Tables 5.1 and 5.2 while the full stress-
strain curves are illustrated in Figures 5.2 (a) and (b) for the stud and track respectively.
In Tables 5.1 and 5.2, E' is the Young’s modulus, oq 2 is the 0.2% proof stress (considered as
the yield strength), o1 is the 1% proof stress, o, is the ultimate strength, €, is the strain
at o, and €y is the elongation at fracture measured over the standard gauge length (EN

ISO 6892 2016).

Table 5.1: Material properties of cold-formed steel coupons extracted from columns (CS15)

Designation E (GPa) o002 (MPa) o019 (MPa) o, (MPa) g, Ef

CS15-1 203 481 481 514 0.069 0.121
CS15-2 203 484 484 514 0.089 0.148
CS15-3 205 481 482 514 0.079 0.120
Average 204 482 482 514 0.079 0.130

Table 5.2: Material properties of cold-formed steel coupons extracted from tracks (CS12)

Designation E (GPa) o002 (MPa) o019 (MPa) o, (MPa) &, Ef

CS12-1 201 483 494 613 0.137 0.222
CS12-2 201 483 495 609 0.124 0.195
CS12-3 201 484 496 618 0.140 0.229
Average 201 483 495 613 0.134 0.215
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Figure 5.2: Stress-strain curves of tensile coupons extracted from (a) stud and (b) track

5.2.2 Sheathing material tests

Two types of sheathing board were used: standard gypsum-based plasterboards and
orientated strand board. The employed plasterboard was type A board in accordance with
EN 520 (2009), was of 12.5 mm measured thickness and 665 kg/m? density. The employed
oriented strand board was type 3 (OSB/3) as specified by EN 300 (2006), had a measured
thickness of 11.0 mm and had a density of 590 kg/m?. Material tests for both types of board
were carried out in both compression and tension, as well as longitudinally and transversely

to their direction of production in accordance with EN 789 (2005). A detailed description
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5.3 Member tests

of these tests is provided by Kyprianou et al. (2021a) and presented in Chapter 3 while a
summary of the key material properties is provided in Table 5.3, where E is the Young’s
modulus, f, is the ultimate strength, e, is the corresponding strain and e,0.s (only for

compression) is the strain at 80% of f,, post f.

Table 5.3: Average measured material properties of sheathing

Longitudinal Transverse
Type
E (GPa) f, (MPa) &, (%) euos (%) E (GPa) f, (MPa) &, (%) euos (%)
OSB, tension 4.10 11.7 0.37 - 2.94 7.01 0.37 -
OSB, compression 4.02 12.1 0.40 0.54 2.78 10.7 0.50 0.66
Plasterboard, tension 1.65 1.45 0.61 - 1.67 0.67 0.38 -
Plasterboard, compression 2.11 3.81 0.23 0.37 2.13 3.33 0.23 0.42

5.3 Member tests

5.3.1 Geometric properties

The cross-sectional shape of the stud columns, which are the main structural members
of the examined system, is illustrated in Figure 5.3 along with the notation used for the
cross-sectional dimensions. The average measured dimensions of the stud columns and
tracks (which do not feature a lip) are provided in Table 5.4, where ¢ is the thickness, h is
the depth of the section, b is the flange width, ¢ is the length of the lip and r is the internal

corner radius of the section.

All stud columns were 2.4 m long and positioned in the centre of 800 mm long tracks.
The columns came with 100x38 mm pre-cut holes for the installation of services, which is
typical for columns deeper than 150 mm. The shape of the oval service holes, which had
19 mm radii at the ends, as well as their position along the column length are illustrated in

Figure 5.1.
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7

1 BN

Y 7 ‘

Figure 5.3: Notation for cross-sectional geometry of stud

Table 5.4: Average measured cross-sectional dimensions

Member ¢ (mm) A (mm) b (mm) ¢ (mm) 7 (mm)

Column 1.44 149.15 43.92 11.95 2.50
Track 1.18 155.30 31.18 - 2.25

5.3.2 Stub column tests

A pair of stub columns was tested — one with and one without service hole openings in
the web — to investigate the effect of the hole on the ultimate compression capacity of the
section. Both columns were 450 mm long with the position of the hole for the respective
member being at mid-length. The tests were carried out in accordance with EN 1993-1-3
(2006), with the axial load introduced using a 750 kN Instron hydraulic testing machine
at a constant displacement rate of 0.25 mm/min. Both tests were continued beyond the
ultimate capacities to observe the post-peak behaviour and the development of the failure

mechanism.

The obtained axial load-displacement curves along with images of the deformed test
specimens are provided in Figure 5.4 (a) and (b) respectively. For both stub columns,
failure was triggered by a combination of local and distortional buckling, with the specimen

comprising a service hole exhibiting 5% reduced capacity compared to the one without a
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Figure 5.4: Stub column test results: (a) load-displacement curves and (b) failure modes

5.3.3 Imperfections

Initial geometric imperfections, including both cross-sectional (dy, for local, dp for dis-
tortional) and global (8¢ maej and g min for flexural about the major and minor axis re-
spectively and 6 for torsional) modes along the length of the member, were measured for
ten specimens with service holes (- see Figure 5.1) and ten without service holes. The five
modes of imperfection (the associated buckling modes of which are observed in Section 5.4),
illustrated in Figure 5.5, were determined using an imperfection rig with seven LVDTs — see
Figure 5.6 — which allowed the measurement of the variation of the cross-sectional shape
along the length of the specimens. The method used to determine the imperfection mag-
nitudes was similar to that described by Vieira et al. (2011). The seven LVDT mount ran
on rails, as shown in Figure 5.7, with an attached string pot allowing determination of the
position of the measurements along the length of the column and with the rails calibrated
to remove their inherent imperfection. Data were recorded using the acquisition system

DATASCAN every second.

The imperfections along the length of the columns were calculated using the following

equations, where 0z, 0p, dG,maj, 0G,min and g are as defined in Figure 5.5 and 01 — 67 are
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the measurements of the LVDTs shown in Figure 5.6.

07, = mean [(d4 — d3), (04 — J5)]

dp = mean [(§; — d2), (67 — 0¢)]

5G,maj
6G,min

0.t

= mean [d2, ]
= mean [03, J5]

= (03 —05)/h

The average imperfection amplitudes of the specimens with and without service holes

are provided in Table 5.5, relative to the thickness for the cross-sectional modes and relative

to the column length L for the global modes. Typical distributions of the imperfections

along the member length are presented in Figures 5.8 and 5.9 for the cross-sectional and

global imperfections respectively. In Figure 5.8, all data have been post-processed such that

the measurements are plotted relative to a best fit line through the overall imperfection

profile. The imperfection amplitude for the cross-section modes is then taken as the max-

imum deviation from this line. This measure of imperfection is deemed to be appropriate

because it is the deviation from flatness that is the key trigger and influential factor for

local and distortional buckling. For the global imperfections, a half-sine wave was fitted to

the measured curves using least squares regression to allow determination of the maximum

amplitude at mid-length, as shown in Figure 5.9.

1
’

-

(b) Distortional

’ N

Y

N ’

(¢) Minor flexural

(d) Major flexural

(e) Torsional

Figure 5.5: Illustrations of amplitudes of imperfection shapes for (a) local, (b) distortional, (c)

flexural about the minor axis, (d) flexural about the major axis and (e) torsional modes
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11T +—[ N=—=—L_ 11+~ 7
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Cross-section LVDT

3 4 5

Figure 5.6: Positions of LVDTs mounted on the imperfection rig

Figure 5.7: Imperfection rig (a) elevation view (b) schematic and (c) detail of the rails and the

LVDTs around the cross-section
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Table 5.5: Summary of initial geometric imperfection amplitude measurements

Member No. o/t dp/t L/6G min L/6G maj O (deg/m)
1 0.19 0.47 -1700 18300 0.27
2 0.18 0.57 -2370 8970 0.21
3 0.27 0.39 -1970 12300 0.19
4 0.19 0.42 -2020 12500 0.17
5 0.22 0.62 -2100 16900 0.21
6 0.20 0.29 -2000 14700 0.10
No holes
7 0.31 0.39 -1460 6540 0.23
8 0.26 0.42 -1180 15200 0.16
9 0.27 0.50 -1680 5720 0.21
10 0.25 0.39 -1180 19300 0.17
Mean 0.23 0.44 -1770 13000 0.19
COov 0.19 0.22 0.23 0.36 0.24
1 0.18 0.46 4680 10000 0.18
2 0.18 0.59 3280 10100 0.18
3 0.24 0.41 4060 28500 0.16
4 0.18 0.47 5300 14100 0.15
) 0.27 0.63 2200 27500 0.12
6 0.20 0.62 2700 12200 0.11
With holes
7 0.25 0.62 5620 11000 0.16
8 0.20 0.33 7420 18400 0.18
9 0.20 0.57 4290 14000 0.14
10 0.18 0.53 4260 31000 0.10
Mean 0.21 0.52 4380 17700 0.15
Ccov 0.16 0.19 0.35 0.47 0.20
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Figure 5.8: Cross-sectional imperfections along column length
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Figure 5.9: Global imperfections along the column length, with dashed lines marking the half-sine

curves of best fit

The measured imperfection amplitudes for the members with and without holes show no
significant discrepancies for the local, distortional, torsional and global major axis flexural
modes, with the latter being around L/10000. Conversely, both the magnitude and direction
of the minor axis bow imperfections were affected by the presence of the holes; this is
attributed to the influence of the hole punching process. Note that the positive imperfection
values denote that the imperfection direction is as per the illustration in Figure 5.5 (c), while

negative values indicate that the imperfection direction is of the opposite sense.
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5.3.4 Screws types and arrangements

The types of connector used for securing the sheathing panels to the steel studs were
screws of 3.5 mm diameter for the plasterboard and 4.8 mm diameter for the OSB. Illustra-
tions of the two screws are provided in Figure 5.10 (a) and (b) respectively, while further
details of the properties of these screws and on their behaviour in shear and pull-through
can be found in Chapter 3 and in the work presented by Kyprianou et al. (2021a). The
connection between the flanges of the track and stud at both column ends were made using
screws of 4.8 mm diameter - see Figure 5.10 (c). Finally, the webs of both tracks were

secured onto square hollow sections, using bolts of 6 mm diameter (see Figure 5.10 (d)).

i
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Figure 5.10: Types of connector used: (a) 3.5 mm diameter screw for plasterboard to steel (b) 4.8
mm diameter screw for OSB-to-steel (¢) 4.8 mm diameter screw for steel-to-steel and (d) 6 mm

diameter anchor bolt

The sheathed column specimens were tested with four different screw spacings: 600
mm, 300 mm, 150 mm and 75 mm, as shown in Figure 5.11. Note that a distance of 50 mm
was kept between the edge connector and the column end, in order for the screw to not be
driven into the track. For the specimens with a spacing of 600 mm, five screws were used on
each side of the column, with the two outer screw spacings reduced to 550 mm. Similarly,
for the other arrangements, the outer spacings were reduced to allow for a uniform spacing
of connectors along the rest of the column length. For the 300 mm spacing, nine screws
were used, while for the 150 mm and the 75 mm spacings, 17 and 33 screws were employed
respectively. No connection between the track and the sheathing was implemented since the

focus of this study was to investigate the column-to-sheathing connection.
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Figure 5.11: Connector arrangements for spacings of (a) 75 mm, (b) 150 mm, (¢) 300 mm and (d)

600mm (dimensions in mm)

5.3.5 Test rig

The specimens were tested in a dual-actuator rig. Axial compression was applied to
the overhead track by a vertical 1000 kN Instron actuator while bending was applied by
laterally loading the sheathing using a four-line two-tier whiffletree system connected to an
horizontal 500 kN Instron actuator in order to approximate a uniformly distributed load -
see Figure 5.12. The top actuator was connected to a hot-rolled steel square hollow section,
through which load was applied to the top track of the test specimens. Note that special

attention was given to avoid contact between the square hollow section and the sheathing
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such that axial load would be applied directly to the steel stud only. Rotation of the hollow
section was prevented by the use of brackets at either end (see Figure 5.12), while Teflon
was placed between the brackets and the hollow section to minimise friction. The bottom
track was also secured to a hollow section fixed to the concrete lab floor. The whiffletree
connected to the horizontal actuator was free to rotate, with pinned connections between
its legs. Prior to each test, the whiffletree was laser-aligned to be parallel to the column

length.

Hot-rolled steel hollow section Vertical actuator

Whiffletree system Brackets

Sheathing
affixed to
L cold-formed
stud

Horizontal actuator

Figure 5.12: Illustration of rig for beam-column tests
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Figure 5.13: (a) Photo and (b) schematic illustration of test rig with employed instrumentation

In total 19 LVDTs and one string potentiometer were used to measure displacements.
Eight LVDTs, along with the string-pot attached to the column, were used to measure
the shortening of the column. At each column end, two LVDTs were used to measure the
deflection of the track, while two LVDTs mounted on either side of the column measured the
closing gap between the column and the track during loading. The net axial shortening of the
column was calculated as the difference between the gap closure and track deflection. The
axial shortening of the column was also measured using the string potentiometer spanning
between the ends of the column, as shown in Figure 5.13. Ten LVDTs on the laterally loaded
side and one in the centre of the non-loaded side were used to measure lateral displacements.

The LVDTs on the loaded side were positioned in the middle of the sheathing and as close
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as possible to the loading arms of the whiffletree to record the maximum displacement due
to bending, as shown in Figure 5.13. The loads and displacement measurements from the
actuators, the LVDTs and the string potentiometer were captured using the DATASCAN

acquisition system, recording at a frequency of 1 Hz.

5.3.6 Boundary and loading conditions

The length of the tracks of the tested specimens was 800 mm, as shown in Figure 5.13
(b). Detailed views of the top and bottom tracks connected to the test rig are shown in
Figure 5.14, where the 6 mm in diameter anchor bolts with washers are also shown; these
were used to secure the tracks to the hot-rolled steel sections. The connection between the

column and the track is shown in Figure 5.15.

The boundary conditions at the member ends derived from the direct contact between
the column ends and the web of the tracks. As such, the ability for the column ends
to rotate depended on the applied axial load level. For low axial load levels, the boundary
conditions were approximately pinned, while for higher axial load levels, increased end fixity
arose. The bending moment diagram under the four-point loads and under an equivalent
uniformly distributed load assuming pinned end conditions is shown in Figure 5.16 (a), while,
in Figure 5.16 (b), the corresponding bending moment diagrams assuming fixed boundaries

are shown. The total length of the column is designated by L and the horizontal load by H.

The axial load was applied using displacement control at a rate of 0.25 mm/min while
the horizontal load was applied at a rate of 2.00 mm/min also under displacement control.
The specimens subjected to pure compression or pure bending were loaded beyond the
ultimate load, until a load decrease could be clearly observed. For the combined load cases,
the specimens were first axially loaded to a pre-determined load level; the axial load was
then held constant under load control, while the horizontal load was increased until failure

occurred.
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(b)

Figure 5.14: (a) Top and (b) bottom tracks connected to the test rig

Figure 5.15: Column-to-track connection
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Figure 5.16: Bending moment diagrams under 4-point loads and the equivalent uniformly distributed

load for (a) pinned and (b) fixed boundary conditions

5.4 Experimental results

A total of 17 member tests were conducted, with eight specimens subjected to pure
compression, six to combined compression and bending and three to pure bending. The
tested members were sheathed with the same type of board and using the same number
of screws on both sides. A summary of the test details and results, including the type of
sheathing used, the spacing between the screws, the axial load P, and horizontal load H,
at failure and the mode(s) of failure, is provided in Table 5.6. The notation used for each
test in Table 5.6 begins with the letter G for plasterboard (gypsum) or O for OSB, then
with the level of the applied compressive load (expressed as a percentage of the compressive
strength of the stud, as determined through the testing performed herein), followed by the
letter S and finally by the spacing between the screws in mm. For repeat specimens, 1 or 2

was added at the end of their notation to differentiate between them.
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Table 5.6: Summary of details of the tested specimens and observed failure loads

#  Designation  Sheathing type Serew spacing P il Failure mode *
(mm) % (N) | (kN)
1 G-100-S600-1 Gypsum 600 100 69.0 | 0.0 D— CF — FT
2 G-100-S600-2 Gypsum 600 100 777 | 0.0 D— CF — FT
3 G-100-S300-1 Gypsum 300 100 76.5 | 0.0 (L + D (hole)) — CF
4 G-100-S300-2 Gypsum 300 100 821 | 0.0 (D — CF) + e
5  G-100-S150 Gypsum 150 100 855 | 0.0 (L (end) + D) — CF
6 G-100-S75 Gypsum 75 100 90.5 | 0.0 L (end)
7 0-100-S600 0SB 600 100 79.5 | 0.0 L (end) + D
8 0-100-S75 0SB 75 100 90.7 | 0.0 L (end)
9 0O-75-S600 OSB 600 75 60.0 | 14.0 L (hole)
10 O-75-S75 OSB 75 75 67.5 | 15.5 L (hole)
11 0O-50-S600 OSB 600 50 40.0 | 174 L (hole)
12 0-50-S75 OSB 75 50 45.0 | 21.3 L (end) + L (hole)
13 0-25-S600 OSB 600 25 20.0 | 20.8 L (hole)
14 0-25-S75 OSB 75 25 225 | 235 L (end) + L (hole)
15 0-0-5600 OSB 600 0 0.0 | 20.8 L + L (end)
16 0O-0-875-1 OSB 75 0 0.0 | 22.3 L (end) + CF (column-to-track)
17 0-0-875-2 OSB 75 0 0.0 | 20.8 L (end) + CF(column-to-track)

* CF: connector failure, L: local buckling, D: distortional buckling, FT: flexural torsional buckling

Six of the specimens under pure compression were sheathed with plasterboard and two

with OSB. For the specimens sheathed with plasterboard, all four connector spacings were

examined, i.e. 600 mm, 300 mm, 150 mm and 75 mm - as illustrated in Figure 5.11 while,

for the specimens sheathed with OSB, only the two extreme spacings of 600 mm and 75 mm

were studied.

Following testing of the plasterboard specimens under pure compression, and since

pull-through failure was prominent, it was decided that the specimens to be tested under

combined loading and pure bending would be sheathed with OSB only, with connectors

spaced either at every 600 mm or 75 mm. Six tests were conducted under combined load,

where the axial compression level was set to 75%, 50% and 25% of the stud compression

resistance, which had been determined based on the two tests with OSB sheathing under

pure compression.
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5.4.1 Pure compression test results

A summary of the results of the pure compression tests is shown in Figure 5.17, where
the failure load P, is plotted against the employed spacing of connectors. Substantial
increases in capacity can be observed with decreasing connector spacing (from 600 mm to
75 mm), with a 14% increase attained for the OSB sheathed specimens and 23% increase, on
average, for the plasterboard sheathed specimens. Note that, in addition to the individual
experimental results, an average line between the repeat tests has also been plotted for the

plasterboard specimens to highlight the trend in the data. For all the specimens connected

100
90 -
Z 80 -
-l
70 4 o
—+OSB tests
60 4 x Plasterboard tests
0 --- Plasterboard (average)

0 100 200 300 400 500 600 700
Connector spacing (mm)

Figure 5.17: Ultimate load plotted against connector spacing for specimens under pure compression

at 300 mm and 600 mm intervals, pull-through failure of the connectors, exacerbated by
distortional buckling of the flanges (see Figure 5.18 (a)), was observed; this was followed by
sudden flexural torsional buckling of the column once the connection to the sheathing was
lost. For the member sheathed with plasterboard and connected at 150 mm intervals, screw
pull-through failure initiated at the top end of the specimen; this then led to the further
development of local and distortional buckling and eventually to overall member failure. For
the specimens with a connector spacing of 75 mm, pull-through of the screws was prevented
and failure was triggered by local buckling near the bottom end of the columns. For the
specimens sheathed with OSB, failure was due to a combination of distortional and local

buckling; the specimen connected at 75 mm intervals reached a higher capacity due to the
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greater restraint provided by the screw connectors.

(a)

Figure 5.18: Typical failure modes: (a) distortional buckling (and pull-through failure of connectors)

for a member under compression and (b) local buckling at a service hole for a member under bending

5.4.1.1 Boundary conditions under pure compression

The boundary conditions at the ends of the specimens under pure compression, set
in tracks and connected at the flanges through screws, are effectively clamped due to the
presence of the applied axial force — upon rotation of the end cross-section about either edge,
a restoring moment Mpr = Ph/2 is generated about that edge by the centroidally-acting
axial force, leading to fixed boundary conditions — see Figure 5.19. This is particularly clear,
and supported by the observed experimental results in this study and reported findings in
the literature by Vieira et al. (2011) and Yun & Gardner (2018), for deeper members (larger

h), but may diminish for shallower (smaller #) members.
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Figure 5.19: (a) Typical end failure mode for specimens under pure compression and (b) schematic
illustration of end fixity arising due to the restoring moment from axial force. Note that the overall
end rotation illustrated in (b) is prevented in the real system, as seen in (a), due to the action of the

restoring moment.

5.4.1.2 Load-displacement curves under pure compression

Load-displacement curves derived from different measurement devices — the vertical
actuator, the string potentiometer attached to the column and the difference between the
measurements of the LVDTs positioned on the tracks and on the column measuring the gap
between them — of a typical specimen under compression (G-100-S75) are shown in Figure
5.20. As shown in the figure, the load-displacement response based on the displacements
recorded by the actuator exhibited a substantially lower stiffness than the theoretical axial
stiffness of the column EA/L (where E is the Young’s modulus of the steel, A is the cross
sectional area of the column and L is the length of the column), with the gradual increase

of stiffness at the beginning of the curve corresponding to the gradual closure of the gap

199



5.4 Experimental results

between the track and the column. Since the string potentiometer was not measuring across
the gap, the resulting initial stiffness of the member closely matches the theoretical axial
stiffness. Deviations at higher loads relate to the asymmetric nature of the measurements,
which were taken on one side of the specimens only. Finally, the curve calculated based
on the difference of the LVDT readings measuring the deflection of the tracks and the gap
closure between the track and column (see Figure 5.13 (b)) closely matches the general

response of the column.
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Figure 5.20: Axial load-displacement curves of a typical specimen under pure compression

For all specimens under pure compression, the reported load-displacement curves are
based on the LVDT measurements, after correction of the full curves, using Equation (5.6),
based on the ‘true’ initial stiffness captured from the stringpot, which closely matches the

axial stiffness FA/L, as described below.

P P
Otrue = 0LV DT — ( - > (5.6)
kLVDT kstringpot

In Equation (5.6), d4rye is the adjusted axial displacement, oy pr is the axial displacement
based on the LVDT measurements, P is the axial load, Kstringpor is the initial stiffness from
the stringpot curve and kpypr is the initial stiffness from the LVDT curve; the initial

stiffnesses were determined based on measurements up to about 40% of the peak load where
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the response remained approximately linear. Adjustment of a full axial load-displacement

curve using Equation (5.6) for a typical specimen (G-100-S75) is demonstrated in Figure

5.21.
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Figure 5.21: Adjustment of gradient for the results of axial load-displacement curves

The axial load-displacement curves for the OSB sheathed specimens are presented in
Figure 5.22, while the corresponding curves for the specimens sheathed with plasterboard

are shown in Figure 5.23. The discontinuities that can be seen in the specimens sheathed

100
90 A
80 A A
70 | e \
60 - \
50 - )
40 1
30 A
20 - 4 FA/L
10 / ---0-100-S600

0 —0-100-S75
0 1 2 3 4 ) 6 7

Axial displacement d,,,,, (mm)

Load (kN)

Figure 5.22: Axial load-displacement curves of specimens sheathed with OSB under compression
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with plasterboard (Figure 5.23) and connected at 150 mm, 300 mm and 600 mm intervals

correspond to failure of individual connectors.
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0 —G-100-S75

0 1 2 3 4 ) 6 7
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Figure 5.23: Axial load-displacement curves of specimens sheathed with plasterboard under com-

pression

A comparison between the specimens sheathed with OSB and plasterboard and subjec-

ted to pure compression is presented in Figure 5.24. As expected, it can be observed that
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Figure 5.24: Comparison between the axial load-displacement curves of specimens sheathed with

plasterboard and OSB under compression

the stiffness and capacity of the specimens increases with increasing numbers of connectors
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due to the additional restraint to both the global and cross-sectional buckling modes. The
specimens with the connectors spaced at 75 mm intervals exhibited similar peak capacities,

although a slightly higher stiffness was observed for the specimens sheathed with OSB.

The failure modes of the columns sheathed with plasterboard are shown in Figure
5.25. For the specimens that were connected at 600 mm and 300 mm intervals, distortional
buckling developed between the connectors, while the specimens connected every 150 mm

and 75 mm suffered local buckling failure near the column ends.
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Figure 5.25: (a) Failure modes of columns sheathed with plasterboard and tested under compression
(from left to right — connectors spaced at 600 mm, 300 mm (2 repeated), 150 mm and 75 mm), (b)
test specimen with 600 mm connector spacings, post failure (with the sheathing removed to observe

the failure mode)
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5.4.2 Compression and bending test results

The results from the combined compression and bending tests are presented in Figure
5.26, where the ultimate compression loads P, are plotted against the ultimate horizontal
loads H,; a distinction is made between the OSB-sheathed specimens with connectors spaced
at 600 mm and 75 mm intervals. Increased capacities in both compression and bending
(between 15 — 20%) were attained when closer-spaced connectors were employed. It should

be mentioned that the capacity of the specimens tested under pure bending was limited by

the strength of the connection between the track and the column.
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Figure 5.26: Ultimate compression (P,) and horizontal (H,) loads for beam-column specimens

sheathed with OSB and connected at 600 mm and 75 mm intervals

The dominant failure mode of the OSB-sheathed beam-column specimens was local
failure at the service openings and at the ends of the members, as shown in Figure 5
For the specimens under pure bending with the connectors spaced at 75 mm, shear failure

of the screws between the main member and track occurred — see Figure 5.27 (b), without

which, higher load-bearing capacities were anticipated.
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(a) (b)

Figure 5.27: Failure modes of all the tests specimens (from left to right — 100% compression to 100%
bending) with OSB sheathing connected at (a) 600 mm spacings and (b) 75 mm spacings

5.4.2.1 Load-displacement curves

The horizontal load versus mid-height displacement curves for the OSB sheathed beam-
columns are shown in Figures 5.28 and 5.29 for the specimens connected at 75 mm and 600
mm spacings respectively; all tested specimens are plotted together in Figure 5.30. Note
that the horizontal mid-height displacement was calculated by averaging the three LVDT
measurements at mid-height (from the two LVDTSs on the loaded side and the third on the

non-loaded side — see Figure 5.13 (b)). The full load-deflection curves are shown in Figure
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5.30 (a) while their initial part is presented in Figure 5.30 (b), where lines corresponding to
the theoretical linear response in the case of pinned and fixed boundary conditions are also
plotted. The theoretical responses were calculated assuming linear, elastic behaviour for the
4-point load configuration illustrated in Figure 5.16; the calculated mid-height deflections
(0, and 05) and stiffnesses (k) for pinned and &y for fixed) were determined using Equations
(5.7) and (5.8), where H is the total horizontal load, L is the length of the member and ETI
is the sum of the flexural rigidities of the steel member and the two sheathing boards. The

calculated k, and ky values were 1.29 kN/mm and 6.60 kN/mm respectively.

A41HIL3 3072E1
= N = H - .
P 3072ET R /% 4113 (5.7)
HL? 384FT
= - kr=H/6y = —— )

It was found that the flexural stiffnesses of the specimens with the connectors spaced
at 75 mm intervals that were subjected to axial loads corresponding to 75% and 50% of
their compressive resistance were approximately 30% and 20% respectively higher than the
theoretical flexural stiffness corresponding to a member with pinned-end conditions. For
the specimens with connectors spaced at 600 mm intervals under axial loads equal to 75%
and 50% of their compressive resistance, the flexural stiffnesses were about 20% and 10%
respectively higher than the theoretical value for a pin-ended member. The relative degree
of fixity can be expressed as § = (k—kp)/ (ks —kp), where k is the initial stiffness determined
from the horizontal load—mid-displacement curves (where § = 0 and 8 = 1 correspond to
pinned and fixed end conditions and all intermediate values i.e. 0 < 8 < 1 correspond to

the partially restrained end conditions achieved in the tests.

In Figure 5.31, the relative degree of fixity S is plotted against the percentage of com-
pression for all beam-column specimens. It can be observed that the relative degree of fixity
increases with increasing compression and with decreasing connector spacing. This can be
explained with reference to Section 5.4.1.1 and Figure 5.19, where, as described for the case
of pure compression, the applied axial load generates a restoring moment as the member

rotates about the outer edge of the cross-section. This effect weakens (or remains active up
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to lower lateral load levels) as the level of applied compression reduces and as the overturn-
ing moment (i.e. the applied bending moment) becomes more dominant Yun & Gardner

(2018).
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Figure 5.28: Horizontal load versus mid-height displacement curves for beam-column specimens

connected at 75 mm intervals
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Figure 5.29: Horizontal load versus mid-height displacement curves for beam-column specimens

connected at 600 mm intervals
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Figure 5.30: Horizontal load versus mid-height displacement curves for all specimens over (a) full

range and (b) initial stages of loading for comparison with the theoretical stiffness for fixed and

pinned boundary conditions
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Figure 5.31: Relative degree of fixity 5 with increase in compression level for beam-columns based

on slope of horizontal load-mid-span deflection curves

5.4.2.2 Load-rotation curves

Two inclinometers, mounted on the webs of the beam-column specimens at a distance of
L /10 from each end, were used for determining the near-end rotations of the members during
loading. The load-rotation curves, based on the average readings from the two inclinometers

(which were close to symmetrical), are presented for the specimens with connector spacings
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of 75 mm and 600 mm in Figures 5.32 and 5.33 respectively. The theoretical rotations, 6,
and 0y, at L /10 and the rotational stiffnesses, kg, = H/6), and kg y = H/f;, corresponding
to the member response with pinned and fixed end conditions, calculated according to
Equations (5.9) and (5.10) respectively, are also plotted. The calculated kg, and kg s values
were 17.80 kN /deg and 118.20 kN /deg respectively.

259H L2 180 320mET1
b= Ga00ET 7 ¢ Mer =H/% = Guairs (5.9)
39HL? 180 320w ET
= — . kyy=H/0y =" 1
F = 6400ET # 0 %Y /0 35112 (5.10)

Similarly to the load-displacement results, the load-rotation results indicate increasing
end fixity (or retention of fixity to higher lateral load values) with increasing compression
levels and reducing connector spacing. This is shown in Figure 5.34, where the relative degree
of fixity is now expressed in terms of the rotations i.e. Sy = (ko — kop)/(ko,f — kop). The
relative degrees of fixity derived from the load-rotation and the load-mid-span displacement

curves are very similar (within 5%).
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Figure 5.32: Horizontal load versus rotation at L/10 curves for beam-column specimens connected

at 75 mm spacings
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Figure 5.33: Horizontal load versus rotation at L/10 curves for beam-column specimens connected

at 600 mm spacings
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Figure 5.34: Relative degree of fixity [y with increase in compression level for beam-columns based

on the slope of horizontal load versus rotation at L/10

5.4.2.3 Strain distributions

For the combined compression-bending specimens and the bending specimens, strain
gauges were mounted at the mid-height of the members in the middle of the flanges, as

shown in Figure 5.35 (b). The strain gauges were used to monitor the progression of strain
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at key locations on the specimens during testing and to verify that the loading was applied
as intended. The two strain gauges mounted on the members are designated as SGT for the
one on the tension (or lower compression) flange and SGC for the one on the compression
flange. A graph showing the development of strain for the typical case of the O-75-S600
specimen during the compression P and then horizontal H loading stages is illustrated in
Figure 5.35 (a). Three key points are highlighted in Figure 5.35: @ at the pre-determined
compression load P, (75% of the pure compressive resistance for the case illustrated) prior
to the application of any horizontal load, @ at P, and 50% of ultimate horizontal load H,
and @ at P, and 100% of H,. The similarity of compressive strains in the compression
stage and symmetry (i.e. approximately equal and opposite strains) in the bending stage

confirm that the test setup and specimens performed as intended.
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Figure 5.35: Strain gauge results from beam-column tests showing (a) development of strain for

specimen O-75-S600 and (b) position of strain gauges at mid-height of member

5.5 Comparison with existing findings and code provisions

5.5.1 Comparison with previous experimental findings in the literature

The findings of Vieira et al. (2011), in which the screw connectors in sheathed cold-
formed steel members were shown to provide effective restraint against global buckling

modes, have been supported by the research presented herein. Full restraint to the global
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5.5 Comparison with existing findings and code provisions

modes, such that local/distortional buckling only became the controlling failure modes, was
achieved in the present study for specimens with the more substantial interconnection, as
also found by Vieira et al. (2011). With regards, to the end fixity achieved in cold-formed
steel wall systems, as also indicated by Peterman & Schafer (2014) and Peterman (2012)
under pure bending, the end conditions are close to pinned, but as the level of axial load and
the degree of interconnectivity increases, there is a transition towards fixed ended boundary

conditions.

5.5.2 Comparison with Eurocode 3 design provisions

The compression capacities of the sheathed specimens, even for the widest connector
spacing, were found to be significantly higher than those predicted using EN 1993-1-1 (2005)
and EN 1993-1-3 (2006) with typical design assumptions, including that of pinned boundary
conditions at the member ends. Comparisons between the Eurocode 3 axial resistance pre-
dictions and the obtained test results are provided in Figure 5.36. Note that the calculation
of the cross-sectional compression resistance N, gq, loss of effectiveness due to local and
distortional buckling was accounted for in line with the EN 1993-1-3 (2006) provisions. The
member resistances (i.e. the flexural buckling resistances about the major Ny, rq and minor
Ny > rq axis, the torsional buckling resistance Ny, 7 rq and the flexural-torsional buckling res-
istance Ny, pr gq) were initially calculated with the effective lengths for buckling about the
major Le., and minor L., . axes taken as the full member length (2.4 m). This typical
design assumption (Way & Heywood 2012) presupposes that no restraint is provided by the
sheathing; the results are shown in Figure 5.36 (a). Equivalent comparisons are presented
in Figure 5.36 (b), but with the effective length for buckling about the minor axis L, .
taken equal to the spacing of the connectors. As shown in Figure 5.36 (a), without any
restraint assumed from the sheathing, the test results are underestimated by about three
to four times, with N, , rq being the critical resistance. On the other hand, as shown in
Figure 5.36 (b), taking L, . equal to the connector spacing leads to unsafe predictions for
the plasterboard sheathed specimens connected at 300 mm and 600 mm intervals which

suffered connector failure, but safe-sided predictions for the OSB-sheathed specimens where
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Figure 5.36: Comparisons between compression test results and EN 1993-1-3 (2006) resistance pre-
dictions with different assumptions made for L., , equal to (a) the full column length of 2400 mm (b)
the connector spacing and (c) two times the connector spacing. L.,, was taken as the full member

length in all cases.
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connector failure did not occur. An intermediate condition with L., , taken as twice the
connector spacing, effectively assuming that every other connector has failed and does not
contribute any restraint, is presented in Figure 5.36 (c) yielding safe-sided predictions for

the specimens suffering connector failure.

The beam-column test results are compared with the EN 1993-1-3 (2006) interaction
curve, given by Equation (5.11), in Figure 5.37. The design assumptions that have been
considered are: (i) no restraint from the sheathing (ii) Le,, = 600 mm and (iii) Ler, = 75
mm. Note that the effective length about the major axis L., was taken as the full length

of the member in all cases.

Pu >0.8 ( Mu )0.8
+ <1.0 5.11
(Nb,Rd My ra (5.11)

In Equation (5.11) Nj, gq is taken as the minimum of N¢ rd, Nby. rds Nb,z,rd> No1 R4 and
Ny, F1,Rd, While My, gq is the lateral torsional buckling resistance. Design moment resistances
are converted to equivalent horizontal forces (H), for comparison with the horizontal test
loads, using H = M rq x 8/L as shown in Figure 5.16 (a) assuming pinned boundary
conditions and L = 2.4 m. Note, that calculation of the effective section properties for both
compression and bending (i.e. the effective area and section modulus) was carried out by
including iteration of the effective thickness for the effects of distortional buckling, while the
influence of rounded corners was taken into account by using the mid-line design provisions

by EN 1993-1-3 (2006); more details on the method are provided in Chapter 7.

As shown in Figure 5.37, assuming that the members have pinned end conditions and
that no restraint is offered by the sheathing (i.e. Lery = Ly, = full member length) yields
very conservative resistance predictions, while recognising the restraint from the connectors
leads to considerably more accurate predictions, provided the connectors possess sufficient
capacity (Kyprianou et al. 2021a,b, Peterman & Schafer 2014). The accuracy of the res-
istance predictions is however limited by the shape of the interaction curve set out in EN
1993-1-3 (2006). In particular, the concave nature of the curve, arising from the value of

the powers in Equation (5.11) being 0.8 does not match the convex trend of the test data
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points.
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Figure 5.37: Comparison between tests results and EN 1993-1-3 (2006) resistance predictions assum-

ing various effective lengths

5.6 Conclusions

An experimental study into the structural performance of sheathed cold-formed steel
members has been presented in this chapter. Seventeen full-scale tests, comprising eight
specimens under pure compression, six specimens under combined loading and three un-
der pure bending, were carried out, along with supporting material tests and imperfection
measurements. The tested specimens were sheathed with either plasterboard or OSB, on
both sides, with various stud-to-sheathing connector spacings ranging from 600 mm to 75

mim.

When subjected to pure compression, the controlling failure mode exhibited by the
studs connected to plasterboards at the wider spacings (i.e. 600 mm and 300 mm) was
pull-through of the connectors, while for the studs sheathed with OSB and plasterboard

at the denser connector spacings of 150 mm and 75 mm, local buckling was the dominant
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failure mode. For the OSB-sheathed beam-column specimens local failure at the service
openings was observed, while for the specimens subjected to pure bending, local buckling

and stud-to-track connector failure occurred.

Reducing the spacing of the connectors from 600 mm to 75 mm resulted in up to 20%
increases in the capacity of the specimens sheathed with OSB under both compression and
bending. For the specimens sheathed with plasterboards and subjected to pure compression,
reducing the connector spacing from 600 mm to 75 mm resulted in up to 30% increases in

capacity while pull-through connector failure was also prevented.

Initial comparisons with existing design guidance revealed that if the effect of the sheath-
ing is not considered, very conservative resistance predictions are obtained. Further invest-
igations on the effect of the board and decreasing connector spacing are carried in the next
chapter with the use of numerical simulations, validated against the results presented in this

chapter.
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Chapter 6

Finite element study on sheathed

cold-formed steel beam-columns

6.1 Introduction

HE structural behaviour of sheathed cold-formed steel lipped channel section columns
T (studs) subjected to combined compression and major axis bending is investigated
herein by means of numerical simulations. Finite element (FE) models of single studs, set in
tracks and connected to oriented strand board (OSB) and gypsum plasterboard sheathing
under varying combinations of axial compression and horizontal load were developed in
ABAQUS (2016). The developed numerical models incorporated cross-sectional and global
initial geometrical imperfections, while geometrical and material nonlinearities for both the
steel and the sheathing were considered in the analyses. Particular emphasis was given to
replicating the ‘as-built’ boundary conditions at the ends of the columns, controlled by the
screws connecting the column to the track and by the column-track contact interaction. The
interaction between the sheathing and the column as well as the behaviour of the fasteners

connecting the two components were also explicitly modelled.

Finite element models of single sheathed studs or wall systems under compression have
been presented by Telue & Mahendran (2004), Lawson et al. (2019), Vieira & Schafer (2016)

and Kechidi et al. (2020), while no such sophisticated simulations have been presented for
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6.2 Beam-column wall system

combined axial and horizontal loading. Numerical studies to date (Telue & Mahendran 2004,
Lawson et al. 2019, Vieira & Schafer 2016, Kechidi et al. 2020) have adopted a linear elastic
material model for the sheathing. In the study by Vieira & Schafer (2016), the focus has
been on the assessment of the shear demand on the screw connectors between the sheathing
and the steel, while in the work by Kechidi et al. (2020), modelling of user-defined elements
to describe the nonlinear, strength and stiffness deteriorating response of these screws under

monotonic and cyclic loading was presented and evaluated against experimental results.

A detailed methodology of the finite element modelling is provided in Section 6.3, while
the employed models of the screw connection behaviour in pull-through and shear, developed
and presented in Chapter 4 (Kyprianou et al. 2021b) based on experimental studies presen-
ted in Chapter 3 (Kyprianou et al. 2021a), were employed to capture the connector limits
and failures. After successful validation (see Section 6.4) against experimental data repor-
ted by Young (1997), Young & Rasmussen (1998a,b), Vieira et al. (2011), Vieira (2011),
Peterman & Schafer (2014), Peterman (2012) and the tests described in Chapter 5 (Kypri-
anou et al. 2021¢), the developed finite element model was employed for parametric studies.
The parametric studies presented in Section 6.5 investigated the influence of the board on
pure compression specimens and examined the effect of variable connector spacing and sec-
tion depth under various combinations of load. Parts of the methodology and validation
of the finite element modelling approach presented in this chapter have been published by

Kyprianou et al. (2018).

6.2 Beam-column wall system

The examined structural system, illustrated in Figure 6.1, is made up of a single stud
column connected to sheathing and tracks of appropriate width, reflecting the boundary and
loading conditions experienced by stud columns in sheathed wall systems under compression
and bending about the major axis. A single stud column was modelled for computational
efficiency since based on experimental studies on single studs set in tracks and connected

with sheathing were shown to have the same axial capacities as studs tested within stud

218



6.3 Finite element modelling

wall systems consisting of five studs (Vieira & Schafer 2013). Note that the conducted
finite element simulations were based on the configurations presented in the experimental
studies of Peterman & Schafer (2014), and those described in Chapter 5 and in Kyprianou
et al. (2021¢), where bending was introduced using a mid-height load and four point loads
(simulating uniform distributed loading) respectively.

Axial load

Stud column

Lateral load

Sheathing

(a) (b) (c)

Figure 6.1: Illustrations of (a) stud wall with sheathing (b) single sheathed stud column under

compression and bending about the major axis (c) finite element model

6.3 Finite element modelling

The finite element software ABAQUS (2016), which has been extensively used in the
past for simulating cold-formed steel members (Young & Yan 2000, Dinis et al. 2007, Yu &
Schafer 2007, Vieira & Schafer 2016, Hadjipantelis et al. 2019, Kyvelou et al. 2019, Kechidi
et al. 2020, Kyvelou et al. 2020) as well as composite structural systems (Kyvelou et al.
2018), was employed for the numerical investigation presented herein. In the developed
finite element model, shown in Figure 6.1, the C-lipped cold-formed steel columns (studs),
the sheathing boards and the U-shaped tracks were explicitly replicated. The configurations
considered involve OSB or plasterboard fastened to the cold-formed steel columns by means
of screws, which are simulated with the use of spring elements. The key features of the

developed finite element models as well as the relevant modelling assumptions are presented
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6.3 Finite element modelling

in the following sections.

6.3.1 Element type

Shell elements are commonly used for the modelling of thin-walled structural mem-
bers, whose thickness is significantly smaller than their two other dimensions, since they
can accurately capture cross-sectional instability phenomena such as local and distortional
buckling (Kyvelou et al. 2018, Hadjipantelis et al. 2019, Dinis et al. 2007, Schafer et al. 2010).
Hence, the steel components of the examined system, namely the columns and tracks, were
modelled with the commonly used (Kyvelou et al. 2018, Hadjipantelis et al. 2019) general
purpose quadrilateral four-noded S4R (ABAQUS 2016) shell elements with reduced integra-
tion and hourglass control, while the default ABAQUS (2016) value, of five, for the number

of section integration points through the element thickness was used.

The linear four-noded shell element with reduced integration S4R, shown in Figure 6.2
(a), is computationally more efficient than its counterpart S4 element with a full integration
scheme, shown in Figure 6.2 (b), since the number of integration point locations per element
is reduced from four to one. Although S4R elements are computationally less expensive,
they tend to suffer from ‘hourglassing’, where zero strains can arise at the single integration
point when the element is distorted, leading to mesh instability and problems of numerical
convergence. Therefore, S4R elements are used with hourglass control, while a fine mesh

and distributed loading is recommended to avoid excess stresses (ABAQUS 2016).

[
> Nodes / ?Integratlon
points

(a) S4R element ) S4 element

Figure 6.2: Four-noded shell elements with (a) a reduced single integration point scheme and (b) a
full 2 x 2 integration point scheme. Adapted from ABAQUS (2016).

Continuum 3D elements, also known as solid or brick elements, are frequently used for

modelling the thicker members in composite structural systems, such as concrete slabs in
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6.3 Finite element modelling

concrete-steel (Ellobody 2014) and boards in board-steel (Kyvelou et al. 2018) structural
members. In the present study, the sheathing boards were modelled using eight-noded
C3D8R (ABAQUS 2016) solid elements with reduced integration and hourglass control, with
an aspect ratio approximately equal to one. The geometry of solid elements, shown in Figure
6.3, allows for an accurate and realistic replication of the connection between the board and
the steel stud, since spring elements, which are used to simulate screwed connectors as
explained below, can be attached to the top or bottom surface of the board, depending on
the characteristics of the modelled response - see Section 6.3.4. As shown in Figure 6.3,
the C3D8R elements with reduced integration are computationally less expensive than their
counterpart fully integrated C3D8 elements, since the integration points are reduced from

eight to one.
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(a) C3D8R element (b) C3D8 element

Figure 6.3: Eight-noded brick (hexahedral) elements with (a) a reduced single integration point
scheme and (b) a full 2 x 2 x 2 integration point scheme. Adapted from ABAQUS (2016).

Spring elements were used to model the screwed connectors between steel-to-steel and
steel-to-board elements in shear and pull-through, as well as to replicate physical restraints
in certain directions that prevent rigid-body motion, such as contact with the loading sur-
faces or the presence of the foundation. SPRINGI1, SPRING2 and SPRINGA elements
are available in the ABAQUS (2016) software and their behaviour can be modelled by as-
signing them a force-displacement or rotation-moment profile; in the current study, only
force-displacement profiles have been assigned to all three aforementioned types of springs.
SPRINGI1 elements are used for the implementation of connections between nodes and the

ground, while SPRING2 elements, shown in Figure 6.4 (a), are used to connect two nodes;
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6.3 Finite element modelling

both types of spring can act only in a fixed direction. SPRINGA elements act between
two nodes, with their line of action being the line joining the two nodes, and with this line
being able to rotate in large-displacement analysis. The springs can be defined either as
linear, where a stiffness is used to describe them, or as nonlinear, where a series of load-
displacement data points, as shown in Figure 6.4 (b), are used to define their response. The
positive and negative spring profiles, shown in Figure 6.4 (b), describe the behaviour of the
spring in compression and tension. Whether the positive profile corresponds to tension or
compression depends on the spring element type, the order definition of the nodes and the
global coordinate system of the finite element model.

Force, Fa

Continuation assumed if u > u,

™~

Displacement components
—> i —>

>

Displacement, u

Continuation assumed if u < u,

Figure 6.4: (a) Spring element notation and (b) nonlinear spring force-displacement relationship
(ABAQUS 2016). Adapted from Ellobody (2014).

When describing the shear behaviour of a screw, typically modelled using a SPRING2
element between a node on the board and a node on the steel column, a symmetric profile
in the positive and negative domains is employed since the shear behaviour is the same
for both directions. Conversely, when using spring elements for modelling the pull-through
behaviour of screws or for replicating restraints in certain directions, the spring response
is defined only in its direction of action (i.e. for pull-through the springs are modelled
with a profile that activates them only when in tension - see Section 6.3.4.1 for details on

implementation).
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6.3.2 Meshing scheme

Following a sensitivity study, a refined mesh, aiming at an aspect ratio of 1:1 for the flat
regions of the cross-section and never exceeding 4:1 for the corners, was employed for the
modelling of the cold-formed steel columns and tracks. The chosen mesh ensured that the
arising local and distortional buckling modes could be accurately captured. The longitudinal
element sizes for the columns and tracks were 5 mm and 10 mm, respectively. Typical cross-
sectional mesh discretisations for various depths of cross-sections for the stud column are
illustrated in Figure 6.5, where the number of nodes increases from 53 to 79 for sections

increasing in depth from 68 to 252 mm.

63 67 71

T 59 "“""""E 75
79

252 mm

40

150 mm
37 41 45 32

68 mm

1 1 1
ol Js a5 4ol )5

17 13 9 17 13 9 17 13 9

Figure 6.5: Stud column cross-sectional discretisation and node numbers for various section depths

For the board, a mesh size of 10 mm along its width and length was employed to ensure
alignment with the nodes of the cold-formed steel columns at every other node. Following
a sensitivity study, two layers of elements were employed through the board thickness since
no significant improvements in accuracy were achieved by the use of three elements. The
employed mesh was able to accurately capture the global bow deformation of the board

during loading, while also being relatively computationally inexpensive. The cross-sectional
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6.3 Finite element modelling

mesh discretisation of the sheathing and cross-sectional notation for both the stud column
and the sheathing are illustrated in Figure 6.6, where h is the depth of the stud, b is the
flange width, c is the lip length, r is the internal corner radius of the stud, t is the thickness

of the stud and t; is the thickness of the sheathing.

b
e
| —— I
S | S S S S A
R
t
Screw

(3 springs: 2 for shear
and 1 for pull-through)

Sheathing board
tb

Figure 6.6: Cross-sectional notation of stud column and finite-element discretisation of sheathing

Since in practice service openings are cut in the web of stud members which are deeper
than 150 mm, and to allow direct comparison of the finite element model with experiments on
stud columns with service hole openings, explicit modelling of these openings was performed

- see Figure 6.7. The nodal mesh was manually defined to capture the oval shape of the
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Figure 6.7: Adopted finite element mesh of the column with detail of the service hole mesh
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openings, which was 100 x 38 mm with 19 mm radii at the ends as described in Chapter
5 and the tests presented by Kyprianou et al. (2021¢). Note that the mesh was carefully
designed to be symmetric along the length and width of the oval opening, to allow for four
nodes for each element so that S4R elements could still be used and the shape of all the

elements to be as square as possible.

6.3.3 Material modelling

6.3.3.1 Cold-formed steel

The stress-strain behaviour of cold-formed steels featuring a continuous nonlinear roun-
ded stress-strain response can be modelled using the provisions set out by Gardner & Yun
(2018), while for stress-strain responses featuring a yield plateau, use of the material model
by Yun & Gardner (2017) is appropriate. The material response assigned to the cold-formed
steel components of the systems examined herein and used in the validation of the finite
element models was obtained from the respective stress-strain curves reported by Vieira &
Schafer (2016), Young & Yan (2000), Peterman (2012) and Kyprianou et al. (2021¢), which
were derived by means of tensile coupon testing. For the tests reported in Chapter 5, which
served as the basis for the validation (reported in Section 6.4.4) and parametric studies
(reported in Section 6.5.2), the stress-strain response for the stud and track was modelled
using Equation (6.1) (Yun & Gardner 2017), since the relevant experimental stress-strain
curves featured a plateau at yield. The adopted material properties are provided in Table

6.1, where t is the thickness of the steel section, while a Poison’s ratio of 0.3 was employed.

fy for e, <e<eam

o= Q(E—ESh) (6.1)
fy+(fu_fy) 0.4(6_6Sh>+ Eu — Esh

Eu — €sh _ 5
1+ 400 (5”> ]
Eu — Esh

In Equation 6.1, o is the stress, ¢ is the strain, F is the Young’s modulus, f, is the yield

for ey, <e<egy

1/5
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strength, ¢, is the strain at f,, €5, is the strain at the end of the yield plateau, f, is the

ultimate stress and ¢, is the ultimate strain.

Note that for the thinner sections which demonstrated a rounded stress-strain profile
prior to yield (Kyprianou et al. 2021¢), instead of using the linear expression of Equation

6.1 up to the yield point, Equation (6.2) was used, where n is a roundedness exponent.

a

o
e = — +0.002 <
fy

z > for o< f, (6.2)

Table 6.1: Averaged material properties of stud and track reported by Kyprianou et al. (2021¢) and
used in the FE model

Member t (mm) E (GPa) f, (MPa) &g, (%) fu (MPa) &, (%) n
Stud 1.44 204 482 2.38 514 7.90 -
Track 1.18 201 495 1.34 613 134 9

The stress-strain responses, corresponding to engineering stresses o and strains ¢,
were then converted into true stresses o4 and true plastic strains Ef,{ue for input into
the ABAQUS (2016) software using Equations (6.3) and (6.4) respectively, to account for

changes in the cross-sectional area due to inelastic straining in the plastic material definition.

Otrue = 0(1 +¢) (6.3)

Pl =In(1+4¢) — opue/E (6.4)

In Figure 6.8, the stress-strain responses of the tensile coupon test data reported in
Chapter 5 (for the stud and track sections), along with the fitted models (Equations (6.1)
and (6.2)) and the conversion to true stresses and strains, is presented. No strength en-
hancements in the corner regions were considered since their influence was deemed to be
negligible due to the small thickness ¢ and corner radius r of the modelled cold-formed steel

cross-sections.
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Figure 6.8: Stress-strain curves for use in FE modelling: (a) stud and (b) track

6.3.3.2 Plasterboard

Plasterboard displays different stress-strain responses in tension and compression, with
the ultimate strength in compression f,, being higher by about two to four times compared
with that in tension, and with the ultimate strain ¢, at f, being significantly higher in
tension due to increased ductility (Kyprianou et al. 2021b). Also, plasterboard displays a
degree of anisotropy due to its production process, with the mechanical properties in the
longitudinal direction being higher than these in the transverse direction (Kyprianou et al.

20215, Petrone et al. 2016).

Material models established by Kyprianou et al. (2021b5) and presented in Chapter 4 were
employed for replicating the stress-strain behaviour of normal plasterboard under uniaxial
loading, in both compression and tension. The adopted stress-strain behaviour is illustrated
in Figure 6.9, with the positive values of stress and strain corresponding to tension and the
negative values signifying compression. The nonlinear material behaviour in compression
was extended beyond the ultimate capacity f,, and up to 20% drop after f,, using the
Mander et al. (1988) model as demonstrated by Kyprianou et al. (2021b), Petrone et al.
(2016) and Kyprianou et al. (2018). Note that the material response was assumed to be

elastic up to 0.33f, in tension and 0.7f, in compression - see Figure 6.9.

A sensitivity study was conducted to investigate the influence of the degree of anisotropy
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Figure 6.9: Uniaxial stress-strain behaviour of plasterboard adopted in finite element material model,

with positive values signifying tension

of plasterboard on the overall structural behaviour of the examined systems. The observed
degree of anisotropy reported by Kyprianou et al. (2021b4) for 12.5 mm thick gypsum plas-
terboard (i.e. 12% difference in elastic modulus and 10% difference in compressive strength)
was found to have a negligible impact (less than 2%) on the ultimate compression capacities
of the studied systems, where plasterboard was modelled as isotropic with either the longit-
udinal or the transverse properties. Therefore, in order to achieve computational efficiency
and since the degree of anisotropy exhibited by plasterboard was deemed to not have a
significant influence on the structural response, the material behaviour was assumed to be
isotropic. The employed material properties were therefore based on the mean values of the
longitudinal and transverse properties reported in Chapter 4; these are summarised in Table
6.2, where E is the Young’s modulus, v is the Poisson’s ratio, €, is the ultimate strain and

n is the roundedness exponent used with the Ramberg-Osgood formulation.

Table 6.2: Material properties of plasterboard adopted in FE models

Tension Compression
E (MPa) v f, (MPa) &, (%) n  f,(MPa) &, (%)
2010 0.2 1.20 0.665 7.25 3.24 0.245

The evolution of the yield surface, reflecting compressive crushing and tensile cracking

of the gypsum, was simulated using the concrete damaged plasticity model in the (ABAQUS
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6.3 Finite element modelling

2016) software. The concrete damaged plasticity parameters (i.e. the dilation angle 1, the
flow potential eccentricity e, the ratio of the initial biaxial compressive strength to initial
uniaxial compressive strength op./ fu.c, the ratio of the second stress invariant on the tensile
meridian to that on the compressive meridian K. and the viscosity parameter p) were all
taken as the default ABAQUS (2016) values (i.e. € = 0.1, op/fuc = 1.16, K. = 2/3 and
w1 = 0) apart from the dilation angle which was taken as 1) = 11.0 following sensitivity studies
to ensure numerical convergence and good agreement with the experimental results. In
compression, the post-elastic stress-strain behaviour was described using the *CONCRETE
COMPRESSION HARDENING (ABAQUS 2016) function, while in tension the model was
adapted to account for the ductile tensile behaviour of the gypsum, by defining explicitly the
stresses and strains up to the ultimate tensile strain &, and stress f,, using the *CONCRETE

TENSION STIFFENING (ABAQUS 2016) function.

6.3.3.3 OSB

Since OSB also displays anisotropy, the material properties employed for its modelling
were taken as the mean values of the properties in the longitudinal and transverse direc-
tions reported in Chapter 4. The Ramberg-Osgood formulation provided in Chapter 4 was
adopted to describe the stress-strain behaviour of the OSB material, which is illustrated in
Figure 6.10. A summary of the material properties is presented in Table 6.3. Note that for
all the conducted finite element analyses, the stress-strain response was defined using the
compression parameters, while the stresses in the OSB were monitored to ensure that the

tensile strength f, of the material was not exceeded.

Table 6.3: OSB material model characteristics

Tension Compression
E (MPa) v f, MPa) f, MPa) e, (%) n
3080 0.2 10.2 12.4 0.56 12
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Figure 6.10: Stress-strain behaviour of OSB adopted in finite element material model

6.3.4 Modelling of screwed connections

6.3.4.1 Sheathing-to-steel connection

The self-drilling screws used for the connection between the sheathing boards and the
flanges of the steel C-lipped columns were modelled using three 2-noded nonlinear transla-
tional springs (SPRING2 (ABAQUS 2016)) acting in the x, y and z directions, as illustrated
in Figure 6.11. The spring in the y direction was defined between a node on the steel flange
and a node on the outer surface of the sheathing, while the springs in the x and z directions
were defined between the respective nodes on the inside surface of the sheathing and the

steel flange.

The characteristics of the springs acting along the length and width of the stud-board
interface (in z and z direction respectively as per Figure 6.11) were defined using the load-
slip behaviour of the screwed connection in shear, while the separation of the two surfaces
at the screw (spring) locations (i.e. along y direction) was defined using the pull-through
behaviour of the screwed connection. The load-slip responses corresponding to the shear
and pull-through behaviour of the connection at the sheathing-steel interface were determ-
ined in accordance with the models established in Chapter 4. Similarly, the properties that
were used within the models for the specimens examined herein were calculated based on

the recommendations in Chapter 4, which are summarised in Table 6.4 and 6.5; the derived
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Figure 6.11: Simulation of screwed connection between sheathing and cold-formed steel using three

2-noded nonlinear springs in opposite directions

responses in shear and pull-through are illustrated in Figure 6.12 (a) and 6.12 (b) respect-
ively. Designation names of properties given in Tables 6.4 and 6.5 are the same as the ones
provided in Chapter 4. As shown in Figure 6.12 (a), for the springs describing the shear
behaviour of the connection, the same load-slip response was assigned in both directions (to
designate identical behaviour of the spring in tension and compression), while for the springs
describing the pull-through behaviour, load-slip values were defined only in one direction,

to activate the springs only when in tension.

Table 6.4: Properties adopted to describe the load-slip response model by Kyprianou et al. (2021b)

for the shear behaviour of the springs for the given type of board and screw diameter

Board type, Screw diameter Steel thickness K, Fipo Fupo Oupo
thickness (mm) () (o) (N () () (am)
Plasterboard, 12.5 3.5 1.44 1.47 0.37 052 721 34
OSB, 11 4.8 1.44 1.69 1.02 199 730 3.6

Table 6.5: Properties adopted to describe the load-displacement response model by Kyprianou et al.
(20210) for the pull-through behaviour of the springs for the given type of board and screw diameter

Board type, Screw diameter Ko 40 Fupt  Oupt  Fuptos Ouptos

thickness (mm) (mm) (kN/mm) (kN) (mm)  (kN) (mm)
Plasterboard, 12.5 3.5 10.5 0.48 0.33 0.38 0.41 10.5
0SB, 11 4.8 18.5 1.44  0.54 1.15 2.40 7.5
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Figure 6.12: Adopted load-slip response for springs in the FE model for simulating sheathing-to-steel

(a) shear and (b) pull-through screwed connection behaviour

6.3.4.2 Steel-to-steel connection

The self-driving screws used in practice for the column-to-track connection were mod-
elled using 2-noded nonlinear translational springs (SPRING2) along the longitudinal and
transverse column-to-track interfaces. The load-slip response assigned to the springs was
derived using a nonlinear bearing deformation curve introduced by Ho & Chung (2006),
which is a function of the screw diameter, tensile strength of the steel and thickness of the
steel strip. The derived load-slip behaviour was capped by the shear capacity of the con-
nection F, ,, for which predictions and test results are provided in Chapter 3. The adopted

load-slip response of these springs in shear, determined based on the properties given in
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Table 6.1 for a 4.8 mm diameter screw with a shear capacity F),, = 5.15 kN, is illustrated
in Figure 6.13, where positive and negative values designate compression and tension of the
springs respectively. For the axial behaviour of the screwed connection, a 2-noded linear
translational spring, defined along the direction of the length of the screw, was used, with its
stiffness set equal to the axial stiffness of the screw EA/L (where E is the Young’s modulus
of steel, A is the screw shank area and L is the sum of the thickness of the stud and track).

Note that the ultimate tensile capacity of the screw F, ; was capped at F, s = 9.16 kN, in

line with the results reported in Chapter 3 (Kyprianou et al. 2021a).

28
2
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2,

T
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-------- Ho & Chung bearing
deformation curve

—Implemented behaviour

Figure 6.13: Adopted load-slip response for springs in the FE model for simulating steel-to-steel

shear screwed connection behaviour

6.3.5 Geometrical imperfections

Cold-formed steel sections are particularly prone to cross-sectional instabilities, such as
local and distortional buckling, as well as to global instabilities, such as flexural and flexural-
torsional buckling, when unbraced. Initial imperfections that ensure that these modes of
buckling are not inhibited were therefore incorporated into the developed FE models. The
imperfections were introduced in the form of elastic buckling mode shapes obtained from
a finite element strip analysis using the software CUFSM (Li & Schafer 2010) and extrac-
ted using a custom prepared Matlab script for the purposes of this study. Following their
determination, the local and distortional modes were longitudinally distributed using sinus-

oidal functions with periods equal to their corresponding critical wavelengths. Similarly, the
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global imperfection shapes were introduced using single half-sine and full cosine functions for
the flexural and torsional buckling modes, respectively, as recommended by Zhao (2016) and
illustrated in Figure 6.14. The distribution of all buckling mode shapes along the length of
the steel columns is shown in Figure 6.15. All the cross-sectional and global buckling modes
were then scaled to a prescribed amplitude and superimposed for implementation into the
ABAQUS (2016) software as imperfection input files along with the main analysis input

files.
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1.0 7/\ /\/N\ /\
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Figure 6.14: Shape of amplitude distribution along the length of the specimens for the different

imperfection modes

(¢) Minor flexural (d) Major flexural (e) Torsional

Figure 6.15: Longitudinal distribution of: (a,b) cross-sectional and (c-e) global imperfections

For the validation studies presented in Section 6.4, the measured imperfection amp-
litudes reported by Young (1997), Vieira et al. (2011), Peterman (2012) and Kyprianou
et al. (2021¢) were used in the corresponding models, while for the parametric study presen-

ted in Section 6.5.2, the adopted imperfection amplitudes were based on the values presented
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in Chapter 5. Note that for sheathed specimens, the sheathing boards were also modelled
with major and minor flexural imperfections equal to those of the stud in order to ensure
elimination of gaps between the steel and the board, as well as alignment of the the nodes
on the board and steel used for the spring definitions (simulating the screws). The follow-
ing notation is employed for the imperfection amplitudes: d7, for local, dp for distortional,
dG,min for minor axis flexural, dg mq; for major axis flexural and g ¢or for twist; these are

illustrated in Figure 6.16.
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(a) Local (b) Distortional (¢) Minor flexural (d) Major flexural (e) Torsional

Figure 6.16: Mode shape and amplitude notation of: (a,b) cross-sectional and (c-e) global imperfec-

tions

6.3.6 Boundary and loading conditions

It is common practice for steel columns to be modelled under the assumption of idealised
boundaries corresponding to either fully fixed or pinned end conditions. However, since in
reality cold-formed steel studs are usually set in tracks, their actual boundary conditions
dictate a different structural performance than that exhibited by the equivalent fully fixed or
pinned studs. In order to investigate the influence of boundary conditions on the behaviour of
the examined systems, two alternative sets of boundary conditions were modelled: idealised
end conditions, corresponding to the idealised fully fixed and pinned configurations, and the

actual end conditions, with the end tracks being explicitly modelled.

Idealised boundary conditions were implemented by binding all the cross-sectional nodes
at both column ends to reference nodes located at the respective end centroids, using BEAM

Multipoint Constraints (MPCs) (ABAQUS 2016) - see Figure 6.17. For the case of fully
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fixed conditions, all translational and rotational degrees of freedom at the reference nodes
were restrained except for vertical translation at the top end of the column where the loading
was introduced. For the simulation of pinned conditions, the rotational degrees of freedom
about the major and minor axes were released.
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Figure 6.17: Idealised boundary implementation using MPCs

For the finite element models simulating the realistic boundary conditions at the column
ends, as tested by Vieira et al. (2011), Peterman & Schafer (2014) and Kyprianou et al.
(2021¢), explicit modelling of the tracks as well as of the track-to-column connection was
implemented, as shown in Figure 6.18, with the behaviour of the springs adopted for the

simulation of the screwed connection modelled as described in Section 6.3.4.2.

Nonlinear translational springs (SPRING1 type) were positioned under the bottom
track, simulating the ground, allowing upward but preventing downward movement. The
holding-down anchor bolt shown in Figure 6.18 (a), used to secure the track to the ground,
was simulated as a pinned constraint (restraining all three translations), as shown in Figure
6.18 (b). Similarly, the use of nonlinear springs at the top track allowed downward move-
ment, by being freely extensible, but prevented upward movement, by being incompressible.
Unlike the ground springs which were fixed into position (SPRINGI1 type), the top springs
were 2-noded (SPRING?2 type) and connected at their free ends by an MPC to a reference
node located at the centre of the track as shown in Figure 6.19. For the specimens under
pure compression and combined loading, axial loading was introduced through this refer-

ence node to the web of the track, only when the nonlinear springs were in compression,
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Figure 6.18: Column-to-track connection: (a) drawing and (b) FE model

simulating the effect of a rigid loading plate at the top of the track. Anchors on the top

track used to secure it to the rigid loading plane were simulated with pinned constraints

*EQUATION command was

only in the x and y directions, while in the z direction, the

istance between the anchors and the loading point constant.

used to keep the vertical d
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Figure 6.19: Column-to-top-track detail and axial loading

Similarly, lateral loading was applied to the board surface with the use of nonlinear
2-noded springs (with high stiffness defined when the springs were in compression). As
for the springs on the top track, the free ends of the springs were connected with Beam
MPCs to a single reference point, where the load was introduced. For the four-point loading
scheme, the whiffletree used in the physical tests was modelled using stiff linear 2-noded
springs (SPRINGA type) and Beam MPC elements, connected to a single reference point
at mid-height and mid-width of the board, where the lateral load was applied. A schematic
illustration of the implementation of the lateral four-point loading scheme is illustrated in

Figure 6.20.

Note that, since the sheathing boards in the FE model were not directly loaded, their
top and bottom ends were free to move, replicating the boundary conditions of the physical
tests described by Vieira et al. (2011), Peterman & Schafer (2014) and the tests reported
in Chapter 5. Also, it should be mentioned that the development of warping effects at the
column ends, inside the tracks, was not prevented. Typical end deformations of a modelled
column and track under pure compression and combined compression plus bending are
shown in Figures 6.21 and 6.22 respectively. In Figure 6.22, the end deformations at various
key stages of the loading are presented along with the board deformation. The boards, as

described in the physical tests reported in Chapter 5, were not connected to the tracks but
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Figure 6.20: FE model of the four-point loading scheme

their contact interaction was simulated using springs, which prevented the boards moving

towards the tracks but allowed their free movement away from them - see Figure 6.22 (c).

6.3.7 Contact interaction and solution scheme

The contact interaction between the column and the tracks was implemented using
the generalised contact algorithm (*CONTACT INCLUSIONS) (ABAQUS 2016), while the

interaction between the column and the boards was defined using the contact pair algorithm
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Figure 6.21: Typical end deformation from FE model of column and track under compression;

indicative load-displacement path for the top track springs when in compression

(*CONTACT PAIR) (ABAQUS 2016). “Hard contact” was defined in the normal direction
ensuring no surface overlapping with a friction coefficient of 0.2 (Gorst et al. 2003) in the
tangential direction. Both geometric and material nonlinearities were accounted for in the
analyses performed. For the finite element analyses where idealised fully fixed and pinned
bare steel columns were modelled, the modified static Riks (ABAQUS 2016) solver was
employed. However, for the simulation of the more complicated systems (i.e. specimens in
tracks with single or double sheathing), the use of the general static solver with artificial
stabilisation was necessary to achieve convergence due to the highly unstable nature of the

examined systems.

For the combined load cases, compression was initially introduced using a geometrically
nonlinear static analysis in load control, followed by a second load step where horizontal
action was introduced using displacement control in conjunction with the general static

solver using artificial stabilisation, with a set limit of stabilisation to strain energy equal
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Figure 6.22: Typical FE model end deformation of column and track under combined loading at the

(a) start of analysis (b) end of compression — Step 1 and (c) end of bending — Step 2

to 0.01. For the combined loading scenarios, the *MODEL CHANGE ADD and *MODEL
CHANGE REMOVE commands were used between the two load steps (with the first load
step corresponding to the axial loading of the column and the second to the lateral loading),
to add the lateral springs associated with the whiffletree and to replace the top track springs
with undeformed ones, but with the position of the top axial reference node remaining
unchanged and with the compression load remaining constant during the second load step.
Replacement of the top track springs was performed so that, with the onset of bending (i.e.
load step 2), the top springs would not be in an already compressed phase (achieved during
step 1) but in their neutral state. Note that the use of the Riks solver with the *MODEL
CHANGE function is prohibited, therefore rendering the use of the general static solver

with artificial stabilisation necessary.
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6.4 Validation

Validation of the developed FE models against test results from four different studies, are
presented herein. A summary of the configurations and loading conditions of the investigated
specimens is presented in Table 6.6. In total, 56 physical tests were employed for the

validation process.

Table 6.6: Summary of studies and type of specimens used for validation

Study Loading No. of tests Configuration
P
Bare studs
Young (1997) Compression 14 with ideal boundaries
(pinned and fixed)
I
m m
. 4 Bare studs set in tracks
Vieira (2011) Compression
16 Sheathed studs set in tracks
an Uy
P P
P
Peterman s
Combined loading 5 Sheathed studs set in tracks H—
(2012) n
1
P
4 —~
Compression 8 Hy
Kyprianou S
P Combined loading 6 Sheathed studs set in tracks H/4
et al. (2021c¢) H/4 —
Bending 3
H/4 —
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6.4.1 Bare cold-formed steel columns with ideal boundaries

For the first set of validation models, a series of tests on bare cold-formed steel C-
lipped shaped columns of different lengths and cross-section sizes was simulated, with the
end boundaries considered as either fully fixed or pinned. Measured material stress-strain
curves, specimen dimensions and geometric imperfections, as reported by Young (1997),
Young & Yan (2000), Young & Rasmussen (1998a) and Young & Rasmussen (1998b), were
employed in the conducted finite element simulations. A brief description of the specimens
used for the validation, along with a summary of the comparisons between the finite element

and test results, is presented in Table 6.7.

Table 6.7: Comparison between FE and test results reported in Young (1997)

Specimen Flange width (mm) Length (mm) Boundaries Pueap (kN)  P,rg (KN)  Pyeap/PurE

L36F1000 36 1000 Fixed-Fixed 89.6 93.6 0.96
L36F1500 36 1500 Fixed-Fixed 82.4 78.2 1.05
L36F2000 36 2000 Fixed-Fixed 70.1 64.4 1.09
L36F2500 36 2500 Fixed-Fixed 58.1 53.0 1.10
L36F3000 36 3000 Fixed-Fixed 39.3 41.2 0.95
L36P0815 36 815 Pinned-Pinned 70.7 69.4 1.02
L36P1315 36 1315 Pinned-Pinned 41.1 39.3 1.05
L48F1000 48 1000 Fixed-Fixed 102.3 100.6 1.02
L48F1500 48 1500 Fixed-Fixed 98.6 97.1 1.02
L48F2000 48 2000 Fixed-Fixed 90.1 88.0 1.02
L48F2500 48 2500 Fixed-Fixed 73.9 71.0 1.04
L48F3000 43 3000 Fixed-Fixed 54.3 51.7 1.05
L48P1065 43 1065 Pinned-Pinned 72.0 73.6 0.98
L48P1565 48 1565 Pinned-Pinned 53.2 52.3 1.02

Mean 1.03

COV 0.04

The labelling system of the specimens in Table 6.7 starts with the letter L, followed
by the nominal width of the flange, then a letter corresponding to the employed boundary
conditions (F = fixed; P = pinned) and finally the total measured length of the specimen in
mm. The two different cross-sections are designated L.36 and L.48 and their mean measured

dimensions are: b = 37.0 mm and 49.0 mm respectively, h = 97.2 mm, ¢ = 12.5 mm,
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r = 0.85 mm and ¢ = 1.48 mm for both cross-sections — see Figure 6.6 for notations.

Comparisons between the ultimate compression capacities attained by the test speci-
mens P, ¢z, (Young 1997) and those predicted by the finite elements models P, pp are
presented in Table 6.7, with a mean P, ¢;p/ P, rE ratio of 1.03 and a coefficient of variation
(COV) of 0.04. The finite element models were also found capable of accurately capturing

the exhibited failure modes as well as the recorded load-axial shortening curves, shown in

Figure 6.23.
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Figure 6.23: Typical comparison between the results from the developed FE model and the tests by
Young (1997); example shown is L48F1500

6.4.2 Bare and sheathed cold-formed steel columns set in tracks

For the second set of validation models, tests on 20 cold-formed steel C-lipped studs
of various lengths and sheathing configurations, as reported by Vieira et al. (2011), Vieira
(2011), were utilised; a brief summary of these is presented in Table 6.8. Measured cross-
sectional dimensions (Vieira et al. 2011), material properties (Vieira & Schafer 2016) and
initial imperfections (Vieira et al. 2011) were incorporated into the numerical simulations,

while for all sheathed specimens a connector spacing of 300 mm was employed. Finally,
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since the studs were set in tracks in the physical tests (Vieira et al. 2011), finite element

models explicitly simulating the end tracks, as described in Section 6.3.6, were employed.

Comparisons between compression capacities obtained from FE models with simulated track

boundaries P, rg - and idealised fixed boundaries P, rg, f;; are presented in Table 6.8. The

identification system of the specimens begins with two letters corresponding to the type of

sheathing board on each side of the stud (with B — bare, G — gypsum and O — OSB), followed

by the letter L and the measured length in mm. The measured mean yield strength f, was

reported as 383 MPa, while the mean measured cross-sectional dimensions were: h = 93.6

mm, b =42.0 mm, ¢ = 13.0 mm, r = 4.37 mm and ¢ = 1.86 mm — see Figure 6.6.

Table 6.8: Comparison between FE and test results reported by Vieira et al. (2011)

Specimen  Length (mm) Sheathing Py cep (kN) Py rg fic (KN)  Purpig (kN)  Pueep/PurE,fic  Pueop/PuFEtr
BB-L610 610 Bare-Bare 87.9 94.6 94.2 0.93 0.93
BB-L1220 1220 Bare-Bare 84.6 87.3 87.2 0.97 0.97
BB-L1830 1830 Bare-Bare 60.5 72.8 71.9 0.83 0.84
BB-L2440 2440 Bare-Bare 57.1 58.6 58.0 0.97 0.98
OB-L610 610 OSB-Bare 95.4 99.7 98.1 0.96 0.97
OB-L1220 1220 OSB-Bare 94.0 97.5 96.5 0.96 0.97
OB-L1830 1830 OSB-Bare 80.1 81.8 81.1 0.98 0.99
OB-L2440 2440 OSB-Bare 69.5 67.8 66.8 1.03 1.04
GG-L610 610 Gyp-Gyp 96.7 98.2 97.7 0.99 0.99
GG-11220 1220 Gyp-Gyp 99.6 99.6 98.9 1.00 1.01
GG-L1830 1830 Gyp-Gyp 88.7 103.6 102.2 0.86 0.87
GG-L2440 2440 Gyp-Gyp 95.0 104.1 103.5 0.91 0.92
OG-L610 610 OSB-Gyp 97.8 100.1 99.5 0.98 0.98
0G-L1220 1220 OSB-Gyp 96.2 103.2 101.7 0.93 0.95
0OG-L1830 1830 OSB-Gyp 90.7 104.7 101.3 0.87 0.90
0G-L2440 2440 OSB-Gyp 99.9 104.7 103.1 0.95 0.97
00-L610 610 OSB-0OSB 101.6 103.2 100.1 0.98 1.01
00-L1220 1220 OSB-OSB 99.0 101.0 99.4 0.98 1.00
00-L1830 1830 OSB-OSB 99.5 103.8 99.6 0.96 1.00
00-L2440 2440 OSB-0OSB 102.7 106.1 105.3 0.97 0.98
Mean 0.95 0.96
COV 0.05 0.05

The observed failure modes were captured (including local, distortional, flexural and

flexural-torsional buckling, as reported by Vieira et al. (2011)) by the finite element models.
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Typical examples of comparisons between the finite element and test results are presented
in Table 6.8, where a mean P, ¢zp/ Py rEtr ratio of 0.96 was obtained for all the examined
systems. It should be mentioned that the axial load-shortening test curves reported by
Vieira et al. (2011) display an initial nonlinearity which, as demonstrated by Kyprianou et al.
(2021¢) and presented in Chapter 5, are mainly attributable to gaps between the column
and the end tracks, whereas, the equivalent curves obtained from the FE models captured
the theoretical axial stiffness of the column (FA/L). Therefore, for these specimens, a
comparison is provided only between the maximum capacities achieved by the FE models
and the physical tests. Further discussion on this and comparisons between the relevant

curves is provided by Kyprianou et al. (2018).

In order to examine the influence of the adopted boundary conditions (i.e. explicit
modelling of the end tracks) on the load-carrying capacity of the studs, finite element ana-
lyses of the same specimens but with idealised fixed boundaries were also carried out. The
relevant obtained results are presented in Table 6.8, with a mean P, cxp/ Py rE, iz ratio of
0.95. The minor discrepancy of 1% in the mean values of ultimate capacities obtained for
the two alternative boundary conditions indicates that, when under pure compression, the
assumption of idealised fully fixed boundary conditions for a cold-formed steel stud in tracks

is realistic.

6.4.3 Sheathed cold-formed steel beam-columns with a horizontal load at

mid-height

Following the validation study of members under pure compression using the tests re-
ported by Vieira et al. (2011), the finite element model was further developed so that the
sheathed stud wall specimen could be loaded both axially and horizontally. Five tests from
the study by Peterman & Schafer (2014) were utilised, which was a complementary investig-
ation to the one presented by Vieira et al. (2011), examining the same type of stud section,
boundary conditions (i.e. set in tracks), sheathing configuration and spacing of connectors
but with a fixed length of 2440 mm and a different loading scheme. The specimens tested

by Peterman & Schafer (2014) and Peterman (2012) were first axially loaded to a predeter-
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mined load level, calculated based on the results obtained by Vieira et al. (2011), and then

laterally loaded at mid-height until failure, using a line load across the board.

The five tests that were used for the validation presented herein were all sheathed on
both sides with OSB, connected using screws of 4.8 mm diameter at a spacing of 300 mm,
with each specimen subjected to a different combination of compressive and horizontal load.
A summary of the examined specimens and a comparison between the compressive P, and
horizontal H, forces attained by the test specimens and predicted by the FE models is
provided in Table 6.9 and Figure 6.24. To account for the combined effect of compression
and horizontal actions, a resultant force R was calculated using Equation (6.5) to allow for
an easier comparison between the test and FE results. In Table 6.9, the subscripts ‘exp’

and ‘F'E’ denote test and finite element results respectively.
R=\/P2+H,, (6.5)

The name designation of the specimens begins with the two letters OO, corresponding to
the OSB-OSB sheathing boards (one on either side of the stud), followed by the approximate
level of compressive load (expressed as a percentage of the compressive strength achieved
by Vieira et al. (2011) - i.e. 100% designates pure compression), followed by the letter S,

and, finally by the screw spacing in mm.

The horizontal line load at mid-height was simulated by a series of springs and a single
BEAM MPC element, which is a simplified version of the 4-point loading scheme explained
in Section 6.3.6. Also, the top and bottom edges of the boards were secured to the flanges
of the tracks since in the tests, as reported by Peterman (2012), the boards were screwed
to the tracks. The measured cross-sectional dimensions, initial imperfections and material
stress-strain curves reported by Peterman (2012) were incorporated into the FE model. The
mean measured yield strength f, was 413 MPa, while the mean measured cross-sectional
dimensions were reported as: h = 93.5 mm, b = 43.1 mm, ¢ = 15.3 mm, r = 8.25 mm and

t = 1.82 mm — see Figure 6.6.
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Table 6.9: Comparison between FE and test results presented in Peterman & Schafer (2014)

Spedmen Pu,ezp (kN) Pu,FE (kN) Hu,exp (kN) HuFE (kN) Hu,ezp/Hu,FE Rezp (kN) RFE (kN) Rezp/RFE

00-100-5300 102.7 105.3 0.0 0.0 - 102.7 105.3 0.98
00-80-5300 80.9 80.9 4.7 5.3 0.89 81.0 81.1 1.00
00-60-5300 66.4 66.4 6.0 6.1 0.98 66.7 66.7 1.00
00-50-5300 50.9 50.9 6.7 6.5 1.03 51.3 51.3 1.00
00-30-S300 33.7 33.7 6.9 6.8 1.01 34.4 34.4 1.00
00-10-S300 10.8 10.8 7.4 7.1 1.04 13.1 12.9 1.01

Mean 0.99 1.00

cov 0.06 0.01

As shown in Figure 6.24 and reflected by the mean Hy, ¢qp/Hy pr and Reyp/Rpp ratios of
0.99 and 1.00 (see Table 6.9), there is excellent agreement between the test and finite element
results. Note that the capacity of specimen O0O-100-S300, subjected to pure compression,
was reported by Vieira et al. (2011) and is included herein to provide the limit corresponding

to pure compression for the examined beam-columns.
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Figure 6.24: Comparison between the ultimate compression P, and horizontal H, loads from the
developed FE model and the tests by Peterman (2012) for beam-columns sheathed with OSB and

connected at 300 mm intervals

Accurate replication of the observed failure modes for all five specimens under combined
loading (Peterman & Schafer 2014) was achieved by the finite element models - see Figure
6.25 (b). A typical comparison between the horizontal load-displacement curves achieved by
the test specimens and the finite element models is presented in Figure 6.25 (a), where the

initial stiffnesses of the curves match that of the theoretical response of the member with
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pinned boundaries. Note that the screw connector between the loaded side of the sheathing
and the steel column at mid-height, where local buckling occurred, suffered pull-through
beyond the peak load level, as reported by Peterman & Schafer (2014) and illustrated in

Figure 6.25 (b).
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(a) Load-displacement curves

Test FE model

(b) Failure mode

Figure 6.25: Typical comparison between the results from the developed FE model and the tests by
Peterman (2012); the example shown is O0-10-S300
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6.4.4 Sheathed cold-formed steel beam-columns loaded with four hori-

zontal point loads

The final set of validation models were based on the 17 tests reported by Kyprianou
et al. (2021¢) and also presented in Chapter 5. A summary of the examined specimens and a
comparison between the test and finite element results is presented in Table 6.10, for which
the adopted presentation style and reported results (i.e. P,, H, and R) are as in Table 6.9
- see Subsection 6.4.3. The name designation of the specimens is the same as the one given
in Chapter 5, starting with the letter G or O corresponding to gypsum (plasterboard) and
oriented strand board (OSB) respectively, followed by the level of the applied compressive
load (expressed as a percentage of the stud compressive strength), followed by the letter S

and the spacing between screws in mm and, finally, by the test number.

Material nonlinearity was implemented as described in Section 6.3.3.1 using the proper-
ties reported in Table 6.1. The dimensions of the steel cross-sections were based on the mean
measurements reported in Chapter 5: h = 149.15 mm, b = 43.92, ¢ = 11.95 mm, r = 2.50
mm and ¢t = 1.44 mm — see Figure 6.6. Similarly, the adopted geometrical imperfections
were based on the measurements reported in Chapter 5. Following a sensitivity study, it was
found that increasing the distortional imperfection by a factor of three resulted in the most
accurate predictions of ultimate capacities and the overall profiles of the load-displacement
curves. This deviation in the magnitude of the distortional imperfection is considered to be
reasonable, reflecting the fact that the imperfection measurements were taken on the bare
steel sections, prior to any attachment of sheathing, and that screwing of the sheathing or
of the track to the steel column would induce additional imperfections on the steel column.
The latter point was observed visually, but not directly measured. Therefore, all finite ele-
ment analyses were conducted using geometrical imperfections as described in Section 6.3.5,
assuming the following imperfection magnitudes: ¢, = 0.21t, dp = 1.56t, dG min = L/4380,
dG,maj = L/17700 and 6¢; = 0.15 deg/m.

For the specimens sheathed with OSB under combined load, a comparison between the

FE and test P, and H, values is presented in Figure 6.26, illustrating excellent agreement,
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with a mean Regp,/Rpp ratio of 1.01 and a COV of 0.02 - see Table 6.10.

Table 6.10: Comparison between FE and test results for experiments carried out as part of the

present study, as described in Chapter 5

Specimen Puerp Purre % Hyerp Hurge % Rewp  RrE Reap

(kN)  (kN) wFE (kN)  (kN)  TwFE (KN)  (kN) Frp
G-100-S600-1  69.0  76.2 0.91 0.0 0.0 - 69.0 762 0.91
G-100-S600-2 777  76.2 1.02 0.0 0.0 - TTT 762 1.02
G-100-S300-1  76.5  78.4 0.98 0.0 0.0 - 765 784 0.98
G-100-S300-2  82.1  78.4 1.05 0.0 0.0 - 82.1 784 1.05
G-100-S150 855  89.8 0.95 0.0 0.0 - 855 89.8 0.95
G-100-S75 905  90.3 1.00 0.0 0.0 - 90.5  90.3 1.00
0-100-S600  79.5  82.7 0.96 0.0 0.0 - 795 827 0.96
0-75-S600  60.0  60.0 1.00 140 130 107 616 61.4 1.00
0-50-S600  40.0  40.0 1.00 174 165  1.05 436 43.3 1.01
0-25-8600  20.0  20.0 1.00 208 198 105 289 28.1 1.03
0-0-S600 00 0.0 - 208 204  1.02 208 204 1.02
0-100-S75  90.7  93.4 0.97 0.0 0.0 - 90.7 934 0.97
O-75-S75 675  67.5 1.00 155 147 105  69.3  69.1 1.00
0-50-S75  45.0  45.0 1.00 213 200 107 498 49.2 1.01
0-25-S75 225 225 1.00 235 227 103 325 320 1.02
0-0-S75-1 0.0 0.0 - 22.3 21.9 1.02 22.3 21.9 1.02
0-0-S75-2 0.0 0.0 - 208 219 095 208 21.9 0.95

Mean  0.99 (0.98)* Mean  1.04 Mean 0.99 (1.01)**
COV  0.03 (0.04)* COV  0.04 COV  0.04 (0.02)**

* values in brackets are for when only pure compression results are considered

** values in brackets are for when only combined load results are considered

A comparison between the FE and test axial load-displacement curves for the specimens
under pure compression is presented in Figure 6.27, where it is demonstrated that the initial
axial stiffness (EA/L) and the overall curve profile are accurately captured. Similarly, for
the combined load cases, a comparison between the FE and test curves of horizontal load
versus displacement of the column at mid-height is presented in Figures 6.28, 6.29 and

6.30 for specimens initially compressed at 75%, 50% and 25% of their compressive capacity
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Figure 6.26: Comparison between the ultimate compressive P, and horizontal H, loads determined
from the developed FE and the tests from the present study for beam-column specimens (sheathed

with OSB and connected at 600 mm and 75 mm intervals)

respectively and then horizontally loaded until failure. Finally, the FE—-test curves of the
specimens under pure bending are presented in Figure 6.31. Overall, it can be observed
that the horizontal load-deflection curves gathered from the FE model analyses and from
the experimental studies compare well in terms of initial stiffnesses and peak capacities.
It should be noted that the initial stiffness of the load-deflection curves is close to the
theoretical pinned limits, while a slight increase in fixity is demonstrated with decreasing

screw spacing (from 600 mm to 75 mm) and with increasing pre-compression.

The failure modes of the plasterboard specimens under pure compression are illustrated
in Figure 6.32, while the failure modes of the specimens subjected to the combined load cases
and connected to OSB sheathing at 600 mm and 75 mm intervals are illustrated in Figures
6.33 and 6.34 respectively. A summary of the observed failure modes is also provided in
Table 6.11. The FE models were capable of capturing accurately the observed test failure
modes. For the specimens sheathed with plasterboard and screw connected at spacings of
600 mm and 300 mm, the critical failure mode, both for the FE models and test specimens,

was screw pull-through, followed by buckling of the column.
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Figure 6.27: Comparison between the FE and test axial load-displacement curves for plasterboard

sheathed specimens, connected with screws at a spacing of (a) 600 mm (b) 300 mm (c¢) 150 mm and

(d) 75 mm, and for OSB sheathed specimens connected with screws at a spacing of (e) 600 mm and

(f) 75 mm
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Figure 6.28: Comparison between the FE and test horizontal load-displacement curves for OSB

sheathed specimens, connected with screws at a spacing of (a) 600 mm and (b) 75 mm after being

axially loaded at 75% of their compressive capacity
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Figure 6.29: Comparison between the FE and test horizontal load-displacement curves for OSB
sheathed specimens, connected with screws at a spacing of (a) 600 mm and (b) 75 mm after being

axially loaded at 50% of their compressive capacity
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Figure 6.30: Comparison between the FE and test horizontal load-displacement curves for OSB
sheathed specimens, connected with screws at a spacing of (a) 600 mm and (b) 75 mm after being

axially loaded at 25% of their compressive capacity
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Figure 6.31: Comparison between the FE and test horizontal load-displacement curves for OSB

sheathed specimens, connected with screws at a spacing of (a) 600 mm and (b) 75 mm subjected to

pure bending
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Figure 6.32: Comparison between the FE (left images) and test (right images) failure modes of specimens under pure compression sheathed with

plasterboard screw connected at every (a) 600 mm, (b) 300 (mm), (¢) 150 mm and (d) 75 mm (yielding in FE models is marked by grey)
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Figure 6.33: Comparison between the FE and test failure modes of specimens screw connected at every 600 mm with OSB under (a) pure compression,

(b) 75%, (c) 50%, (d) 25% and (e) 0% in compression followed by bending until failure (yielding in FE models is marked by grey)
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Figure 6.34: Comparison between the FE and test failure modes of specimens screw connected at every 75 mm with OSB under (a) pure compression,
(b) 75%, (c) 50%, (d) 25% and (e) 0% in compression followed by bending until failure (yielding in FE models is marked by grey)
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Table 6.11: Comparison between the observed FE and test failure modes

Specimen Test failure mode * FE failure mode *
G-100-S600-1 D—-CF—FT D — CF
G-100-S600-2 D—CF—=FT D — CF
G-100-S300-1 (L + D (hole)) — CF D + L (hole) — CF
G-100-S300-2 (D — CF) + L (end) D + L (hole) — CF

G-100-S150 (L (end) + D) — CF (L (end) + D) — CF
G-100-S75 L (end) L
0-100-S600 L (end) + D L (end) + D
0-75-S600 L (hole) L (hole)
0-50-S600 L (hole) L (hole)
0-25-S600 L (hole) L + Y (ends)

0-0-5600 L + L (end) L + Y (ends) + CF + CF (column-to-track)

0-100-S75 L (end) L (end)

0-75-S75 L (hole) L (hole)
0-50-S75 L (end) + L (hole) L (hole)

0-25-875 L (end) + L (hole) L (hole)

0-0-S75-1 L (end) + CF (column-to-track) L + Y (ends) + CF (column-to-track)
0-0-S75-2 L (end) + CF (column-to-track) L + Y (ends) + CF (column-to-track)

* CF: connector failure, L: local buckling, D: distortional buckling,

FT: flexural torsional buckling, Y: yielding

Note that, in order to capture pull-through failure in the numerical simulations of the
specimens with screw spacings of 600 mm and 300 mm, the pull-through load capacity of
the 3.5 mm screws in plasterboard, provided in Table 6.5 and Figure 6.12 (b), was halved
(from F, 5 = 0.48 kN to Fy, p = 0.24 kN). This decrease was employed to reflect the fact
that, during axial loading of the column, initiation of global buckling about the minor axis
results in shear slipping of the screws, causing loss of contact between one side of the screw
shank and the inner core of the board. This effect gets magnified with decreasing numbers
of screws and at the mid-height of the column where the resulting bow is at its maximum.
The pull-through load-displacement behaviour of the critical screw at the mid-height of

specimen G-100-S600 is illustrated in Figure 6.35, where the key stages are also highlighted
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with regards to the overall axial load-displacement behaviour of the column.
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Figure 6.35: Ilustration of pull-through connector failure of the screw at mid-height of specimen
G-100-S600, where A to C stages are indicated on (a) an axial load-displacement FE curve of the
column, (b) a combined graph of two curves consisting of the pull-through screw load and the axial
load of the column, both plotted against the pull-though displacement of the screw and (¢) an FE

model of the relevant screw at failure

For the specimen connected to plasterboard with a screw spacing of 150 mm, pull-
through failure of some screws occurred prior to the peak capacity and before the occurrence
of local buckling at the end of the specimen. For the rest of the specimens under pure
compression sheathed with plasterboard at 75 mm intervals or with OSB, no screw failure

occurred and the peak capacity was limited by buckling of the column, as also observed in
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the physical tests. Similarly, for the beam-column specimens which were connected to OSB
sheathing, no screw connector failure was observed. Finally, for the two specimens under
pure bending (Figure 6.31), the ultimate resistance from the FE model was limited by the
shear capacity of the column-to-track screw, in agreement with the physical tests. The shear
load-slip behaviour of the critical column-to-track screw is illustrated in Figure 6.36, where
the key stages are highlighted with regard to the overall horizontal load-deflection behaviour

of the column.
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Figure 6.36: Illustration of shear connector failure of the screw at mid-height of specimen O-0-S75,
where A to C stages are indicated on (a) a horizontal load-displacement FE curve of the column,
(b) a combined graph of two curves consisting of the shear screw load and the horizontal load of the
column, both plotted against the shear slip of the screw and (¢) an FE model of the relevant screw

at failure

261



6.5 Parametric study

6.5 Parametric study

Following validation of the developed FE models, parametric studies were undertaken
to investigate the influence of the sheathing, spacing of sheathing-to-stud fasteners and
section depth on the load-bearing capacity of the examined specimens under various loading

scenarios.

6.5.1 Effect of sheathing

A numerical study has been carried out in order to investigate the impact of sheathing
configuration and fastener spacing on the compression capacity of sheathed stud members.
As shown in Table 6.12, three different sheathing configurations have been investigated, all
benchmarked against their equivalent unsheathed response. All specimens were 2.7 m long,
while their cross-sectional dimensions were set to: h = 100 mm, b = 44 mm, ¢ = 12 mm,
r =25 mm and ¢t = 1.46 mm - see Figure 6.6 for the adopted notation. The material
properties of the cold-formed steel studs were taken from the study by Vieira & Schafer
(2016), while the employed imperfection amplitudes, as shown in Figure 6.16, were taken as
the recommended 50 %ile values by Zeinoddini & Schafer (2012). Therefore, with reference
to Figure 6.16, 6, = 0.31¢, 6p = 0.75¢, dq,min = L/2910, dG.maej = L/4010 and bg tor =
0.3 deg/m, where ¢ is the nominal thickness and L is 2.7 m. The material behaviour of the
plasterboard and OSB was modelled as reported in Sections 6.3.3.2 and 6.3.3.3 respectively,
while the modelling of the screw fasteners is described in Section 6.3.4.1. A description of
the examined systems as well as a summary of the obtained results are presented in Table
6.12, while comparison of the load-axial shortening curves between the bare steel case and
the plasterboard or OSB sheathed specimens are shown in Figures 6.37 and 6.38 respectively.
The identification system of the specimens begins with two letters corresponding to the type
of sheathing board on each side of the stud (with B — bare, G — gypsum (plasterboard) and

O — OSB), followed by the employed spacing of fasteners in mm.

The FE results showed that adding sheathing to one side of the stud columns led to

an increase in capacity of about 30% over that of the bare steel column Ppp pp, while for
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sheathing on both sides, the capacity rose by about 80% - 100%. The more robust OSB
material yielded greater gains than the plasterboard. The primary reason for the increase in
capacity was the restraint against minor axis flexural and flexural-torsional buckling afforded
to the columns through the sheathing and fasteners. Greater gains were achieved however
for the closer connector spacing (i.e. moving from 300 mm to 100 mm); this is attributed
to the mobilisation of composite action between the boards and the column as well as to a

reduction in the wavelength of the distortional buckles.

Table 6.12: Description of parametric examined systems and obtained FE results.

Specimen Sheathing Spacing of fasteners (mm) Ppg (kN) Prg/Pre.sB
BB Bare-Bare - 43.2 1.00
GB-S300 Gypsum-Bare 300 53.0 1.23
GB-S100 Gypsum-Bare 100 58.0 1.34
OB-S300 OSB-Bare 300 58.2 1.35
0OB-S100 OSB-Bare 100 63.4 1.47
GG-S300 Gypsum-Gypsum 300 76.7 1.78
GG-S100  Gypsum-Gypsum 100 82.0 1.90
00-S300 OSB-OSB 300 82.0 1.90
00-5100 OSB-0OSB 100 88.1 2.04
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Figure 6.37: Comparisons of FE load-axial shortening curves for bare steel stud and plasterboard

sheathed systems
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Figure 6.38: Comparisons of FE load-axial shortening curves for bare steel stud and OSB sheathed

systems

6.5.2 Effect of connector spacing and section depth

The influence of fastener spacing and section depth on the response of specimens set
in tracks and sheathed on both sides with OSB boards is reported in this subsection. The
modelled members were studied in pure compression, pure bending and under various com-
binations of axial and horizontal loading (with the axial load applied up to 25%, 50% and
75% of the compression stud capacity, followed by bending until failure). All specimens were
2.4 m long, while their cross-sectional dimensions were set to b = 44 mm, ¢ = 12 mm, r = 2.5
mm and ¢t = 1.46 mm, with a varying section depth A = 68,100, 150,201 and 252 mm - see
Figure 6.5 for the employed mesh and Figure 6.6 for the adopted notation. Note that for
the members with deeper section sizes (i.e. h = 150,201 and 252 mm), three service holes
were modelled along the stud length, with a spacing of 600 mm between them and with the
first one 300 mm away from the end of the stud. The employed connectors were screws of
4.8 mm in diameter, while the three different connector spacings that were examined were
300 mm, 150 mm and 75 mm, resulting to 9, 17 and 33 screws respectively on each side of
the specimen, connecting an OSB board of 11 mm thickness to the steel stud. The material

properties assigned to the cold-formed steel members and OSB boards were as described in
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Section 6.3.3. The modelled tracks were 800 mm long and the boards were 600 mm wide,
while the lateral load was introduced using the 4-point loading scheme described in Section
6.3.6. Modelling of imperfections was implemented as described in Section 6.3.5 using the
magnitudes provided in Section 6.4.4, while the screw fasteners were modelled as described

in Section 6.3.4.

A summary of the obtained results is provided in Table 6.13, where P, is the ultimate
compressive load and H,, is the ultimate horizontal load. The adopted specimen notation
starts with the section depth in mm, followed by the nominal thickness of the cold-formed
steel member in mm multiplied by 10, then by a hyphen (-) and the letter S and, finally, by
the connector spacing in mm. Note that, for simplicity, in the notation of the specimens with
depths of 68 mm, 201 mm and 252 mm, these were rounded to 70, 200 and 250 respectively.
The following subsections describe the effect of section depth and connector spacing on the

response of the examined systems subjected to different loading configurations.

Table 6.13: Results of parametric studies

) Pure compression | 0.75P, followed by bending | 0.5P, followed by bending | 0.25P, followed by bending | Pure bending
Specimen P, (kN) 0.75P, (kN) H, (kN) 0.5P, (kN) H, (kN) 0.25P, (kN) H, (kN) H, (kN)
7015-S300 92.5 69.4 3.2 46.2 5.8 23.1 7.2 8.3
7015-S150 96.2 72.2 3.8 48.1 6.3 24.1 8.0 9.3
7015-S75 99.7 74.8 4.1 49.8 6.8 24.9 8.9 10.5
10015-S300 99.5 74.6 6.1 49.7 10.1 24.9 13.2 15.3
10015-S150 102.8 7.1 6.6 51.4 11.0 25.7 14.3 16.5
10015-S75 103.7 7.8 7.8 51.9 13.1 25.9 16.6 18.8
15015-S300 92.0 69.0 9.5 46.0 15.8 23.0 20.2 23.1
15015-S150 94.3 70.7 10.4 47.1 174 23.6 22.1 25.1
15015-S75 95.8 71.9 11.8 47.9 19.6 24.0 24.5 27.9

20015-S300 96.6 72.5 12.6 48.3 21.0 24.2 26.2 29.4
20015-S150 100.3 75.2 13.6 50.2 22.6 25.1 28.8 32.8
20015-S75 103.2 774 14.9 51.6 24.9 25.8 31.7 36.1
25015-S300 99.2 4.4 15.1 49.6 25.1 24.8 31.7 35.9
25015-S150 108.3 81.2 16.4 54.2 27.3 27.1 34.5 39.0
25015-S75 110.9 83.2 17.7 55.4 29.6 27.7 37.5 42.5

6.5.2.1 Pure compression results

The axial load-displacement curves of all specimens under pure compression are presen-

ted in Figure 6.39. It can be observed that the axial stiffness (FA/L) increases with in-
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creasing section depth and decreasing connector spacing. For deeper sections, whose axial
stiffness is higher, after about 25 kN of compression where the elasticity limits of the mater-
ial are reached, the gradient of the curves decreases, becoming approximately equal to the

gradient of the curves of shorter sections, up to about 85 kN. The influence of the connector
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Figure 6.39: FE parametric axial load-displacements curves: (a) full spectrum and (b) initial detail

spacing on the ultimate axial capacity P, and measured initial axial stiffness K of the
examined systems is schematically illustrated in Figures 6.40 and 6.41 respectively, where
the ultimate capacity P, and initial stiffness K, of each system is presented both in abso-

lute values and normalised by the capacity and stiffness of the equivalent system with the
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widest (i.e. 300 mm) spacing of connectors (P, g300 and K, 5300 respectively). Up to 12%
increases in strength and 10% increases in stiffness were achieved for the systems employing
the closest connector spacing (i.e. 75 mm) - see Figures 6.40 and 6.41 respectively. As shown
in Figures 6.39 and 6.40, the ultimate capacity P, is not significantly affected by changes in
section depth as local buckling limits the capacity of the specimens with the more slender

cross-sections (classified as Class 4 per EN 1993-1-1 (2005)).
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Figure 6.40: Influence of connector spacing on ultimate compression capacity: (a) absolute values

and (b) normalised by the compression capacity of the equivalent system with 300 mm spacing
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Figure 6.41: Influence of connector spacing on measured initial axial stiffness: (a) absolute values

and (b) normalised by the stiffness of the equivalent system with 300 mm spacing
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6.5.2.2 Pure bending results

The horizontal load-displacement curves of all specimens under pure bending are presen-
ted in Figure 6.42. As expected, the bending stiffness and ultimate bending capacity (in-
dicated in terms of the ultimate horizontal load H,) were found to increase with increasing
section depth, with up to four times higher strength and 13 times higher stiffness achieved

when increasing the section depth from 68 mm to 252 mm. The maximum horizontal load
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Figure 6.42: FE parametric results of horizontal load vs mid-height at mid-depth deflections: (a)
full spectrum and (b) initial detail
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H,, and initial flexural stiffness K} attained by each specimen are presented in Figures 6.43
and 6.44 respectively, both in absolute values and normalised by the maximum horizontal
load and stiffness of the equivalent specimen with the widest (i.e. 300 mm) screw spacing
(Hy,s300 and K, g300 respectively). Up to 26% increases in horizontal capacity H, and 22%
increases in bending stiffness Kj were achieved by decreasing the connector spacing from

300 mm to 75 mm, largely due to the effects of composite action - see Figures 6.43 and 6.44

respectively.
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Figure 6.43: Influence of connector spacing on ultimate bending capacity in terms of horizontal

loads H,: (a) absolute values and (b) normalised by the loads of the equivalent system with 300 mm
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Figure 6.44: Influence of connector spacing on flexural stiffness for the examined systems under pure
bending: (a) absolute values and (b) normalised by the stiffness of the equivalent system with 300

mm spacing
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In Figure 6.42, a pronounced change in gradient can be observed for the specimens with
a depth equal to or deeper than 150 mm, which is attributed to material yielding and to the
development of buckling at the stud ends. This has been verified by the findings of a case
study, the results of which are presented in Figure 6.45. In the conducted case study, two
different FE models of specimen 15015-S300 were developed and subjected to pure bending:
one model with the nonlinear material response that was used in all parametric studies and
one with an idealised perfectly elastic material behaviour. No sudden change in gradient
or buckling near the member ends occurred for the perfectly elastic model, as shown in
Figure 6.45. Note also that the shape, thickness and material strength of the end track,
as well as its connection to the column, was found to affect slightly the degree of gradient
change, as well as the roundedness of the load-displacement curve and its smoothness beyond
this change (with smoother curves corresponding to stronger column-to-track connections).
Therefore, the column-to-track connection of all modelled specimens was strengthened for
system failure to not be limited by failure of the connection between the column and track
(as was the case for the validation studies presented in Section 6.4.4). Further commentary

on the effect of the track is provided in Section 6.5.3.

—FE non-linear
Pinned
Fixed
10 40 50
Horizontal mid-height displacement (mm)

Figure 6.45: Case study results of specimen 15015-S300 under pure bending modelled with (i) per-

fectly elastic and (ii) actual nonlinear material behaviour
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6.5.2.3 Combined loading results

The FE results of the specimens subjected to combined loading (i.e. axially loaded up to
a percentage of the compressive capacity of the stud and then laterally loaded until failure)
are reported in terms of axial load P, and ultimate horizontal load H, in Table 6.13. It is
apparent that the P, — H, relationship is not linear, since the specimens initially loaded up
to 25%, 50% and 75% of P, failed at about 90%, 70% and 40%, respectively, of the ultimate
horizontal load H,, attained when under pure bending (whilst for a linear relationship this
would have been 75%, 50% and 25% respectively). The capacities of the specimens under
combined loading were found to increase with decreasing connector spacing and increasing
section depth, while the influence of the section depth was found to be higher for lower levels
of initial compression. A typical example of the influence of the connector spacing on the
ultimate horizontal capacity H, is provided in Figure 6.46, where capacity improvements
of up to 29% were achieved when shifting to closer spaced connectors (from 300 mm to 75

mm) for the specimens initially compressed at 50% of P,.
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Figure 6.46: Influence of connector spacing on bending capacity for specimens initially compressed
at 50% of their compression capacity, in terms of horizontal loads H,: (a) absolute values and (b)

normalised by the loads of equivalent systems with 300 mm spacing
The interaction curves of the examined specimens under combined loading are presented

in Figure 6.47 (a), where the compressive load P, is plotted against the horizontal load H,

(in terms of absolute values), while in Figure 6.47 (b), the same set of data is presented
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in a normalised format, which allows the convex shape of the interaction curves to become
more apparent. The normalisation used in in Figure 6.47 (b) was realised using Equations
(6.6) and (6.7), where N, grq is the axial cross-section resistance in compression, A¢yy is the
effective area in compression and f, is the yield strength, taken as 482 MPa. In Equation
(6.7), He,y ra is the horizontal load resistance corresponding to pinned boundary conditions,
M. y R4 is the moment resistance about the major axis and Wy, rq is the elastic section
modulus of the effective cross-section about the major axis. Note that the effective sec-
tion properties were calculated using the effective width method, in accordance with the

provisions in Eurocode EN 1993-1-3 (2006).

Nc,Rd = Aefffy (66)

Hc,y,Rd = Mc,y,Rd X 8/L = Weff,y,Rdfy X 8/L (6.7)

In order to examine more clearly the influence of the connector spacing on the response
of specimens of different section depths, the interaction curves of each different cross-section
are plotted separately and presented in both absolute and normalised formats in Figure 6.48.
All interaction curves are of a convex profile, with decreasing connector spacing resulting in
increased capacities. This effect gets more pronounced as bending becomes the predominant
loading action, with the H, /H, ¢,y,Rd values corresponding to pure bending shown to be more
than 1.0 for specimens connected at 300 mm intervals, then increasing to more than 1.1 for
specimens with 150 mm connector spacings and, finally, for the specimens with 75 mm

connector spacings, values greater than 1.2 are achieved.
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Figure 6.47: Summary of interaction curves of the FE parametric results in terms of (a) P, vs H,
and (b) normalised capacities with effective cross-sectional properties determined using EN 1993-1-3
EN 1993-1-3 (2006)
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Figure 6.48: Interaction curves of FE parametric results in terms of (1) P, vs H,, and (2) normalised
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6.5.3 Commentary on the effect of the track

Based on the conducted parametric studies reported in Section 6.5.2, the tracks at the
stud ends were found to affect the response of the sheathed stud wall specimens depending
on their geometric features as well as on the overall loading configuration. When under
pure compression, the column-to-track boundaries behave more like fully fixed connections,
while when under pure bending, they behave like pinned connections. When bending is
predominant, the structural behaviour and failure mode of the examined systems are affected

by the section depth, and, as a result, by the track depth. In Figure 6.49, the failure
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modes of specimens of different section depths with 75 mm connector spacing under pure

bending are presented. It can be observed that for the two smaller sections of 68 mm and

(a) 68 mm (b) 100 mm (c) 150 mm (d) 201 mm (e) 252 mm

Figure 6.49: Failure modes for specimens in pure bending with 75 mm screw spacing and a section
depth of (a) 68 mm, (b) 100 mm, (c) 150 mm (d) 201 mm and (e) 252 mm
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100 mm depth, the main failure mode was local buckling at mid-height, while for the deeper
specimens, buckling near the stud ends became predominant. For sections with a depth
equal to or greater than 150 mm, the thickness of the track had to be increased to 2.5 mm
in order to obtain a smooth load-displacement curve beyond the point at which the column
ends started to buckle. A stronger column-to-track connection was also required to not limit
the system capacity. Therefore, the use of tracks of sufficient thickness in order to secure a
smooth response not limited by the strength of the connection is recommended along with
the use of a stronger connection between the column and the track, which can be achieved

either with a larger diameter screw or by using more than one screw connector.

6.6 Conclusions

Finite element models simulating sheathed cold-formed steel studs set in tracks and
subjected to various loading configurations (i.e. compression, bending and combinations of
the two) were developed and validated against experimental data reported in the literature.
The FE models included geometrical imperfections, while geometrical and material nonlin-
earities were also taken into account in the analyses. The finite element simulations were
found to be capable of realistically describing the column-to-track boundary conditions,
while the contact interaction between the cold-formed steel columns and the boards, as well

as the nonlinear behaviour of the employed connectors, were explicitly replicated.

Following successful validation, the FE models were employed to investigate the influ-
ence of the sheathing, section depth and fastener spacing on the load-bearing capacity of
the columns under various loading scenarios. It was found that the addition of sheathing
leads to significant increases in the load-carrying capacity of the system over the bare steel
column; sheathing on both sides of the cold-formed steel studs with the more robust OSB
panels led to about a 100% increase in capacity. The main reason for the gains in capacity
is the restraint of global buckling modes, while further increases due to closer connector
spacing are attributed to a reduction of the wavelength of the distortional buckles and to

the mobilisation of composite action between the boards and the column.
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Decreasing the fastener spacing was found to lead to significant improvements in terms
of ultimate capacity and stiffness under all loading configurations, with up to about 7%
and 8% increase in capacity and stiffness respectively for specimens in pure compression
and up to about 20% and 15% increase in capacity and stiffness respectively for specimens
in pure bending when decreasing connector spacing from 600 mm to 75 mm. Finally, the
characteristics of the end tracks as well as the strength of the stud-to-track connections were
found to have the potential to significantly affect the response of the examined systems,
limiting their ultimate capacity. Recommendations on the choice of the end tracks and
stud-to-track connection were therefore made to secure the efficient performance of sheathed
cold-formed steel stud wall systems. Development of preliminary design rules that recognise
the restraint, end fixity and potential composite action present in sheathed cold-formed steel
wall systems, supported by the test results from Chapter 5 and the findings presented in

this chapter, are presented in the next Chapter 7.
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Chapter 7

Preliminary design
recommendations for sheathed

cold-formed steel beam-columns

7.1 Introduction

TRUCTURAL design rules for sheathed cold-formed steel studs under combined com-
S pression and major axis bending are devised, presented and assessed in the current
chapter, based on the experimental and numerical findings. The set of rules provided offers
a preliminary design methodology for cold-formed steel wall systems, which is based on
the design methodology of EN 1993-1-3 (2006), but harnesses structurally the presence of
sheathing. In the proposed approach, the additional capacity gains brought by a stronger
connection (due to increased number of fixings) between the sheathing and the stud are also
recognised. The increased capacities predicted by the proposed design are attributed to the
recognition of four factors: restraint to the global buckling modes, fixity of boundary condi-
tions under compression, a convex shape for the interaction curve under combined loading
and potential for mobilisation of composite action between the sheathing and steel under
pure bending. Limitations on the system capacity depend on the demand and resistance of

the screw connectors between the sheathing and the steel; recommendations are provided.
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The chapter begins by introducing the current design methodologies, with the main
focus being on the Eurocode approach, where a detailed overview of the effective width
method and member design is provided, but also with a brief discussion on the direct strength
method (Schafer 2008) and its application to sheathed stud walls as described in the research
work by Vieira & Schafer (2013) and Peterman & Schafer (2014). Assessment of these
existing design methodologies against the test data reported in Chapter 5 is provided. The
design rules proposed herein are then introduced and comparisons against the experimental
and parametric finite element (FE) results reported in Chapters 5 and 6 respectively are

made.

7.2 Existing design methods

7.2.1 Design of cold-formed steel sections to Eurocode 3

In accordance with Eurocode 3 ‘Design of Steel Structures’ (EN 1993-1-1 2005), where
the general design rules for structural steel are described, the design of cold-formed steel
members should be undertaken in line with the supplementary EN 1993-1-3 (2006) code,
which very frequently refers to EN 1993-1-5 (2006) for details regarding the approach of the
effective width method used for the design of steel plated elements suffering local instabilities.
Therefore, for the design of cold-formed steel members, consideration of all three standards
is required (and of their respective National Annexes), while it is worth mentioning that
the presence of sheathing and its influence on the capacity of cold-formed steel members is

ignored.

Eurocode 3 (EN 1993-1-3 2006) allows determination of the capacity of cold-formed
steel members either through the use of the provided design rules or by physical testing.
Although design by the provided rules is relatively complex and leads to conservative results,
it remains the preferred design method for cold-formed steel members of relatively simple

shape, such as C-shaped lipped studs (Way & Heywood 2012).
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7.2.1.1 Effective section properties

In accordance with the EN 1993-1-3 (2006) design guidance rules, when calculating ef-
fective section properties from the gross section properties the three following issues need
to be addressed: the core steel thickness, the use of midline theory and the impact of the
corner radii on the sections. Cold-formed steel sections are typically galvanised with a zinc
coating of 275 g/m? (referred to as Z275) but under the design rules of EN 1993-1-3 (2006),
cross-sectional capacities should be calculated using the core thickness ¢ of the member,
excluding the thickness of the zinc coating surface. In design, the nominal (specified) thick-
ness is reduced to the core thickness by subtracting 0.04 mm (EN 1993-1-3 2006). Following
calculation of the core thickness, the section properties of cold-formed steel members can
be determined based on an idealised sharp-corner cross-section composed of flat elements
concentrated along the mid-lines of the actual plate elements. The idealised cross-section

and respective notations for a lipped channel section are illustrated in Figure 7.1. To avoid

b

b,=0b-1-2g,

h h,=h-t-2g,

(a) Actual section (b) Idealised section (b) Rounded corner

Figure 7.1: Mid-line theory for a C-lipped section where (a) is the actual section, (b) is the idealised
section and (c) is a detail of the rounded corner. Adapted from EN 1993-1-3 (2006)

double counting the overlapping of corner regions, the notional flat widths (such h,, b, and
¢p shown in Figure 7.1 (b)) should be measured to the true intersection point P between
adjacent elements, a distance g, from X, given by Equation (7.1), as illustrated in Figure

7.1 (c¢), where r is the radius, t is the core thickness and ¢ is the angle illustrated in Figure
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7.1 (c).
= re8) () (2)

In accordance with EN 1993-1-3 (2006), the influence of rounded corners may be ignored
if » < 5t and r < 0.1b,, where b, is the notional width. Since the midline theory assumes an
idealised cross-section, the impact of the corner radii can be significant if ignored, therefore
when the influence of radii is deemed significant (where the stated limits above are exceeded)
then a reduction of the area, the second moment of area and the warping constant is per-
formed by applying the factors reported in Clause 5.1(4) of EN 1993-1-3 (2006). This is also
applicable to the calculation of the respective effective properties, assuming the notional flat

widths of the plane elements are measured to the points of intersection of their midlines.

7.2.1.1.1 Local buckling

The local buckling mode shapes of a lipped channel section under pure compression and
pure bending about the major axis are illustrated in Figures 7.2 (a) and 7.3 (a) respectively.
In accordance with EN 1993-1-3 (2006), local buckling of cold-formed steel sections is treated
by adopting the effective width concept. The cross-section is divided into elements, as
illustrated in Figure 7.1, with each element treated as a flat plate. For each element subjected
to compressive stress, either due to axial compression or bending, the effective width (heyy,
befr and cqps for the web, flange and lip respectively) is determined by multiplying the
appropriate width of each element (hy, b, and ¢, for the web, flange and lip respectively)
with the reduction factor p. Details of the method and the relevant equations can be found
in EN 1993-1-5 (2006). For an internal element (such as a flange or a web for the shapes
shown in Figures 7.2 and 7.3), p is given by Equation (7.2):

~ Ap —0.055(3 + v) <

2

Ap

1.0 (7.2)

p

while for an outstand element (such as a lip for the shapes shown in Figures 7.2 and 7.3), p

is given by Equation (7.3):
Ap — 0.188

Ap
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where 1 is the stress ratio between the edges of the element and ), is the slenderness of the

element calculated using Equation (7.4).

~ _ [ fy b/t
Ap = \ oor — 28.4ev/E, 74

In Equation (7.4), f, is the design yield strength, o, is the elastic buckling stress, b is the
appropriate width of the element in compression (with respect to Table 5.2 of EN 1993-1-1
(2005)), t is the core thickness, e = \/235/f, and k, is a buckling factor accounting for the
stress ratio 1 and the element boundary conditions (i.e. internal or an outstand element).
Values of k, should be obtained from Tables 4.1 and 4.2 of EN 1993-1-5 (2006), while
background theory is provided by Trahair et al. (2008) and Timoshenko & Gere (1961).

The effective section properties of a member subjected to compression will differ from
those subjected to bending due to the different distribution of compressive stresses across
the section between these two cases. Illustrations of effective cross-sectional geometries
under pure compression and major axis bending are provided in Figures 7.2 (c) and 7.3 (c)
respectively. Note, that be; = bea = 0.5bcff and hey = hea = 0.5k, for cross-sections under
pure compression, while for cross-sections under bending h.; and heo are dependent on the
position of the neutral axis (N.A.) which shifts towards the part of cross-section in tension

as shown in Figure 7.3 (c).

7.2.1.1.2 Distortional buckling

The distortional buckling mode shapes of a lipped channel section under pure compres-
sion and pure bending about the major axis are illustrated in Figures 7.2 (b) and 7.3 (b)
respectively. In accordance with EN 1993-1-3 (2006), distortional buckling of cold-formed
steel sections is treated by adopting an effective thickness approach, imposed on the stiffened

region of the cross-section susceptible to this form of buckling.

To prevent or delay local and distortional buckling in cold-formed steel members, stiffen-
ers are typically introduced by manufacturers, to permit the use of even thinner gauge steel

(Way & Heywood 2012). For a channel section (stud), stiffeners are typically introduced in
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(a) Local buckling mode (b) Distortional buckling mode (c) Effective cross-section

Figure 7.2: The (a) local and (b) distortional buckling modes of a C-lipped section under compression

and (c) the theoretical effective cross-section
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(a) Local buckling mode (b) Distortional buckling mode (c) Effective cross-section

Figure 7.3: The (a) local and (b) distortional buckling modes of a C-lipped section under bending

about major axis and (c) the theoretical effective cross-section

the form of ‘lips’ at the ends of free flanges to stiffen them up. Stiffening the end flanges is
usually performed either with single fold lips (which is the most common practice) or double
fold lips as shown in Figures 7.4 (a) and (b) respectively. Intermediate stiffeners (see Figure
7.4 (c)) for the web or flanges are not as common for members used in framing applications
but are readily employed in deep purlin members or floor joists (Kyvelou et al. 20175, 2020,
Way & Heywood 2012).
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YD

(a) Single fold edge stiffener (b) Double fold edge stiffener (c) Intermediate stiffener

Figure 7.4: Equivalent linear spring model assumed by EN 1993-1-3 (2006) to replicate the distor-

tional mode at (a) an edge lip, (b) an edge double lip and (c¢) an intermediate stiffener

EN 1993-1-3 (2006) design caters for all types of stiffeners presented in Figure 7.4 by
assuming that a compression element with a stiffener behaves like a compression member
with a continuous partial restraint to displacement. This restraint is represented by a
linear spring of stiffness K as illustrated in Figure 7.4. The spring stiffness depends on
the boundary conditions and the flexural stiffness of the adjacent plate elements, while the

spring with a stiffness K is assumed to be acting on the centroid of the stiffener.

centroid !

S
Figure 7.5: Equivalent dimensions for a flange with a single edge stiffener in compression. Adapted
from EN 1993-1-3 (2006).
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For the case of a single fold edge stiffener, as shown in Figure 7.5, the spring stiffness
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K can be obtained using Equation (7.5):

Et3
K = 7.5
4(1 —U2)(b% hp+b%+05b1b2 hpk‘f) ( )

where

E  is the Young’s modulus of steel

t is the core thickness

v is the Poisson’s ratio of steel (taken as 0.3)

b1 and bs are the respective distances for the two flanges of a channel section, from the
web-to-flange junction to the centroid of the effective area of the edge stiffener (which
includes the lip of length c.f; and the effective area of the flange adjacent to the
stiffener of length b.2), as illustrated in Figure 7.5.

hyp  is the depth of the web, as shown in Figures 7.2 and 7.3.

ks is the ratio of the effective areas of the two edge stiffeners (including the effective
portion of the flange), i.e. ky = Ay /Aq, where Ay and Ay are the effective areas
of the two edge stiffeners in a channel lipped cross-section. For symmetric channel
lipped sections in compression, as shown in Figure 7.2, ky = 1. For symmetric channel

lipped sections in bending about the major axis, as shown in Figure 7.3, ky = 0.

Following the guidance of EN 1993-1-3 (2006), once the equivalent spring stiffness K
of the stiffener is calculated, the elastic critical stress for the stiffener o, can then be
calculated, followed by the determination of the relative distortional slenderness Ay and the
reduction factor of the distortional buckling resistance x4. Finally, the reduction factor x4
is used to determine a reduced effective area of the stiffener, which is implemented by means

of a reduced thickness t,.q. A detailed procedure for determining ¢,.q4 follows.

The procedure described below is for a flange with a single fold edge stiffener (a lip). It
is divided into three steps, the last of which involves an optional iteration in order to refine

the value of the reduction factor x4.

Step 1: Calculation begins with the determination of effective widths, as described in

Section 7.2.1.1.1. At this step (see Figure 7.6), the edge stiffener is assumed to be infinitely
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stiff and, as such, to provide full restraint to the free end of the flange. The corners are
therefore assumed fixed in position and failure is due to local buckling only. The maximum
compressive stress o.om g4 in the flange is assumed to be equal to the design strength f, of

the material.

& Gross cross-section and boundary conditions

4,

Step 1:Effective cross-section for K = oo

based on GcamEd = j;/

Figure 7.6: Effective properties of an edge stiffener, Step 1. Adapted from EN 1993-1-3 (2006).

Step 2: In the second step (See Figure 7.7), the edge stiffener is considered in isolation.
The infinitely stiff spring in Step 1 is replaced by a spring with a stiffness K, which can
be calculated by Equation (7.5), using the initial effective cross-section determined in Step
1. Then, the elastic critical buckling stress o, s of the stiffener can be calculated using
Equation (7.6), where I is the effective second moment of area of the stiffener and A is

the effective cross-sectional area of the stiffener.

2vKEI,

Ocr,s =
A

(7.6)

Once the critical buckling stress o, s of the stiffener is calculated, the relative slenderness

of the stiffener for distortional buckling Ay may be determined using Equation (7.7).
A = v (7.7)

Ocr,s

Based on the calculated Ay, the reduction factor for distortional buckling x4 can then be

287



7.2 Existing design methods

determined using Equations (7.8) - (7.10).

For Mg <0.65, xq=1.0 (7.8)
For 0.65 < \g <1.38, xg=1.47—0.723)\y (7.9)
For Ag>1.38, xq=0.66/\g (7.10)

Step 2: Calculation of elastic critical
buckling stress o, based on K and

properties of stiffener I, and A,

Reduced strength y, f, for effective stiffener
of area A,

Iteration 1

Figure 7.7: Effective properties of an edge stiffener, Step 2. Adapted from EN 1993-1-3 (2006).

Step 3: As shown in Figure 7.8, the value of x4 may be refined by returning to Step 1 and
calculating modified effective widths (besy and c.ry) based on a revised compressive stress
Ocom,Ed = Xdfy- This is achieved by calculating modified values of p for Equations (7.2) and

(7.3), using a reduced element slenderness Xp,red given by Equation (7.11).

Apred = Apv/Xd (7.11)
f;/ T )(41.1/ f‘/
T . Step 3: Optionally repeat step 1 by
5 calculating modified effective widths with a
. reduced element slenderness, calculated
Iteration n R ) ] )
K with g, g = ya f, with y, from previous,
iteration and continuing until:
f ){11.11, ~ Xd,(n-1) but /Y[/,/I,S%L(u,-l)
Jy "‘E
L 3 i
bu*,‘_i_ f o b t Adopt an effective cross-section with b , ¢,
& and reduced thickness ¢, corresponding to y,

Figure 7.8: Effective properties of an edge stiffener, Step 3. Adapted from EN 1993-1-3 (2006).
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Then, Step 2 may be repeated to obtain a modified effective section and a new value of xg4.
The whole process can be repeated again, for n times, until the desired degree of convergence

on the value x4 has been achieved.

Finally, once the final value of x4 has been calculated to the desired accuracy, the reduced
effective cross-sectional area of the stiffener is implemented by means of a uniformly reduced

thickness t,..q4 using Equation (7.12).

tred = Xdt (712)

In Appendix A, the calculation of gross and effective properties for a set of typical lipped
channel sections in accordance with the Eurocode 3 methodology (EN 1993-1-3 2006) is
presented. Recommended sources of worked examples illustrating in detail the calculation
of effective properties for lipped channel sections include the guidance of ECCS (2008) and
Way & Heywood (2012).

7.2.1.2 Design resistances

7.2.1.2.1 Compression resistance

The resistance of a Class 4 (as per EN 1993-1-1 (2005) classification) cross-section under
compression N pq is calculated with Equation (7.13), where A.sf is the effective area of
the cross-section calculated as described in the previous section so that the effects of local
and distortional buckling are taken into account, and f, is the yield strength of steel (EN
1993-1-3 2006).

Nepa = Acyrfy (7.13)

An unrestrained member under compression may be prone to flexural, torsional and
flexural-torsional buckling, depending on its geometry and member slenderness. The design

buckling resistance of a (‘Class 4’ as per EN 1993-1-1 (2005)) member under compression is
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given by Equation (7.14), where x is the reduction factor for the relevant buckling mode.

No.ra = XAerffy (7.14)

The reduction factor x is used to determine the reduction in resistance below the cross-
sectional compression capacity (or the squash load) of a member due to global buckling. The
value of x may be obtained from EN 1993-1-1 (2005) using the appropriate buckling curve in
conjunction with the value of non-dimensional slenderness A corresponding to either flexural,
torsional or flexural-torsional buckling. EN 1993-1-1 (2005) offers five different buckling
curves depending on the imperfection factor assumed, but this choice, in accordance with
EN 1993-1-3 (2006), is restricted to only three curves (a, b and c) for cold-formed steel
members. The relationship between the reduction factor xy and non-dimensional slenderness

A for buckling curves a, b and c is shown in Figure 7.9.

1.1

1.0 1

0.9 +

0.8 +

0.7 +

0.6 T

0.5 T

04 +

Reduction factor

0.3 +

0.2 +

0.1 +

0.0

00 02 04 06 08 10 12 14 16 1.8 20 22 24 26 28 3.0
Non-dimensional slenderness A

Figure 7.9: Buckling curves a, b and ¢. Adapted from EN 1993-1-3 (2006).

The value of x may be calculated directly using Equations (7.15) and (7.16), where «
is the imperfection factor corresponding to the relevant buckling curve. For buckling curves
a, b and ¢, & = 0.21, 0.34 and 0.49 respectively (EN 1993-1-3 2006). For cold-formed steel

channel lipped sections, the appropriate buckling curve to use, for buckling about any axis
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in accordance with EN 1993-1-3 (2006), is b and as such a = 0.34.

1

X=——F—" but x < 1.0 (7.15)
O+ /02 - N’
where @ =05 [1+a (X=0.2) + X'] (7.16)

The non-dimensional slenderness A is given by Equation (7.17), where N, is the elastic

critical load.

Acsrlfy

X:
Ncr

(7.17)

For flexural buckling, N,, is equal to the Euler load and is given by Equation (7.18), where
F is the Young’s modulus of steel, I is the appropriate second moment of area and L, is
the effective buckling length considered. To calculate the flexural buckling resistance about
the major axis Ny rd, Ner = Nery, the gross second moment of area about the major axis
I, is considered and the effective buckling length about the major axis is defined as L, .
To calculate the flexural buckling resistance about the minor axis Ny, r4, Ner = Ner,z,
the gross second moment of area about the minor axis I, is considered and the effective
buckling length about the minor axis is defined as L., .. The effective lengths L., , and
L., . are dependant on the boundary conditions and the presence of restraints about the

relevant axis.

nlEl
Nep = 7.18
cr Lgr ( )
For torsional buckling, N., = N, 7 and can be calculated using Equation (7.19):
1 m?E1,
Ncr,T = 3 GIt + 3 (719)
15 L%
with i =il + i+ yp + 2] (7.20)
For flexural-torsional buckling, N = N, pr and can be calculated using Equation (7.21):
2 i2 + 2
(2 2 y Tz
Ncr,FT =572 1 2\ Ncr,y + NCT,T - (Ncr,y + Ncr,T) - 4Ncr,chr,T ) (721)
2 (zy + zz) ()
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In Equations (7.19), (7.20) and (7.21), G is the shear modulus of steel, I; is the torsional
constant, I, is the warping constant, L is the buckling length regarding the torsional
mode (typically taken as equal to the system length L in the absence of restraints and for
pinned ends or as 0.7L when significant restraint against torsion and warping exists at the
ends (EN 1993-1-3 2006)), i, and i, are the radii of gyration of the cross-section about
the major and minor axis respectively, and finally ¥, and z, are the horizontal and vertical
coordinates, respectively, of the shear centre with respect to the centroid (for a doubly
symmetric section, the centroid coincides with the shear centre, i.e. y, = 0 and z, = 0,
while for a singly symmetric section, like a channel lipped section, only z, = 0). Further
information on the critical axial load for torsional and flexural-torsional buckling can be
found in NCCI SN00O1a (2005), EN 1993-1-3 (2006) and in the work of Timoshenko & Gere
(1961).

Note that in accordance with EN 1993-1-1 (2005), N, rq and Ny, g are also divided by
a vy safety factor, which is not included in the above expressions. In accordance with the

UK national annex provisions, the v safety factor, for these expressions is equal to unity.

The buckling resistance of a member in compression can also be expressed in terms of

Equation 7.22:

Ny, ra = min(Ne ra, Noy,Rd> Nb,z,rds No,7,Rd> No,FT,Rd) (7.22)

7.2.1.2.2 Bending resistance

The cross-sectional resistance of a Class 4 (as per EN 1993-1-1 (2005) classification)
cold-formed steel member subjected to bending is given by Equation (7.23), where Wy is
the elastic section modulus of the effective cross-section about the relevant axis in accordance
with the guidance in Section 7.2.1.1 so that the effects of local and distortional buckling are
taken into account.

Mera = Weyrfy (7.23)

For the cross-sectional bending resistance about the major axis, as shown in Figure
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7.3 (c), Mc,pa = My ra and Wepp = W, r, which is the elastic section modulus of the
effective cross-section calculated with respect to the most extreme fibre from the neutral axis
(i.e. the minimum value of Wy .¢r, given by I, cr¢/he, where Iy .¢; is the second moment
of area of the effective cross-section in bending about the major axis and h. is the distance
from the neutral axis to the most extreme fibre as shown in Figure 7.3 (c)). Likewise, to
calculate the cross-sectional bending resistance about the minor axis, M. rq = M, . rq and
Wepr = W, erp, with the elastic effective section modulus calculated with respect to the

fibre with the maximum elastic stress.

A member that is subjected to major axis bending and is not adequately restrained
may be prone to lateral-torsional buckling, depending on its geometry and its member
slenderness. The essential feature of this global mode of failure, for a member in major axis
bending, is that the compression flange becomes unstable and, since it is not restrained, it
attempts to buckle laterally but, because it is attached to the flange in tension, through
its web, it cannot move freely. The resistance offered by the flange in tension results to a
combination of both lateral and torsional buckling. This effect only occurs when the member
is under major axis bending. Lateral-torsional buckling is analogous to a column under
compression and, as such, the buckling curves shown in Figure 7.9 are equally applicable.
The buckling resistance M rq of a member in major axis bending is given by Equation

(7.24),

My ra = xerWyestfy (7.24)

where x 7 is the reduction factor due to lateral-torsional buckling given by Equations (7.25)

and (7.26).
1
XLT = = but XLT < 1.0 (7.25)
Cpr+/ 7 — ALy
where &7 =05 [1 +arr (XLT — 0.2) + XiT] (7.26)

In accordance with Clause 6.2.4 of EN 1993-1-3 (2006), cold-formed steel members in bend-
ing should use buckling curve b and as such the imperfection factor arr = 0.34. The

non-dimensional slenderness due to lateral-torsional buckling Az may be calculated using
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Equation (7.27), where M., is the elastic critical moment for lateral-torsional buckling.

_ W, .
ALr = Z}Wifffy (7.27)

A general expression for the elastic critical moment for lateral torsional buckling M., is

given by Equation (7.28):

T2El, k\*>I, (kLrp)*GIL 5
My = Cy——2 =) e R T (0,2 - C 7.28
l(kLLT)Qg \/< ) I, + 2B, + (Czzg) 2%g ( )

where

C71 and (s are coeflicients dependent on the shape of the bending moment diagram. For
a uniform bending moment diagram in pinned boundary conditions C; = 1.127 and
Cy = 0.454 — see NCCI SN003b (2005).

k is an effective length parameter for end rotation on plan, taken as one when both
flanges are free to rotate on plan (as assumed for a stud set in tracks in pure bending).

ky is an effective length parameter for end warping, typically taken as one (as assumed
for a stud set in tracks in pure bending).

I,  is the gross second moment of area about the minor axis of the section

L7 is the member length (assumed unrestrained)

g allows for in-plane curvature of the beam prior to buckling and is given by g = /1 — :;—Z
or may conservatively be taken as unity. ’

zg  is the distance between the point of the applied load and the shear centre of the
section; the value is positive for destabilizing loads applied above the shear centre.

For singly-symmetric channel lipped sections, z, is taken as half the depth of the

cross-section.

For more details on the elastic critical moment M., and its parameters, information
can be found in the non-conflicting and complementary information technical documents
NCCI SN003b (2005) and NCCI SN002a (2005), as well as in the work by Gardner (2011).
The LTBeamN software (Kyprianou 2015) may also be used to calculate the elastic critical

bending moment for a variety of complex scenarios, including variable load on the member,
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change of geometry along the member length and the presence of restraints.

It is worth noting that sheathing attached to a stud member subjected to bending is
typically able to restrain lateral-torsional buckling, assuming the sheathing-to-steel connec-
tion does not fail. Nevertheless, checks should be made for the length of the spacing between

connectors.

Similarly to the compression resistances, in accordance with design in EN 1993-1-1
(2005), the bending resistances stated above, are divided by a v, safety factor, which is not
included in the expressions above; in accordance with the UK national annex provisions,

this vps factor is equal to one.

7.2.1.2.8 Shear buckling resistance

Following the guidance in Clause 6.1.5 of EN 1993-1-3 (2006), the shear buckling res-
istance V4 pq of a member is given by Equation (7.29), where h,, is the height of the web
between the mid-lines of the flanges, ¢ is the slope of the web relative to the flanges (for a
channel lipped section this is orthogonal, i.e. 90°), ¢ is the steel core thickness and fj, is the

shear strength allowed for buckling of the web.

hy
Vorg = —t 7.29
bR = G fov (7.29)
The susceptibility of a cold-formed steel section to shear buckling is dependent on the
slenderness of its web \,,; deeper members are therefore more prone to this form of buckling.
Shear buckling is considered in design by the use of fy,, which is a function of the yield
strength f, and the relative web slenderness Aw; values of fy, can be obtained from Table

6.1 of EN 1993-1-3 (2006). The )/ safety factor is not included in Equation (7.29) since it

is equal to 1, as per the UK national annex provisions.

7.2.1.2.4 Combined compression and bending

In accordance with EN 1993-1-3 (2006), the cross-sectional combined compression and

bending resistance should be determined using Equation (7.30), where Npgg is the effective
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design force, M, gq is the effective design bending moment about the major axis, M, gq
is the effective design bending moment about the minor axis and ey is the shift of the
centroid after the calculation of effective properties when the cross-section is subjected to
pure compression. For a singly-symmetric section such a channel lipped section ey, = 0,
while ey, is the difference of the position of the minor axis z — z running through the
centroid calculated between the gross-sectional area and the effective cross-sectional area,

as shown in Figure 7.2 (c) - the centroid shifts towards the web.

Npa ~ My pq+ Ngseny M. pqg+ NEden:
+ +
Nc,Rd Mc,y7Rd Mc,Z,Rd

<1.0 (7.30)

The interaction between axial force and bending moment may be obtained from a
second-order analysis of the member based on the properties of the effective cross-section,
calculated as described in Section 7.2.1.1. As an alternative though, EN 1993-1-3 (2006)

provides Equation (7.31) for the calculation of interaction between compression and bending.

N 0.8 o 0.8
( bd ) + < bd ) <1.0 (7.31)
Ny, ra My Rra

Detailed worked examples of the all-steel design of a channel lipped stud member under

combined compression and bending, including calculations with all of the above expressions,

can be found in the work of Way & Heywood (2012).

7.2.1.3 Comparison with the beam-column test results of the present study

A comparison between the beam-column test results, presented in Chapter 5, and the EN
1993-1-3 (2006) interaction curve given by Equation (7.31) using the resistances calculated as
described above, under three different assumptions of restraint, is presented. The interaction
curves presented in Figure 5.37 of Chapter 5 are replicated in a normalised format (see Figure
7.10), and with the horizontal test results H, converted to their equivalent moments M,

(see Figure 7.11).

In Figures 7.10 and 7.11, the axial compressive load P, is normalised by the squash
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load N g4, given by Equation (7.13), while the bending moment M, is normalised by the
cross-sectional bending resistance about the major axis M., g4, given by Equation (7.23).
In Figure 7.10, where results are presented in terms of axial and horizontal loads, the design
moment resistances were converted to their equivalent horizontal loads, for comparison with
the test loads, by multiplying them with 8/L, i.e. H = M x 8/L. The cross-sectional
resistances, with geometries as described in Chapter 5, were calculated as follows: N, rq =
88.4 kN, M, rq = 6.10 kNm and the equivalent conversion to horizontal force H., rq = 20.3
kN.

In Figure 7.11, where results are presented in an axial load-moment (P — M) interaction
format, in contrast with the presentation in Figure 7.10 - the test results are those which
are converted to equivalent moments for comparison with the bending resistances. The
conversion to moments considered the measured fixities presented in Chapter 5 from mid-
height deflections shown in Figure 5.31 and from rotations shown in Figure 5.34. Based on
the average fixity relationship between fixity and amount of compression load, determined
between the two sets of measured fixities, a linear interpolation for the resultant moment
between the pinned (M = HL/8) and fixed (M = 5HL/128) boundary conditions (for the
four-point loading scheme - see Figure 5.16), was performed for all the horizontal test results

H, loads at 75%, 50%, 25% of P, and at pure bending.

As already described in Section 5.5 of Chapter 5, three cases of effective critical lengths
about the minor axis L, , are considered: the full length of the specimen (2400 mm) and
the connector spacings of 600 mm and 75 mm. The torsional buckling length Lp for the
calculation of the critical axial force given by Equation (7.19) and the lateral-torsional
buckling length L7 for the calculation of the critical moment given by Equation (7.28)
are assumed to be equal to L .. As shown in both Figures 7.10 and 7.11, assuming no
restraint is provided from the sheathing yields, overconservative results, while recognising
the restraints provided at the positions of the connectors leads to much more accurate
predictions. The accuracy of the resistance predictions, even when the restraint by the
sheathing is recognised, is however limited due to lack of recognition of the end fixity in

pure compression and of the mobilisation of composite action in pure bending, as well as due
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7.2 Existing design methods

to the concave shape of the interaction resistance curve (arising from the power coefficients).
Note that the convex shape of the P — M test results in Figure 7.11 is not as convex when
compared to the P — H test results in Figure 7.10, due to the values of the moment being

reduced because of the recognition of increased fixity with increasing compression load.
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Figure 7.10: Comparison between the beam-column test results from Chapter 5 and EN 1993-1-3
(2006) predictions assuming various effective lengths in a normalised format, in terms of P, /N rq
VS Hu/Hc,y,Rd
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Figure 7.11: Comparison between the beam-column test results from Chapter 5 and EN 1993-1-3
(2006) predictions assuming various effective lengths in a normalised format, in terms of P, /N¢ rd
VS Mu/Mc,y,Rd
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7.2.2 Design of sheathed studs with DSM and recommendations from the

literature

According to Vieira & Schafer (2013) and Peterman & Schafer (2014) the restraining
effect of the sheathing to the stud can be recognised through the use of linear springs in
an elastic buckling analysis when determining compression and bending buckling capacit-

ies. The direct strength method can then be used to provide member capacity predictions

(Schafer 2013, 2008).

The direct strength method requires the determination of elastic buckling loads (P,
for local, P..q for distortional and P, for global) and moments (M.,; for local, M4 for dis-
tortional and M. for global) through a rational analysis for the subsequent determination
of nominal compression P, and bending M, capacities respectively. The nominal capacity
for compression P, can be determined by taking the minimum of the nominal axial strength
for global buckling P, local-global buckling interaction P,; and distortional buckling P,,4.
The expression for the nominal axial strength for global buckling P, is given by Equation

(7.32), where P, = Af,,, A is the gross cross-sectional area and f, is the yield strength.

0.658*:P, for A, <15
Pre = where Ao = 1/ P,/Pure (7.32)
0.877P... for Ae > 1.5

The nominal axial strength for local-global buckling interaction P,; is given by Equation

(7.33).

Pne for )\l S 0.776

P, = 0.4 0.4 where N\ = (7.33)
P P
(1 —0.15< C”) ) < c”) Pne for X\ > 0.776 FPert

PTL@ Pne

The nominal axial strength for distortional buckling P,  is given by Equation (7.34).

P, for A4 <0.561

Pra = 0.6 0.6 where \g = Y (7.34)
P P
(1 - 0.25< Ig’“d) ) < C’"d) P, for X\g>0.561 Fera
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7.2 Existing design methods

The nominal flexural strength M, is the minimum of M,,., M,; and M,4, which are given
below. The expression for the nominal flexural strength for lateral-torsional buckling M,
is given by Equation (7.35), where M, = W f,, W is the gross elastic cross-section modulus

at the extreme fibre and f, is the yield strength.

Mo for Mg < 0.56M,
10 10M,
Mype =1 — — Y for 2.78M, > M... > 0.56 M. 7.35
e 9 Y ( 36Mcre> o v = v (7.35)
M, for M. > 2.78M,

The nominal flexural strength for local-global buckling interaction M,; is given by Equation

(7.36).

Mye for )\ < 0.776 y

M,y = 0.4 0.4 where )\, = (7.36)
" Mcrl Mcrl M 1
1-0.1 Mpe f A . r
( 0 5(Mne) )(Mm) or X\ >0.776

The nominal flexural strength for distortional buckling M, is given by Equation (7.37).

M, for Mg <0.673 i,

My = 0.5 0.5 where \g = (7.37)
M d M, d M
1— 0.22( o ) ( o ) M, for M;>0.673 crd
( M, M, v

For the interaction between compression and bending, a simple linear relationship is adopted
(as employed in AIST S100 (2016)) ignoring second-order effects, given by Equation (7.38),
where P and M are the applied load and moments respectively.
P M
—+—<1 7.38
P, + M, — ( )
The method employed to determine the elastic buckling loads (P, for local, P,.4 for
distortional and P,,. for global) and moments (M., for local, M,,.4 for distortional and M.,
for global) is through the use of the finite strip method CUFSM (Li & Schafer 2010). The
stiffnesses of the linear springs employed are reported in the work by Peterman & Schafer

(2014) and have been derived based on the studies by Peterman (2012) and Vieira & Schafer
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7.2 Existing design methods

(2013). These stiffnesses are appropriate for use with the tests reported in Chapter 5 since
the same screw type and size has been employed, as well as the same type and thickness
of OSB board, while the steel section is of a similar thickness. Therefore the stiffnesses per
fastener, for the lateral and rotational springs adopted, are as follows: k, = 971 N/mm,
ky = 0.374 N/mm and k4 = 95,309 Nmm/rad. The relevant springs (k;, k, and ky) and

their positions on the cross-section are illustrated in Figure 7.12.

Yy

k
k, Hé{%
o

k?/

Figure 7.12: Spring on cross-section to simulated the effect of sheathing for use in elastic buckling

analysis

7.2.2.1 Comparison with the beam-column test results of the present study

In accordance with the guidance reported by Peterman & Schafer (2014), the per fasten-
ers values need to be divided by the connector spacing for use in CUFSM (Li & Schafer
2010). For the four screw spacings considered of 600 mm, 300 mm, 150 mm and 75 mm, the
resultant spring stiffnesses are reported in Table 7.1. The predictions with the equivalent
spring stiffnesses are benchmarked against a bare steel DSM prediction, where no stiffeners

were employed.

In the elastic buckling analysis, for both compression and bending, pinned end boundary
conditions were assumed, to allow for a direct comparison against the results presented in
Section 7.2.1.3, yielded using the EN 1993-1-3 (2006) guidance. The cross-sectional geometry

and yield strength employed is as reported in Chapter 5.
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Table 7.1: Spring stiffnesses for different screw spacings for use in CUFSM of a steel-to-OSB 4.8 mm

in diameter screw connection

Screw spacing kg ky kg
Description
mm (N/mm)/mm (N/mm)/mm (Nmm/rad)/mm

Bare steel, unbraced - - - -
600 mm screw spacing 600 1.62 0.000623 159
300 mm screw spacing 300 3.24 0.00125 318
150 mm screw spacing 150 6.47 0.00249 635
75 mm screw spacing 75 12.95 0.00499 1271

Table 7.2: Axial member predictions using CUFSM (Li & Schafer 2010) and DSM

. Lcrl Lcrd Lcre Py Pn
Description P/ P, P.q/P, P.e/Py
mm mm min kN kN

Bare steel, unbraced 0.21 110 0.35 440 0.17 2400 173.0 24.5
600 mm screw spacing 0.21 110 0.38 455 2.15 2400 173.0 75.3
300 mm screw spacing 0.21 110 0.44 470 2.20 2400 173.0 75.5
150 mm screw spacing 0.21 110 0.55 500 2.23 2400 173.0 75.7

75 mm screw spacing 0.21 110 2.96 1150 2.26 2400 173.0 75.8

Table 7.3: Flexural member capacity predictions using CUFSM (Li & Schafer 2010) and DSM

. . LCTZ L(;'rd LCTC My M'I’L H?’L
Description My /My Mera /M, Meye /My
mim mim mm kNm kNm kN

Bare steel, unbraced 1.12 80 0.94 340 0.27 2400 7.56 2.05 6.8
600 mm screw spacing 1.12 80 1.00 320 9.85 2400 756 590 19.7
300 mm screw spacing 1.12 80 1.05 310 10.94 2400 7.56  6.00 20.0
150 mm screw spacing 1.12 80 1.14 290 12.78 2400 7.56 6.18 20.6

75 mm screw spacing 1.12 80 1.27 260 15.73 2400 7.56 6.41 214

Results for both compression and bending are provided in Tables 7.2 and 7.3 respect-
ively which summarise the critical loads and moments gathered from the signature curves
presented in Figures 7.13 and 7.14 correspondingly. The critical buckling half-wave lengths
for local L., distortional L..q and global buckling L... are also reported. Predictions of

nominal capacity P, and M, using the DSM expressions are also provided in the respect-
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7.2 Existing design methods

ive tables, while for bending, an equivalent horizontal force H, is also calculated using

H, = M, x 8/L.

/]

6
—Bare steel, unbraced
—600 mm screw spacing
5 —300 mm screw spacing
—150 mm screw spacing
— 75 mm screw spacing
4
5
SHFY
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Figure 7.13: Signature curve and deformed shapes for the specimen with geometries and properties

tested in Chapter 5 using CUFSM; illustrating critical compression loads versus length for different

stiffnesses in accordance with the properties given in Table 7.1

18
— Bare steel, unbraced
16 1 —600 mm screw spacing
—300 mm screw spacing
14 - .
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Figure 7.14: Signature curve and deformed shapes for the specimen with geometries and properties

tested in Chapter 5 using CUFSM; illustrating critical moments versus length for different stiffnesses

in accordance with the properties given in Table 7.1
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The DSM linear interaction predictions are compared against the beam-column test
data reported in Chapter 5, in terms of axial P, and horizontal H, load in Figure 7.15, in a
normalised P, — H, format in Figure 7.16 and in a normalised axial and bending P, — M,
format in Figure 7.17. Normalisation and conversion of the test data to bending moments
was performed as described in Section 7.2.1.3, to allow for a direct comparison with the EN

1993-1-3 (2006) predictions.

——0-5600 tests
—o—0-875 tests

----Bare steel DSM design
—— 600 mm DSM design
——300 mm DSM design
——150 mm DSM design
— 75 mm DSM design

0 5 10 15 20 25
H, (kN)

Figure 7.15: Comparisons between linear interaction curves predicted with DSM and Table 7.1 spring
stiffnesses in elastic buckling analysis with the beam-column test results from Chapter 5 in terms of

axial loads P, vs horizontal loads H,,

1.2

—0-S600 tests
——0-S75 tests

- - -Bare steel DSM design
——600 mm DSM design
——300 mm DSM design
——150 mm DSM design
—— 75 mm DSM design

Pu /NC',R(j

—S T
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‘F]u /I{(:,_V,Hd

0.0 ‘ ‘

Figure 7.16: Comparisons between linear interaction curves predicted with DSM and Table 7.1
spring stiffnesses in elastic buckling analysis with the beam-column test results from Chapter 5 in a

normalised format, in terms of P,/N¢ ra vs Hu/Hcy ra
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1.2

——0-5600 tests
—o—0-875 tests

- - -Bare steel DSM design
——600 mm DSM design
——300 mm DSM design
——150 mm DSM design

Pu / N, c,Rd

—— 75 mm DSM design
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MI / M,‘,AV,R(I'

Figure 7.17: Comparisons between linear interaction curves predicted with DSM and Table 7.1
spring stiffnesses in elastic buckling analysis with the beam-column test results from Chapter 5 in a

normalised format, in terms of P, /M. rq vs My/Mcy rd

As illustrated by Figures 7.15, 7.16 and 7.17, DSM capacity predictions with the use
of springs of appropriate stiffnesses yield much more accurate results compared to the pre-
dictions corresponding to the bare steel case. Results are similar to those predicted by EN
1993-1-3 (2006) when restraint was recognised, as reported in Section 7.2.1.3, although DSM
predictions indicate sightly higher flexural capacity predictions for both the bare steel and
restrained (simulated with springs) cases. As with the results reported in Section 7.2.1.3,
there is the potential for the accuracy of the resistances to be improved if the end fixity
in compression and mobilisation of composite action in bending are recognised. Also, note
that although the linear interaction relationship is an improvement to the concave profile
recommended by the EN 1993-1-3 (2006) method, it does not capture the convex profile of

the test data and, as such, predictions for combined compression-bending are limited.
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7.3 Design recommendations

7.3.1 Restraint in minor axis

For both columns and beams, when intermediate lateral restraints, of some form, are
introduced, depending on their stiffness K and location along the length of the member,
they can alter both the buckled shape of the member and its critical buckling load. Given
the example of a column under compression with a single mid-height lateral restraint, as
illustrated in Figure 7.18 (a) and (b), the restraint may or may not constrain the deformation

at its location (Gardner 2011). When the restraint prevents the member from deflecting at

F F F
YKo/ Y Y
L)2
5 Ko
—&/LE — L ZEVN
\ S B
L2 Stiffness K- —
—/\/\_
Stiffness K
F F F
(a) Braced first mode (b) Second mode (c¢) Column with elastic restraints
Single discrete restraint Continuous restraint

Figure 7.18: Column with intermediate elastic restraints. Adapted from Gardner (2011).

its mid-height (when 6 = 0), as shown in Figure 7.18 (b), then the column is ‘forced’ to
buckle into its second mode (two half sine waves). As a result, the effective length L., of
the member becomes L/2, and replacing that in Equation 7.18 for elastic flexural buckling,
results in a four times higher load (472EI/L?) compared to that of an unrestrained member

(72EI1/L?). Further discussion on imperfect columns with intermediate elastic restraints
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and relationships between the forces experienced by the restraints and the load on the
column, are provided in the works of Gardner (2011), Trahair et al. (2008), Timoshenko &
Gere (1961)

Given the presence of sheathing, the member may be considered as a column with
continuous elastic restraints, as shown in Figure 7.18 (c), and, depending on the rigidity of
the restraints (assumed as linear springs), the buckled shape and elastic buckling loads or
moments can be determined. Such an approach is presented in Section 7.2.2.1 based on the
work of Vieira & Schafer (2013) and Peterman & Schafer (2014), where appropriate spring
stiffnesses were determined and subsequently the use of DSM was performed to determine
capacities. Note that the effect of bracing about the minor axis was achieved with the

reported k, stiffness in Section 7.2.2.1.

The effects of variations in the restraint conditions on the buckling resistance of members
in compression N, rq and bending My pq4, may be accounted for by replacing the actual
length of the member L by an effective length L., in the calculation of the elastic buckling
load N or the elastic lateral-torsional buckling moment M., and hence the slenderness
X or Arp, which is used throughout the resistance equations, as given in Section 7.2.1.2
(Trahair et al. 2008). As illustrated in Figures 7.10, and 7.11 of Section 7.2.1.3, employing
an effective length for the minor axis buckling mode L., ., the torsional mode L7 and
the lateral-torsional mode Lpp equal to that of the connector spacing results in significant
improvements in capacities calculated in accordance with EN 1993-1-1 (2005), by as much as
three to four times more for both compression and bending, and a much closer comparison

with the test results.

The tests results of the specimens sheathed with plasterboard and OSB under pure
compression, reported in Chapter 5, are compared against the EN 1993-1-1 (2005) buckling
curves for flexure about both axes, torsional and flexural-torsional buckling, as described in
Section 7.2.1.2.1. Figures 5.36 (b) and (c), presented in Chapter 5, are replicated here as
Figures 7.19 (a) and (b) respectively in a normalised format. Compression is normalised by
the cross-sectional compression resistance (allowing for local buckling) and the connector

spacing s, plotted on the horizontal axis, is normalised by the actual length L of the member

307



7.3 Design recommendations

(L = 2400 mm). The test results are compared against predictions made with two different
considerations for the effective length about the minor axis L .; (i) Ler. = connector
spacing s in Figure 7.19 (a) and (ii) L, = two times the connector spacing 2s in Figure 7.19
(b). The effective length about the major axis L, is taken as the full member length, while

the effective torsional buckling length Lt is taken equal to L, .. As shown in Figure 7.19, the
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Figure 7.19: Comparisons between normalised compression test results with EN 1993-1-3 (2006)
resistance prediction limits assuming Ly = L., , and L, . is equal to (a) the connector spacing s

and (b) two times the connector spacing s. L, , was taken as the full member length for both cases.
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Figure 7.20: Comparisons between normalised compression test and FE results with EN 1993-1-3
(2006) flexural-torsional buckling curve assuming Ly = L, , and L, . is equal to (a) the connector
spacing s and (b) two times the connector spacing s. L., was taken as the full member length L

for both cases.
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critical limit is the flexural-torsional buckling Ny, pr rq resistance. Therefore, the normalised
compression capacities (P, /N rq) of all tests under pure compression, reported in Chapter
5, along with the FE results, reported in Chapter 6, are plotted against the non-dimensional
slenderness A calculated with N, pr, given by Equation (7.21), in Figures 7.20 (a) and (b)
for the two cases of effective length considered. Although all of the predictions for the OSB
test and FE data are on the safe side when the effective length about the minor axis is
taken as equal to the connector spacing, unsafe predictions are yielded for the plasterboard
sheathed specimens connected at 300 mm and 600 mm spacings, which suffered connector
failure. Nevertheless, taking the effective length about the minor axis as equal to two times
the connector spacing, effectively assuming every other connector fails and thus does not
provide restraint, led to safe results for all of the plasterboard sheathed specimens, as shown

in both Figure 7.19 (b) and 7.20 (b).

Similarly to the compression test and FE results, the normalised bending capacities
for specimens under pure bending, from tests and FE simulations, are plotted against the
non-dimensional slenderness for lateral torsional buckling, assuming an effective length Ly
equal to the connector spacing s and twice the connector spacing 2s, in Figures 7.21 (a)
and (b), respectively. In both cases, safe predictions are yielded, indicating that sheathing

is able to restrain lateral-torsional buckling for specimens under bending effectively.

1.6 1.6
1.4 | 1.4 4
g
124 0o 8 1.2 SR
oo o o o oo
~ | & _
3 1.0 © 3 10 oF °
0.8 08 |
~ ~
X 0.6 - 0.6
0495 0SB tests 041 0SB tests
0.2 | o OSB FE 0.2 | 5 OSB FE
—Buckling curve b —Buckling curve b
0.0 . . . : : : 0.0 : : : : : :
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Aor Apr
(a) Lrr = connector spacing (b) Lrr = 2 X connector spacing

Figure 7.21: Comparisons between normalised bending test and FE results with EN 1993-1-3 (2006)
lateral-torsional buckling curve assuming L7 is equal to (a) the connector spacing s and (b) two

times the connector spacing s
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7.3.2 End fixity in compression

In the previous section, it was shown that the effect of the restraint conditions can be
accounted for through the effective length. In a similar way, the effects of the variations
in the end support conditions may be accounted for - see Figure 7.22. In the previous
section, the effective length about the major axis L., was assumed to be equal to the

actual length L, essentially treating the member as pin ended about the major axis. It has
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(a) (b) (c) (d) ()

Figure 7.22: Effective lengths L, of columns with various end boundary conditions. From Trahair
et al. (2008).

been shown though, in Chapters 5 through tests in pure compression and in Chapters 6
through numerical studies when the finite element model was validated against test data
from the literature, as well as results from the parametric studies, that sheathed specimens
under pure compression behave more like fully fixed specimens, with their effective length

corresponding to the illustration of Figure 7.22 (d).

Therefore, end fixity of a compression member can be recognised by calculating the
buckling resistance about the major axis Ny, pq with an effective length L., = L/2, while
L., which is associated with the connector spacing, as established in the previous section,
remains unaffected. Note that it is not uncommon to consider the member behaviour in
each principal plane independently with effective lengths L., and L., . differing, since the

radii of gyration 4, and i, also differ (Trahair et al. 2008).
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The scenarios presented in Figures 7.19 and 7.20, in the previous section, are repeated
with an effective length about the major axis equal to 0.5L, with the results presented in
Figures 7.23 and 7.24 respectively. For the OSB test and FE results, the yielded predictions
are safe-sided (even with L., = 0.5L and L., equal to the connector spacing), but close

to the buckling curve, indicating improved accuracy. On the other hand, as shown in
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Figure 7.23: Comparisons between normalised compression test results with EN 1993-1-3 (2006)
resistance prediction limits assuming Ly = L., . and L, , is equal to (a) the connector spacing s

and (b) two times the connector spacing s. Lc,, was taken as the half the member length for both

cases.
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Figure 7.24: Comparisons between normalised compression test and FE results with EN 1993-1-3
(2006) flexural-torsional buckling curves assuming Ly = L, , and L., , is equal to (a) the connector
spacing s and (b) two times the connector spacing s. L., was taken as the half member length
0.5L for both cases.
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Figures 7.23 (a) and 7.24 (a), all of the plasterboard data except those connected at 75 mm
spacings are unconservatively predicted; note that for all of these specimens, connector
failure was observed in the tests. When L. = 2s is used in conjunction with L., =
0.5L, safer predictions for the specimens sheathed with plasterboard are provided, as shown
in Figures 7.23 (b) and 7.24 (b). Nevertheless, there are still two specimens, sheathed
with plasterboard, which are unsafely predicted since they lie below the buckling curve.
Therefore, a third scenario is considered with an effective length about the major axis equal
to 0.7L and an effective length about the minor axis equal to twice the connector spacing;
the results are illustrated in Figure 7.25. It can be observed that the yielded predictions are
more accurate, with only one specimen (connected at 300 mm spacings) slightly unsafely

predicted.
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Figure 7.25: Comparisons between normalised compression test results with EN 1993-1-3 (2006)
flexural-torsional buckling curve assuming L7 = L., , and L., , is equal to two times the connector

spacing s. L., was taken as 0.7L.

In Figures 7.26 and 7.27, the beam-column OSB test results reported in Chapter 5 are
compared with the EN 1993-1-3 (2006) interaction curve, determined considering fixed ends
when in compression by taking L., = 0.5L (in terms of normalised horizontal loads and
moments as described in Section 7.2.1.3). About a 10% increase in compression capacity is
achieved for the specimens with the closest connector spacing (75 mm), yielding accurate

predictions when compared with the test data.
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Figure 7.26: Comparison between the beam-column test results from Chapter 5 and EN 1993-1-3
(2006) predictions assuming fixity in compression and effective lengths about the minor axis equal

to connector spacing in a normalised format, in terms of P, /N¢ ra vs Hy/He¢ y ra
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Figure 7.27: Comparison between the beam-column test results from Chapter 5 and EN 1993-1-3
(2006) predictions assuming fixity in compression and effective lengths about the minor axis equal

to connector spacing in aa normalised format, in terms of P, /N¢ ra vs My/M¢y ra

313



7.3 Design recommendations

Recommendations for effective lengths of sheathed specimens in pure compression, are
provided in Table 7.4. A minimum of 300 mm spacing between connectors is recommended.
For members in bending sheathed with OSB, as already established in the previous section,
an effective length for lateral torsional buckling Ly equal to the connector spacing, is

appropriate.

Table 7.4: Recommended effective lengths in compression

Effective length Effective length Effective Maximum

about the major axis about the minor axis torsional length connector spacing

Lery L, Lt s (mm)
Oriented strand board
0.5L s s 300
4.8 mm screw diameter
Plasterboard
0.7L 2X s 2X s 300

3.5 mm screw diameter

7.3.3 Composite action

The efficiency of a composite structural system is dependent on the strength and stiffness
of the employed shear connection between the components comprising the system (Neth-
ercot 2003, Johnson 2004, Davison & Owens 2012, Kyvelou et al. 2017a). Mobilisation of
composite action, which prevents the system components acting independently is dependent
on the connection at the shear interface, which can reduce or even completely eliminate the
relative slip between the components of a structural system. For a composite system with
full shear connection between the components, the employed connection is strong enough
so that the ultimate capacity is not limited by the shear strength of the connection. A
system whose strength is limited by the shear connection between its components, is said to
have partial shear connection. In accordance with Oehlers & Bradford (1995) and Kyvelou
et al. (2017a), a distinction should be made between full shear connection and full shear
interaction, since the former is related to the shear strength of the longitudinal connection
while the latter is related to its stiffness. A system with full shear interaction behaves
in a monolithic way since no slip whatsoever occurs between the interface of the system

components when under load. As such, although a full shear connection can be achieved
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with a sufficient number of shear connectors, it is unrealistic to assume that a full shear
interaction is achievable, since the connectors between the components of the system will
always undergo some degree of deformation. In fact, for a composite system to be designed
with partial shear connection, in accordance with EN 1994-1-1 (2004), the employed shear

connectors need to be ductile.

Based on the test and finite element results presented in Chapters 5 and 6, specimens
under bending exceeded their cross-sectional bending resistances (assuming no composite
action). It is therefore anticipated that considering the mobilisation of composite action
between the board and the steel when in flexure, is realistic and would enhance the capacity
of the system. Based on the provisions of EN 1994-1-1 (2004) and the design methodology
developed by Kyvelou et al. (2017a), a set of guidelines is outlined in the following subsec-
tions for considering composite action between the sheathing and the column for stud walls
in major axis bending. Note that in the guidelines that follow, when the sheathing board is

in tension its contribution is ignored.

It should be mentioned that, although the FE results presented in Chapter 6 indicated
that there is potential for composite action also arising within the sheathed studs under
axial compression, a design method to account for this has not been devised herein and is

therefore recommended as a topic for future research.

7.3.3.1 Degree of shear connection

For a composite system in bending, the strength from the available shear connectors
needs to be first established to determine whether the shear connection between the com-
ponents of the system is full or partial, so that the bending resistance of the composite

member can be determined accordingly.

Expressions for the prediction of the load carrying capacity [, p,, per shear plane of
a screw connector in a sheathing-to-steel connection were established in Section 4.4.2.2 of
Chapter 4, for plasterboard and OSB. Thus, in design, the strength of s screw failing in the

board P, is given by Equation (7.39), where vy is a partial safety factor with a recommended
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value of 1.25 (EN 1994-1-1 2004).

1
Py =Fypo— (7.39)
84%

The shear strength of the screw connector is limited though by its shear capacity, given
by Equation (7.40), where d; 4, is the diameter of the shank, typically taken as 0.75 of the

screw diameter d, f, s is the ultimate tensile strength of the screw and ~y is a partial safety

factor with a recommended value of 1.25 (EN 1994-1-1 2004).

ioh fus 1
4 V3w

P,=m (7.40)

Therefore, the shear strength of a steel-to-sheathing fixing is given by Equation (7.41).

Prq = min(P,, P,) (7.41)

The total longitudinal shear force transferred by the shear connectors N, of the composite

system along the shear interface is given by Equation (7.42),

N, = nPgy (7.42)

where n is the the total number of shear connectors from the edge of the beam up to the
point of maximum moment and can be determined using Equation (7.43), assuming all

connectors are in line along the length of the member and at a constant spacing s.

n=Lgper/s (7.43)

Lgp, or is the critical distance between points of zero and maximum moment, i.e. for a
member in bending under uniform distributed loading that point is at mid-length, hence in
this scenario the critical length is taken as Lgp, o, = L/2, where L is the total length of the

member.

For a fully composite member, the total force N, ¢ that can be transferred is the min-

imum between the axial strength of the steel member N , and the compressive strength of
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the board N poard, given by Equation (7.44)

Nc,f = min(Nc,boardv Npl@) (744)

The axial strength of the steel member N, is given by Equation (7.45), where A is the

gross area of the steel cross-section and f, is the yield strength.

Npl,a = Afy (7.45)

The compressive strength of the board N¢ peqrq is given by Equation (7.46), where fuq is
the design compressive strength of the board material, #; is the board thickness and b.ys is
the effective width of the board, taken as the minimum of two times the L/8 and the stud
spacing, in accordance with Clause 5.4.1.2 of EN 1994-1-1 (2004), with consideration for

shear lag (for the cases examined herein, b.ss is taken as 600 mm).

Nepoard = febabesto (7.46)

The design compressive strength of the board material fuq is given by Equation (7.47),
where f, is the compressive strength of the board material; for plasterboard this value may
be taken from Table 4.2 of Chapter 4 and for OSB from Table 4.3 of Chapter 4. s is a
partial safety factor and may be taken as 1.3 for the OSB (based on Table 2.3 of EN 1993-1-5
(2006)) and 1.5 for the plasterboard (based on the recommended safety factor for concrete

(EN 1994-1-1 2004), since plasterboard and concrete share similar material characteristics).

fcb
YMm

Jebd = (7.47)

Hence, the degree of shear connection 7 can be expressed in terms of the strength of the
available shear connection over the strength that would be needed for full shear connection,
given by Equation 7.48. The degree of shear connection n can also be expressed in terms of

total number of shear connectors n along the critical length over the total number of shear
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connectors required for full shear connection ny, given by Equation (7.49).

n=N¢/Ney <10 (7.48)

n=n/ng<1.0 (7.49)

7.3.3.2 Moment capacity

In accordance with Clause 6.2.1.3 of EN 1994-1-1 (2004), the relationship between the
composite moment capacity Mpg, of a Class 1 or 2 cross-section under bending, and the
degree of partial shear connection 7, is illustrated in Figure 7.28, with Mgy varying between
the plastic bending resistance of the bare steel member M, , rqs and that of a fully composite
system M, rq. Mpq can either be calculated using the stress-block equilibrium method, (by
determining the plastic neutral axis for the given partial shear connection and determining
the equivalent bending resistance from stress-blocks), or by carrying out linear interpolation

between My, , rq and M, g4, leading to a simpler, but more conservative prediction.

My,
C
Mll,er ===
Stress-block method
DL Y E— ———————:—_—_—_—r" Linear interpolation
- method
My o ra A "
Point A
B —3h
PNA L/ u )M}/.u.[({/
5
0.0 0.2 0.4 0.6 0.8 1.0

n

Figure 7.28: Relationship between moment resistance and degree of shear connection 7 in composite
systems under bending in accordance with EN 1994-1-1 (2004)
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Figure 7.29: Plastic stress distributions for full shear connection (Point C) and partial shear connec-

tion (Point B)

The equivalent forces at the critical cross-section of the member (i.e. at mid-length)

at point B (with partial shear connection) and point C (with full shear connection) shown

in Figure 7.28, can be visualised in terms of stress blocks, for three different scenarios, as

illustrated in Figure 7.29. The three scenarios considered are (i) N s > Ny, and, as such,

the plastic neutral axis (PNA) lies in the board, (ii) N ; = Ny and, as such, the PNA

lies at the steel-board interface and (iii) N s < Ny and, as such, the PNA lies in the steel

member. For these three scenarios, based on the equivalent stress blocks and dimensions

illustrated in Figure 7.29, the following plastic bending resistances can be determined for a
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fully composite system (i.e. point C on Figure 7.28).

(i) Plastic neutral axis within the board, N,y > Ny 4

h T
Mpl,Rd = Nc,f (2 +tp — 2> (7.50)

where z is the distance of the PNA from the top fibre of the composite section.

(ii) Plastic neutral axis at the interface, Ny = Ny 4
h
My, rd = Npla <2 + 2> (7.51)

(iii) Plastic neutral axis in the steel section, N 5 < Npjq:

ty
Mpl,Rd = Nc,f <2 +h— ys,t> + Acfy (ys,c - ys,t) (7'52)
where A. and A; are the cross-sectional areas of the steel member in compression and
in tension, respectively, while y,; and y, . are the distances from the bottom fibre of the
steel section to the centroids of the parts of the steel section in tension and compression

respectively.

Note that the cross-sectional plastic resistance M, 4 rq is given by Equation 7.53, where 2z

is the distance between the centroids of the steel member under tension and compression.

My a,rd = },42 (7.53)
Yy

Since Class 4 cold-formed steel cross-sections suffer local instabilities under flexure, as
illustrated in Figure 7.3, their plastic moment resistance My 4 rq cannot be attained due loss
of effectiveness. However, in accordance with Kyvelou et al. (2017a), composite cold-formed
steel members with full shear connection are typically reclassified as Class 1 or 2, since most
of the compression is carried by the board. Therefore, when this assumption is valid, the
methodology developed by Kyvelou et al. (2017a) can be adopted and the moment resistance

M comp,ra of a composite cold-formed steel member under flexure can be determined using
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Equation (7.54), as illustrated in Figure 7.30.

Mcomp,Rd = MRd - (1 - 77) (Mpl,a,Rd - Mc,Rd) (7'54)

Note that Mgy (at point B) is the composite moment capacity of a system with the same
degree of shear connection as the examined system, derived based on the stress-block method
(point B) assuming a plastic distribution of stresses (Kyvelou et al. 2017a), while M, rq is
the bending resistance of the cold-formed steel member accounting for loss of effectiveness

due to cross-sectional instabilities.

C
L 5
B .-
Mgy - il

Mpl.a.Rd ,':Ax
M'Omp.]?!i 77777777 Bl

M, ri #A

0.0 0.2 0.4 0.6 0.8 1.0

n

Figure 7.30: Variation of moment capacity of composite systems against degree of shear connection 7
according to the proposed method by Kyvelou et al. (20174). Adapted from Kyvelou et al. (2017a).

A more conservative approach is to calculate the moment resistance using linear inter-

polation between points A’ and C, given by Equation (7.55).

Mcomp,lineaT,Rd = Mc,Rd +n (Mpl,Rd - Mc,Rd) (755)

It is necessary to emphasise that the above expressions were derived based on the fact
that under full shear connection the members can be reclassified as Class 1 or 2. For cross-
sections which are classified as Class 3 or 4, even when full shear connection is assumed, the
effects of local buckling will need to be considered. Further research is required to establish

whether composite action can be taken into consideration for such systems.

321



7.3 Design recommendations

7.3.3.3 Interaction between bending and shear

When high levels of shear force develop within the system (i.e. a shear force higher
than 50% of the shear resistance), appropriate allowance should be made to the resulting
degradation of moment resistance. For Class 1 or 2 cross-sections, the design bending
moment resistance should be reduced in accordance with the provisions of Clause 6.2.8
of EN 1993-1-1 (2005), while for Class 3 or 4 cross-sections, the design bending moment
resistance should be reduced in accordance with the provisions of Clause 7.1 of EN 1993-1-5

(2006).

7.3.3.4 Final bending capacity

The minimum degree of shear connection as given in EN 1994-1-1 (2004) is to ensure
that the shear connectors have adequate deformation capacity. For establishing limits of
minimum allowed degree of shear connection for sheathed stud specimens in bending, further
research is needed. Nevertheless, based on the test and the FE parametric results presented
in Chapters 5 and 6 respectively, a limit expressed in terms of minimum connector spacing
can be suggested. Connecting OSB sheathing to the stud members with fixings at a spacing
of equal to or less than 300 mm, was shown to lead to capacities in excess of the cross-
sectional resistances, while with spacings of 150 mm, resistances were at least 10% improved.
Therefore, for specimens, of a length of 2.4 m, sheathed with OSB, it is suggested that the
minimum allowed degree of shear connection for composite action to be considered, is with

at least 150 mm connector spacings.

In Figures 7.31, 7.32 and 7.33 the beam-column interaction test and FE results are
grouped by the employed connector spacing, for 300 mm, 150 mm and 75 mm respectively.
Results are presented in a normalised format to emphasise the gains in bending resistance
relative to the cross-sectional bending resistance (expressed in terms of equivalent horizontal

forces).

It can be observed that for specimens connected with screws at every 300 mm, the

cross-sectional bending resistance (expressed as H., rq) was attained by all specimens and
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gains of up to 10% greater than H., rq were achieved. For specimens connected with screws
at 150 mm spacings, the gains in bending capacity were between 10% and 20% higher than
the cross-sectional bending resistance, while for specimens connected at every 75 mm the

gains in bending capacity were between 20% and 33% greater.

Note that the test results of the OSB sheathed specimens with 600 mm screw spacings
are not presented since the number of connectors is too limited to consider mobilisation of
composite action. Also, note that the Peterman & Schafer (2014) test results, which are
included in Figure 7.31 within the 300 mm group, demonstrate a more ‘pronounced’ convex
shape than the FE results, while the results of the test specimens connected with 75 mm
spacings (included in Figure 7.33), of the current study, did not attain their full bending

capacity due to failure of the stud-to-column connection.

As shown by the results in Figures 7.31, 7.32 and 7.33, considering effective restraint
about the minor axis, fixity in compression and composite action in bending can result to
much more accurate design predictions for pure compression and bending. However, the
accuracy of the resistance prediction for combined loading using the EN 1993-1-3 (2006)
interaction curve is limited by the concave shape of the curve. A methodology for adopting

a more representative shape for the design interaction curve, is reported in the next section.
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Figure 7.31: Illustrating increase in bending for FE and test data with fixings spaced at 300 mm
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Figure 7.32: Illustrating increase in bending for FE and test data with fixings spaced at 150 mm
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Figure 7.33: Illustrating increase in bending for FE and test data with fixings spaced at 75 mm
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7.3.4 Interaction curve profile

To determine more appropriate power coefficients w for the EN 1993-1-3 (2006) interac-
tion curve between compression and bending, Equation (7.56) was fitted with each individual
interaction curve from the beam-column parametric FE results, by manually changing the

w value to best fit the respective curves.

N “ M “
( Ed) +( Ed) <1.0 (7.56)
Ny, ra My ra

The values of Ngq/Ny rg and Mpq/My rq for each fitted curve were taken from the respective

FE results, normalised against the cross-sectional capacities in compression and bending,
respectively. The empirically determined w power coefficients are presented in Table 7.5,
where designation of specimens corresponds to the depth of the member in mm followed
by the thickness in mm multiplied by 10 (i.e. 7015 is a member which is 70 mm deep and
1.5 mm thick). As indicated by the w results presented in Table 7.5, where the coefficient
of variation was less than 0.03 and a mean value of 1.30 was found to be appropriate for
describing the shape of the interaction curves for all three cases of connector spacings (i.e.

300 mm, 150 mm and 75 mm).

A second, more refined, approach for determining the power coefficient and allowing
more flexibility in changing the shape of the interaction curve is expressed by having the
power coefficient w described in terms of Equation (7.57), where w; and wy are two new
empirical coefficients that need to be determined by fitting Equation (7.56) to the data.
The determined w; and we power coefficients are presented in Table 7.5. Use of the mean
values of wy and wy from Table 7.5 in Equation (7.57) and then in the design Equation (7.56)
are presented along with the beam-column interaction curves in Figures 7.34, 7.35 and 7.36
for specimens with connector spacings of 300 mm, 150 mm and 75 mm respectively. It can be
observed that improved convex-shaped design interaction curves were derived using the new
power coefficients, yielding much more accurate predictions and leading to an improvement

of about 100% in bending capacity for specimens loaded at about 50% of their compressive
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capacity, when compared to the equivalent resistance achieved with the 0.8 power coefficient.

NEgq
Ny, ra

(7.57)

W =W — W2

Table 7.5: Empirically determined power coefficients w and the refined w; and wy when fitting the

employed interaction curves to the FE data

Connector spacing

Designation of specimens 75 mm 150 mm 300 mm
w w1 w2 w w1 w2 w w1 w2
7015 1.25 1.22 0.00 1.3 1.31 0.05 1.26 1.30 0.06
10015 1.31 1.35 0.05 1.29 1.29 0.05 1.25 1.30 0.07
15015 1.35 1.38 0.04 1.32 1.32 0.04 1.31 1.32 0.03
20015 1.30 1.35 0.10 1.28 1.32 0.05 1.33 1.40 0.08
25015 1.31 1.35 0.05 1.33 1.38 0.07 1.32 1.38 0.10
Mean 1.30 1.33 0.05 1.30 1.32 0.05 1.29 1.34 0.07
Ccov 0.03 0.05 0.74 0.02 0.03 0.21 0.03 0.04 0.38
1.4
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Figure 7.34: Interaction curve fitted to the FE and test data with fixings spaced at 300 mm
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Figure 7.35: Interaction curve fitted to the FE and test data with fixings spaced at 150 mm
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Figure 7.36: Interaction curve fitted to the FE and test data with fixings spaced at 75 mm

7.3.5 Connector limits

Limitations on the system capacity may arise from connector failure, hence relevant
demands and resistances of the sheathing-to-steel connection assemblies need to be estab-

lished.

327



7.3 Design recommendations

7.3.5.1 Sheathing-to-column

7.8.5.1.1 Required demands for axial stability bracing

In accordance with Schafer (2013), the following expressions are provided for estimating

the demand on the screws attaching similar sheathing on both flanges of the stud.

For the bearing demand Fpgqp, on each screw, Equation (7.58) is given:

0.02N,
Frapw = Tjd (7.58)

where Ngq is the axial force applied to the stud member, L is the length of the member and

s is the connector spacing.

For the pull-through demand Fgq,¢ on each screw, Equation (7.58) is given:

0.02Ngq(h/b)

Edpt = m (7.59)
where n= M (7.60)
ke

and h and b is the depth and width of the cross-section, respectively, while k, is the lateral
stiffness of the fastener-sheathing assembly and k, is the rotational stiffness of the fastener-
sheathing assembly. The latter values are typically determined by testing; according to
Peterman & Schafer (2014), for a 4.8 mm diameter screw connected to OSB: k; = 0.97
kN/mm and kg = 95.3 kNmm/rad, while for a 3.5 mm diameter screw connected to plas-

terboard: k, = 0.43 kN/mm and kg = 96.0 kNmm/rad.

However, when Equation (7.59) is compared against the results of the test specimens of
the current study, predictions are not accurate. The expression failed to recognise failure in
connection for the test specimens sheathed with plasterboard under compression (presented
in Chapter 5) where a connector failure occurred for specimens with connector spacings
at 600 mm, 300 mm and 150 mm intervals. As such, an empirical formula, based on the

observed test results has been developed; this is given by Equation (7.61), where g is the
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non dimensional distortional slenderness of the cross-section given by Equation (7.7).

0.008 Ngghg
(L )0.3
—+1
S

Resistance estimations for screw connections between cold-formed steel and OSB or

FEd,pt,new = (761)

plasterboard in pull-through and bearing are provided in Section 4.4.1.2 and 4.4.2.2 of

Chapter 4, respectively. A summary of these resistances is provided in Table 7.6.

Table 7.6: Summary of pull-through F), ,; and bearing F, ,, capacities for certain configurations

determined in Chapter 4

Configuration Fupt (kN)  Fypo (kN)
3.5 mm screw diameter in 12.5 mm thick plasterboard
0.48 0.54
(for steel thicknesses 0.8 - 2.5 mm)
4.8 mm screw diameter in 11.1 mm thick OSB
1.44 1.90

(for steel thicknesses 0.8 - 2.5 mm)

For use in design, the resistances given in Table 7.6 should be divided by a partial safety
factor, as given by Equation (7.62), where 1.25 is the typical safety factor (vyas2) adopted
for connectors as per EN 1993-1-1 (2005).

Frapt = Fupt/1.25 (7.62)

Rearranging Equation (7.61) in terms of the pull-through resistance and making the

required axial force Nprgpt, fizing the subject, results to Equation (7.63).

L 0.3
FRd,pt (S + 1)

0.008)\4

NRd,pt,fiming = (763)

In Tables 7.7 and 7.8, the accuracy of the proposed Equation (7.61) for predicting pull-

through connection failure is assessed. Comparisons between the resistances and predictions

of connector failure are presented in Table 7.7, while in Table 7.8, the axial resistance Ngyq,
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which is determined based on the recommendations provided in the previous sections by
considering both restraint and fixity, is compared against Ngqpt, fizing and the test results
P,, indicating accurate comparisons. Note that Ngg p¢, fizing is predicting connector failures

without compromising the improved resistance prediction offered by Npy.

Table 7.7: Comparison between the proposed formula for pull-through demand, calculated based on

the test results and the resistances; a value above one in the last column indicates a valid prediction

of pull-though connector failure

Designation P, (kN) Note Fraptnew KN)  Frapt (kKN)  Frdptnew/Frapt
G-100-S600-1 69.0 Connector failure 0.42 0.384 1.09
G-100-S600-2 7T Connector failure 0.47 0.384 1.23
G-100-S300-1 76.5 Connector failure 0.39 0.384 1.01
G-100-S300-1 82.1 Connector failure 0.42 0.384 1.09

G-100-5150 85.5 Connector failure 0.36 0.384 0.94

G-100-S75 90.5 Local buckling 0.31 0.384 0.81

0-100-S600 79.5 Local buckling 0.48 1.152 0.42

0-100-S75 90.7 Local buckling 0.31 1.152 0.27

Table 7.8: Comparison between the axial resistance calculations, based on the design recommend-

ation from the previous sections Npgg4, the axial resistance from the pull-though screw resistance

NRdpt, fizing and the test results P,

Designation P, (kN)

Note Ngq (kN)

NRapt, fizing (KN)

Inin(NRd7 NRd,pt,fizing)/Pu

G-100-S600-1
G-100-S600-2
G-100-S300-1
G-100-S300-1
G-100-5150
G-100-S75
0-100-S600
0-100-S75

69.0
7.7
76.5
82.1
85.5
90.5
79.5
90.7

Connector failure
Connector failure
Connector failure
Connector failure
Connector failure
Local buckling
Local buckling
Local buckling

60.5
60.5
79.3
79.3
83.7
84.2
79.8
87.3

63.2
63.2
75.4
75.4
91.3
111.4
189.7
334.2

0.88
0.78
0.99
0.92
0.98
0.93
1.00
0.96

It should be noted that the established expression for the required demand of screw pull-

through has been based on the presented test data, and further research would be required

for its wider application.
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7.8.5.1.2 Required demands to resist torsion

In accordance with Schafer (2013), the required torsion Tg4 at a fastener location that
develops due to the transverse actions on a sheathed member, may be determined, for a
uniform distributed load w, by Equation (7.64), where s is the connector spacing and e is

the eccentricity as shown in Figure 7.37.

Tpq = wse (7.64)

99

_____r__________
3

*— - 4|
Shear
centre

Figure 7.37: Assumed final location of horizontal load for twisting. From Peterman & Schafer (2014)

The eccentricity e depends on the cross-section characteristics and the rigidity of the

section as twist progresses. The assumed value of the eccentricity is given by Equation 7.65:

e=m+t/2+r (7.65)

where m is the distance between the shear centre of the cross section and the midline of
the web, ¢ is the thickness of the steel member and r is the internal corner radius of the

cross-section.

Based on the guidance provided by Peterman & Schafer (2014), the torsional demand
is carried by the screw fixings in a combination of pull-through and bearing resistances.
The torsional pull-through resistance is given by Equation (7.66), where Frq, is the design

pull-through resistance given by Equation 7.62, b is the width of the member and ¢ is a
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subscript referring to the two faces of the stud.

Toti = Frapt(b/2) (7.66)

Similarly, the torsional bearing resistance is determined by Equation (7.67) where h is the
depth of the member and Frqp, is the equivalent design resistance of bearing strength by

considering an appropriate partial safety factor with the F;, j, values presented in Table 7.6.

Tyri = Frapr(h/2) (7.67)

Therefore, the total torsional resistance Tgy of the screw fixing is given by Equation (7.68).

Tra = Tpe,1 + Tor1 + Tpr2 + T2 (7.68)

The method developed by Peterman & Schafer (2014) is supported by test data, for more

information please refer to the work by Peterman & Schafer (2014) and Schafer (2013).

7.3.5.2 Column-to-track

As shown in the tests presented in Chapter 5, the 4.8 mm diameter screw connecting
the stud to the track failed for OSB sheathed specimens with 75 mm spacings under pure
bending. The screw connectors failed in shear due to significant slip between the track and
the stud column during lateral loading. As already discussed in Section 6.5.3 of Chapter 6,
a thicker track, of at least 2.5 mm thickness, and a stronger connection would be required
to prevent such failure. Therefore, the use of tracks of sufficient thickness and a stronger
connection, which can be achieved with a larger diameter screw or by using more than one
screw fixings, is recommended. Further research is required in order to establish accurate
demand capacities for the screw connectors between column and track in order to provide

more precise design recommendations.
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7.3.6 Deflection checks

A serviceability check for the maximum lateral deflection from lateral loads, such as
wind, should be performed. The midspan deflection of a simply supported member in pure

bending under a uniformly distributed load w is given by Equation (7.69):

S5wL?
Omay = ————— 7.69
384(ET) comp (7.69)

where (EI)comp is the stiffness of the steel stud and of the two sheathing boards on either
side. This may be calculated by taking into consideration the shear connection effect;
guidance is provided in Kyvelou (2017). A more conservative determination of (ET)comyp is

given by Equation (7.70), assuming no composite action:
(EI>COmp = EIy,eff + 2Eboardly,board (770)

where E is the steel Young’s modulus, I s is the effective second moment of area of
the steel member about its major axis, Epoqrq is the Young’s modulus of the board, which
for plasterboard may be taken from Table 4.2 of Chapter 4 and for OSB from Table 4.3
of Chapter 4. The second moment of area of the board may be calculated as Iy poara =
bboaTdt‘Z’ /12, where bpoarq is the width of the board equal to the spacing between studs in

wall frames and ¢ is the thickness of the board.

The deflection limit &5, for wall stud frames should be taken as the length of the

member divided by 360, in accordance with Way & Heywood (2012).

Stimit = L /360 (7.71)

7.4 Concluding remarks

Existing design standards are very conservative in predicting capacities for sheathed
stud wall systems under compression, bending and combined loading. The contributing

effects of sheathing on the structural stability of the stud wall are typically ignored or
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very conservatively considered in the current design codes (EN 1993-1-1 2005, AIST S100
2016). A detailed overview of the effective width method, for determining the cross-sectional
resistance of a member, in accordance with the provisions of EN 1993-1-3 (2006) is provided,

which is followed by the member design methodology.

It has been shown, with safe predictions against test results, that an assumed minor axis
and twist restraint equal to the spacing of connectors results in accurate predictions for the
specimens sheathed with OSB. However, for the plasterboard-sheathed specimens, which are
more prone to connection failure, an assumed restraint of equal to two times the connector
spacing is more appropriate. Considering this bracing effect leads to gains in capacities
in both pure compression and bending in excess of 300% when compared to the equivalent
bare steel resistances without any restraint assumed. Employing the direct strength method
for determining member strengths, based on an elastic buckling analysis with linear springs
of particular stiffnesses for simulating the effects of the sheathing, as recommended in the
literature, also yields to improved capacities comparable to those achieved with the assumed

minor axis restraint using the Eurocode approach.

Further capacity gains can be achieved by considering end fixity for buckling about the
major axis in pure compression, potential for the mobilisation of composite action in pure
bending and an improved profile for the beam-column interaction design curve. Considering
end fixity about the major axis leads to additional increases in compression capacity, from
that already achieved with minor axis restraint, of about 10%, while composite action can
lead to up to 30% improvement in the cross-sectional bending capacity with the closest 75
mm spacings. Note, in order to recognise end fixity, for OSB sheathed specimens, under
compression, an effective length about the major axis of 0.5L is recommended, while for
the equivalent system with plasterboard sheathing an effective length 0.7L was determined
as more appropriate. A new convex shape for the interaction curve has been proposed,
which is achieved with empirically determined power coefficients, based on the results of the
finite element parametric results presented in Chapter 6. This contribution leads to up to
100% improvement in bending capacities for specimens loaded at 50% of their compressive

capacity when compared to the equivalent resistance achieved with the current interaction
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equation given by EN 1993-1-3 (2006).

Recommendations on the screw connector demand for pull-through and bearing for when
the system is in compression or bending were also provided based on available expressions
found in the literature (Schafer 2013), as well as developing an empirical expression for pull-
through demand for when the stud is in compression. Although it is recognised that further
research is required to establish a more rigorous approach in determining fixing demands
under different loads, the recommendations presented herein have shown good agreement
with the test results of the current study. The design recommendations presented herein,

are straightforward to adopt within the current EN 1993-1-3 (2006) design framework.
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Chapter 8

Conclusions and future research

IN the current chapter, a summary of the research presented in this thesis is provided
and the principal conclusions from each chapter are outlined. Furthermore, a discussion
on future research directly associated with the work presented in this thesis is provided as

well as recommendations on further areas of research on stud wall systems.

8.1 Summary and conclusions

Wall systems made from cold-formed steel lipped channel vertical members (studs)
set in tracks and sheathed with wood-based boards or gypsum plasterboards are becoming
increasingly common in the construction industry. The versatility, practicality and economy
associated with the quick construction process of these systems allows for their use both as
non-structural and load-bearing wall systems. Although it has been recognised that bracing
the member can result to enhanced capacities, the use of sheathing for this purpose is not
considered systematically in design and as a result its structural contribution is typically
ignored in the design of wall stud frames. The scope of this thesis was to illustrate that
the impact of sheathing on wall studs can be structurally considered and highlight in what

areas this contribution may be.

The first step in studying the behaviour of sheathed stud wall systems was to have

a thorough understanding of the material behaviour of the individual components and of
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the interaction between them. As a result, an experimental investigation into the material
response of, and interaction between, the different components of a typical sheathed cold-
formed steel wall system was performed, with results presented in Chapter 3. A total of
103 material and component tests was performed, covering tensile tests on cold-formed
steel coupons, compressive and tensile material tests on OSB and plasterboard coupons
(extracted from both the longitudinal and transverse board directions), tensile and shear
screw connector tests and, finally, pull-through and push-out (shear) tests to examine the
behaviour of screwed steel-to-board connections. Mechanical properties for plasterboard and
OSB were established, with the longitudinal properties from both materials demonstrating
the highest strength, with that of OSB in compression being as much as three times than

that of plasterboard.

The pull-through experiments featured different types of screws and sheathing boards
such as OSB and plasterboard, with the latter board type studied in both single and double
layer arrangements. It was observed that the shape of the underside of the screw head had
a significant influence on the pull-through response, with flatter heads resulting in improved
capacity and ductility. Also, using two layers of plasterboard led to average increases of
60% in stiffness and 30% in strength, when compared to a single plasterboard layer. Push-
out tests were undertaken to investigate the shear behaviour of screwed connections between
cold-formed steel sections and sheathing boards. The varied parameters were the screw size,
the number of board layers and the steel thickness. The shear strength of the connection was
found to increase with increasing steel thickness, screw diameter and number of plasterboard
layers. The main failure modes were screw tilting and screw bending, with the latter mode
being more prominent in the specimens with the stronger and thicker boards. At the end
of Chapter 3, experimental data from the literature, to complement the reported test data,
were collected and discussed, while setting the scene for their assessment and development
of analytical models to describe the observed mechanical responses of the material and

components comprising sheathed cold-formed steel wall systems in Chapter 4.

An experimental dataset comprising the results of more than 400 physical tests, were

used as the basis for underpinning the development of predictive analytical expressions in
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Chapter 4. The two models employed to describe the material behaviour of plasterboard
and OSB were the single stage Ramberg-Osgood expression up to the ultimate material
stress and the Mander et al. (1988) model; both models were found to be capable of accur-
ately capturing the response of plasterboard and OSB, while the latter one was also able to
account for the post peak decreasing capacity, observed in compression. A modified version
of the Ramberg-Osgood expression was employed for modelling the pull-through behaviour
of screwed connections in plasterboard or OSB up to the ultimate capacity, while the ob-
served post-peak behaviour was modelled with linear functions. An expression, based on
the geometric and material properties of the components, was developed for determining the
pull-through capacity, while stiffness and ultimate deformation were expressed as functions
of the screw diameter and board thickness. The shear behaviour of screwed connections
between steel and either plasterboard or OSB was accurately captured, up to their ultimate
capacity, using a model consisting of two single Ramberg-Osgood expressions. It was found
that the EN 1993-1-5 (2006) equations for screw tilting could accurately predict the ultimate
capacity of a connection with plasterboard while, for OSB, the expressions corresponding
to failure due to screw bending for thin steel plates combined with pull-through yielded
consistent and accurate capacity predictions. A new empirical expression for the calculation

of the embedment strength of plasterboard was also developed.

Experimental studies on full-scale sheathed cold-formed-steel studs, investigating the in-
fluence of board type and connector spacing under various loading conditions were presented
in Chapter 5. Seventeen sheathed studs, comprising eight specimens under pure compres-
sion, six specimens under combined loading and three under pure bending, were carried out,
along with supporting material tests and imperfection measurements. The tested specimens
were sheathed with either plasterboard or OSB, on both sides, with various stud-to-sheathing

connector spacings ranging from 600 mm to 75 mm.

For the test specimens subjected to pure compression, the controlling failure mode ex-
hibited by the studs connected to plasterboards at the wider spacings (i.e. 600 mm and
300 mm) was pull-through of the connectors, while for the studs with the closest spaced

connectors of 75 mm, local buckling was the dominant failure mode. For the OSB-sheathed
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beam-column specimens local failure at the service openings was observed, while for the
specimens subjected to pure bending, local buckling and stud-to-track connector failure oc-
curred. Reducing the spacing of the connectors from 600 mm to 75 mm resulted in up to
20% increases in the capacity of the specimens sheathed with OSB under both compres-
sion and bending. For the specimens sheathed with plasterboards and subjected to pure
compression, reducing the connector spacing from 600 mm to 75 mm resulted in up to 30%

increases in capacity while pull-through connector failure was also prevented.

In Chapter 6, the methodology for developing a sophisticated finite element model,
which can simulate the behaviour of sheathed cold-formed steel studs set in tracks and
subjected to various loading configurations (i.e. compression, bending and combinations of
the two) is presented. The finite element models included geometrical imperfections, while
both geometric and material nonlinearities were accounted for in the analysis. Nonlinear
material behaviour for both steel and sheathing was employed with material models used
to describe the behaviour provided in Chapter 4. The finite element simulations were found
to be capable of realistically describing the column-to-track boundary conditions, while the
contact interaction between the cold-formed steel columns and the boards, as well as the

nonlinear behaviour of the employed connectors, were explicitly replicated.

The finite element models were validated against physical tests from four different stud-
ies in the literature, including the experiments reported in Chapter 5. In total, 56 physical
tests were employed for the validation process. Following successful validation, the finite
element models were employed to investigate the influence of the sheathing, section depth
and fastener spacing on the load-bearing capacity of the columns under various loading
scenarios. It was found that the addition of sheathing leads to significant increases in the
load-carrying capacity of the system over the bare steel column; sheathing on both sides of
the cold-formed steel studs with the more robust OSB panels led to about a 100% increase
in capacity. The main reason for the gains in capacity is the restraint of the global buckling
modes, while further increases due to closer connector spacing are attributed to a reduction
of the wavelength of the distortional buckles and to the mobilisation of composite action

between the boards and the column.
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The parametric studies in the finite element simulations demonstrated that decreasing
the fastener spacing led to improvements in terms of ultimate capacity and stiffness under
all loading configurations, with up to about 7% and 8% increase in capacity and stiffness,
respectively, for specimens in pure compression and up to about 20% and 15% increase in
capacity and stiffness, respectively, for specimens in pure bending when decreasing connector
spacing from 600 mm to 75 mm. The characteristics of the end tracks as well as the strength
of the stud-to-track connections were found to have the potential to significantly affect the
response of the examined systems, limiting their ultimate capacity. Recommendations based
on the numerical results for having thicker end tracks (of up to 2.5 mm thick) and a stronger
stud-to-track connection achieved either with a larger diameter screw or by using more than
one screw connector were therefore made to secure the efficient performance of sheathed

cold-formed steel stud wall systems.

Preliminary design recommendations for sheathed cold-formed steel studs under com-
bined compression and major bending axis are provided in Chapter 7. The set of rules
provided are based on the design methodology of EN 1993-1-3 (2006), but leading to sig-
nificantly higher capacity predictions achieved by harnessing structurally the presence of
the sheathing. Hence, at the start of Chapter 7 a detailed overview of the effective width
method, for determining the cross-sectional resistance of a member, in accordance with
the provisions of EN 1993-1-3 (2006) is provided, which is followed by a description of the

member design methodology.

In the proposed approach, the additional capacity gains brought by a stronger con-
nection (due to increased number of fixings) between the sheathing and the stud are also
recognised. The increased capacities predicted by the proposed design are attributed to the
recognition of four factors: (i) restraint in the minor axis based on the connector spacings,
(i) end fixity of boundary conditions under compression, (iii) potential for mobilisation of
composite action between the sheathing and steel under pure bending and (iv) a convex
shape for the interaction curve under combined loading. Gains in capacities when com-
pared to the resistances achieved by an assumed unrestrained bare steel design is more than

4-5 times. Demand and resistance calculations on the connection between sheathing and
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steel should be evaluated as they could limit the system capacity; recommendations were
provided, but it is recognised that further research is needed for determining accurately

connector demands for any given stud wall system.

8.2 Potential impact

Owing to their enhanced load-carrying capacity, sheathed cold-formed studs can provide
solutions to even higher building construction with light steel frames, as well as the use of
less material, by using thinner steel members, and fewer members such as the elimination
of horizontal mid-height bracing sections. The horizontal bracing members, typically used
in an all-steel design, would no longer be necessary since all bracing can be assumed to be

taken by the sheathing, assuming adequate connection exists with the column.

It should of course be noted that additional fixings come at a cost and that there is
a tradeoff between structural performance and practicality of installation. It is recognised
though that the increased cost is not so much associated with the amount of screws in terms
of material volume but with the time spent by the worker in the construction process. Thus,
it is envisaged in the future, where automation is increased and pre-assembled panels are
manufactured in a factory setting, before being delivered at the construction site, that the
screws are inserted robotically rather than by a worker, as such, the cost associated with

increased connection is driven considerably down.

8.3 Future research

8.3.1 Directly related to the present study

One of the most complex problems in the design of sheathed stud specimens is determ-
ining accurately the demand on the sheathing-to-column connectors. The finite element
models developed in Chapter 6 can be used to determine the bracing demand on the con-
nector (which were simulated as nonlinear springs in terms of the pull-through and shear

behaviour) by extracting the demand force from each connector and comparing to the re-
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spective load on the system. Assembling a large dataset with such results, from a series of

parametric studies, can then lead to empirically determined expressions.

In Chapter 6, the finite element parametric simulations were carried out only for speci-
mens of 2.4 m length and one thickness, these parametric studies can be extended for longer

specimens and a wider spectrum of thicknesses.

In Chapter 7, where the basic steps for considering composite action were outlined,
there is need for further investigation for cross-sections classified as Class 3 or 4 when full-
composite action is considered, as well as accurately determining the minimum degree of

shear connection for sheathed stud wall systems when under bending.

8.3.2 Further areas of research

Further work could be based on designing improved screw connectors for use in sheathed
stud frames so that they can withstand higher bearing and pull-through forces. An example
of such a connector, with an embedded washer, is illustrated in Figure 8.1, which in ac-
cordance with the design resistance calculations developed in Chapter 4 could result in a
considerable increase in the pull-through capacity in a given sheathing-to steel connection

assembly.

Figure 8.1: Screw connectors with a large flat head
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Other avenues of recommended research include, investigation of:

(i) Different sheathing material on each side of the stud under combined compression and

bending.
(ii) One sided sheathed stud in compression, bending and combined loading.
(iii) The behaviour of a wall stud frame consisting of five studs under combined loads.

(iv) The behaviour of sheathed back-to-back stud columns under combined compression

and bending.
(v) The behaviour of a sheathed stud wall under dynamic loads.

(vi) Optimisation of the cross-section geometry of the stud.
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Appendix A

Section dimensions, gross and effective section properties

Calculated gross and effective section properties for a set of channel lipped sections are
presented. The geometric dimensions of these sections are provided in Table A.1; illustrat-
ive notation of these section dimensions is shown in Figure 5.3. Gross section properties
are provided in Table A.2, while effective section properties are provided in Table A.3; il-
lustrations of the effective shapes of the cross-section are shown in Figure 7.2 (c) for pure
compression and Figure 7.3 (c) for major axis bending. These properties can be used for the
design of wall stud frames. Calculations were carried out in accordance with the EN 1993-
1-3 (2006) methodology, summarised in Chapter 7. For the calculation of these properties,
a yield strength f, of 450 MPa and a Young’s modulus E of 205 GPa were considered.

The calculation of these properties included iteration of effective properties and, as such,
refinement of the reduction factor for buckling of the stiffener. This was achieved by code

using Visual Basic for Applications, purposefully build for the needs of the current study.

363



79¢

Table A.1: Section dimensions

. Depth, h  Width, by Width, b, Lip, ¢ Thickness, ¢t Internal radius, r Area, A Weight
Section mm mm mm mm mm mm mm? kg/m
CS7012 68 44 44 12 1.2 2.5 197.1 1.55
CS7015 68 44 44 12 1.5 2.5 245.9 1.94
CS7020 68 44 44 12 2.0 2.5 325.3 2.57
CS10012 100 44 44 16 1.2 2.5 243.5 1.92
CS10015 100 44 44 16 1.5 2.5 304.3 2.40
CS10020 100 44 44 16 2.0 2.5 403.7 3.19
CS15012 150 44 44 12 1.2 2.5 292.2 2.30
CS15015 150 44 44 12 1.5 2.5 365.6 2.89
CS15020 150 44 44 12 2.0 2.5 486.1 3.84
CS20012 201 44 44 12 1.2 2.5 351.3 2.77
CS20015 201 44 44 12 1.5 2.5 440.1 3.47
CS20020 201 44 44 12 2.0 2.5 586.0 4.63
CS25012 252 44 44 12 1.2 2.5 410.5 3.24
CS25015 252 44 44 12 1.5 2.5 514.5 4.06
CS25020 252 44 44 12 2.0 2.5 686.0 5.43
CS29015 290 44 44 12 1.5 4.0 566.3 4.50
(CS29020 290 44 44 12 2.0 4.0 755.4 6.01
(CS34020 341 44 44 12 2.0 4.0 855.4 6.81
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Table A.2: Gross section properties

Radius of Radius of Centroid from  Centroid from Shear centre, Shear centre, Second moment Second moment  Elastic section Elastic section
Torsion  Warping

gyration gyration midline of midline of horizontal distance vertical distance of area of area modulus for modulus for

Section  for major axis, for minor axis, bottom flange, web, from centroid, from centroid, constant, —constant, about major axis, about minor axis, major axis, minor axis,
iy i c. c, Yo 2 K fo I, L W, W,
min mim mim min mim mim IIHII4 CII16 CIIl4 (‘,In4 (‘,II13 CI’H3
CS7012 27.87 16.51 33.40 15.86 -38.19 0.00 88.39 58.38 15.31 5.37 4.58 1.99
CS7015 27.73 16.37 33.25 15.70 -37.82 0.00 174.72 70.60 18.91 6.59 5.69 2.46
CS7020 27.50 16.14 33.00 15.43 -37.20 0.00 416.61 88.57 24.60 8.47 7.46 3.19
CS10012 39.66 16.88 49.40 14.47 -36.51 0.00 109.20 160.47 38.30 6.93 7.75 2.45
CS10015 39.51 16.74 49.25 14.32 -36.16 0.00 216.21 195.38 47.51 8.52 9.65 3.02
CS10020 39.26 16.50 49.00 14.07 -35.57 0.00 517.01 248.03 62.25 11.00 12.70 3.94
CS15012 57.28 15.46 74.40 10.69 -28.64 0.00 131.05 303.92 95.86 6.99 12.88 2.18
CS15015 57.10 15.32 74.25 10.56 -28.31 0.00 259.78 370.79 119.21 8.58 16.06 2.68
CS15020 56.80 15.07 74.00 10.33 -27.76 0.00 622.42 472.30 156.83 11.03 21.19 3.48
CS20012 74.21 14.66 99.90 8.89 -24.96 0.00 157.59 585.93 193.47 7.55 19.37 2.23
CS20015 74.01 14.51 99.75 8.77 -24.65 0.00 312.69 716.24 241.03 9.27 24.16 2.75
CS20020 73.67 14.26 99.50 8.57 -24.14 0.00 750.42 915.27 318.06 11.92 31.97 3.56
CS25012 90.58 13.92 125.40 7.61 -22.17 0.00 184.12 978.55 336.78 7.95 26.86 2.26
CS25015 90.36 13.77 125.25 7.50 -21.88 0.00 365.59 1197.43 420.08 9.76 33.54 2.79
CS25020 89.99 13.52 125.00 7.32 -21.40 0.00 878.42 1532.88 555.51 12.55 44.44 3.62
CS29015 101.95 13.13 144.25 6.68 -19.99 0.00 402.34 1601.06 588.50 9.77 40.80 2.73
CS29020 101.55 12.89 144.00 6.51 -19.53 0.00 967.33 2049.26 779.04 12.55 54.10 3.54
(CS34020 117.28 12.29 169.50 5.75 -17.71 0.00 1095.34  2965.56 1176.54 12.92 69.41 3.56
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Table A.3: Effective section properties

Effective area,

Effective

elastic section modulus

Effective

elastic section modulus

Effective centroid

from midline

Effective centroid

from midline

Second moment

of area about

) (when in pure compression) of bottom flange of web major axis
Section for bending about y axis, for bending about z axis,
Acsy (due to compression), (due to compression), (due to bending),
Wyers Weers
Cs et fcomp Cyeff.comp Tyers
mm? cm? cm?® mm mm cm?

CS7012 134.08 3.78 1.89 33.40 15.54 13.61
CS7015 195.43 5.13 2.40 33.25 15.51 17.77
CS7020 295.31 7.10 3.22 33.00 15.04 23.93
CS10012 147.43 6.61 2.24 49.40 16.92 34.75
(CS10015 214.93 8.95 2.85 49.25 16.62 45.44
CS10020 328.51 12.37 3.85 49.00 15.82 61.36
CS15012 129.07 9.15 1.95 74.40 13.28 78.03
CS15015 194.43 13.42 2.48 74.25 13.52 107.24
CS15020 307.02 19.87 3.35 74.00 13.02 150.95
(CS20012 127.41 12.25 1.96 99.90 12.65 146.09
CS20015 191.53 18.07 2.50 99.75 12.76 203.06
(CS20020 306.48 27.97 3.38 99.50 12.37 294.63
CS25012 126.51 15.32 1.98 125.40 12.27 236.63
(CS25015 188.53 22.74 2.52 125.25 12.13 332.19
(CS25020 304.73 35.40 3.40 125.00 11.86 486.83
CS29015 185.82 25.87 2.49 144.25 11.81 444.67
(CS29020 301.11 40.44 3.37 144.00 11.54 656.03
(CS34020 299.04 47.98 3.39 169.50 11.16 941.02
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