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ABSTRACT 

The research covered in this thesis is concerned with the effects of the behaviour and load 

carrying capacities of classes of steel beam structures with various shapes of web openings. A 
comprehensive investigation on non-composite and partially concrete encased perforated steel I- 
sections with large web openings positioned along the centre-line of the beams was undertaken. 
This thesis enhances the current knowledge on these classes of perforated beams, as previous 
research has shown that these beams are susceptible to various failure modes, due to the 
existence of large web openings. 

Currently, perforated steel beams with large web openings are utilised in most engineering 
applications such as infrastructure, ship building and aeronautical engineering. The most 
significant benefits of using such beams are the achievement of reductions in weight and 
accommodation of services within their structural depth of floor systems. Specifically, in 
building applications, service integration eliminates the internal columns and supports, produces 
lighter structures which leading to reduced construction and installation time and results in cost 
effective structural forms and uses. However, many uncertainties are associated with perforated 
beams as well as non-standard methodology is used for their assessment. 

Perforated beams with standard circular, hexagonal and elongated web openings are most 
widely used nowadays, whilst various non-standard web opening shapes, such as ̀ elliptical', are 
introduced through this thesis for first time. These new pioneering web opening shapes improve 
the structural performance of the perforated beams when examined under two critical failure 
modes (i. e. shear-'Vierendeel' mechanism and web-post buckling). Moreover, the 
manufacturing procedure of the `elliptical' web openings show great advantage in comparison 
with the manufacturing way of the more popular perforated beams with circular web openings 
(i. e. cellular beams). Also, other web opening shapes are reported and examined in this thesis. 
Furthermore, the novelty of the work seems to consist of the treatment of web openings of 
somewhat greater web opening depth than those usually considered and the introduction of a 
new class of composite concrete-steel beam. 

Despite the abundant experimental work on perforated steel beams that has been conducted 
by researchers throughout the years, the results are not comprehensive, due to the complexity of 
the beam configuration and the large number of variable parameters. Therefore, using 
commercially available finite element (FE) software, numerical analyses were verified by 
comparison to a new experimental programme designed to test each of the new structural forms. 
The numerical programme was then used to undertake extensive parametric studies to isolate 
some of the geometric and material properties that influence the failure modes associated with 
each of the new forms of structural systems. The main parameters under consideration are the 
web opening depth (noted usually as diameter), the critical opening length of the top and bottom 
tee-sections, the web opening spacing, the steel flange and web thicknesses, the concrete 
strength and contact properties between the steel and concrete of the newly formed composite 
beams. Detailed study of plastic hinges formation (i. e. high stress concentrations) was also 
employed in the vicinity of the web openings, by conducting both experimental and finite 
element (FE) investigation. 

This research study should now lead to better management of the use of perforated beams 
with large web openings as the profound difference between the novel and the conventional 
perforated beams is demonstrated. Useful practical applications of the so-called structural forms 
would be of particular interest in the general engineering, not just because of their superior 
structural performance, but also because of their low cost in manufacturing and usage. Another 
contribution is the investigation of the partial steel encasement with the concrete in-fill, on the 
percentage of enhancement of the steel perforated beams with web openings under high shear 
forces as well as on the distinction which is drawn between the conventional and the new 
composite beams. Finally, a further indirect outcome of this research thesis is the excellent 
agreement between the experimental and FE analyses as well as the data that can be used by 
future researchers to widen the above research to various engineering applications. 
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NOTATION 

LATIN ALPHABET 

Aec Effective shear area of concrete 

Agee Cross sectional area of the tee-section 

Av Shear area of the un-perforated section 

Avf(Avz) Equivalent shear area of a flange 

A,, 0 Reduced shear area of perforated section 

be Effective width of the strut 

bf(b) Width of the top flange of steel beam 

c Critical opening length 

d Displacement vector corresponding to the buckling mode shape 

do Web opening diameter 

dT, dt Depth of the stem of the tee-section 

E Young's Modulus of the steel 

e Characteristic cut depth in profile cutting manufacturing procedure 

(Appendix 2) 

E, Young's Modulus of the concrete 

f, Compressive strength of concrete 
f Tensile strength of concrete 

Alt. Tensile steel strength 

fl, Shear strength of the steel 
(. 5771) 

YMo 

fy Design yield steel strength 

fi Stress at strain c, 
Gj Fracture energy parameter 
h Overall depth of the steel beam 

h, Distance between the centroids of the top and the bottom tee sections 

hw Depth of the web 
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I Second moment of area of un-perforated steel beam 

IN Second moment of area of the perforated section 

IT Second moment of area tee-section 

k Factor affects the bend of the V/M interaction curve effectively at x-axis 

(Table 3.7,3.8 and 3.9) 

K Stiffness matrix 

Kg Stress stiffness matrix 

L Span of the beam 

le Effective length of the strut 

1c, Eigenvalue for buckling mode 
1o Equal to opening length, c, for square and rectangular web openings 

LS Distance between free end and the web opening (Figure 2.20) 

m Moment utilization ratio ( Msd 1 
\Mo, Rd) 

Fn Coupled moment capacity ratio 
(M0. s«I4)) 

Mo, Rd 

M Global bending moment (Figure 2.18) 

Me Ultimate elastic moment at this section (Figure 2.18) 

Met Rd Elastic bending resistance 

Mm= Bending capacity of critical web tee-section 

Mo, pt Moment capacity of the perforated section 

Mo, Sd Bending moment under pure bending moment case 

Mo, Sd(F) Bending moment at the centre-line of the web opening (obtained from FEA) 

Mpt Plastic moment capacity of the top tee-section 

Mj Global bending moment at centre-line of the web opening 

MTRd Basic shear capacity of the tee-sections under zero axial and shear forces 

M9 Local bending moment at an angle 9 

Mo;, Sd Local bending moment due to the transfer of shear force across the opening 

(Bending moment acting at the centroids of the tee-section at an angle qi) 

No, j Axial force under pure bending moment case 

Nv9, sd Axial force N,,, j in the presence of high shear force 
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Nq,, Sd Axial force acting at the centroids of the tee-section at an angle 9 due to the 

global bending moment, Mj 

PC Cylinder compressive strength of the concrete (MPa) 

Pco� Contact pressure 
Pc,.. Critical load 

P.. X Axial capacity of the critical web tee-section 

Pult. Ultimate load 

P,, Shear capacity of steel un-perforated sections 

q Factor is used in order to move the x-intercept to smaller values (Table 3.7 

and 3.9) 

R Radius of the of the semi-circles at the top and bottom tee-sections at the 

novel non-standard elliptical web openings 

R Radius of web opening (Figure 2.18) 

r Root radius of steel UB section 

r Radius of fillet at the mid-depth of circular web openings (i. e. filleted 

circular web openings) 

S Web opening spacing (opening pitch) 

so Web-post width (weld length) 

THETA Angle of the strain lines at the novel non-standard elliptical web openings 

t,, (t) Web thickness 

u Horizontal distance between the centroids of the two cross sections (Figure 

2.14) 

v Vertical distance between the centroids of the two cross sections (Figure 

2.14) 

v Poisson's Ratio for steel (i. e. 0.3) 

v Shear utilization ratio 
(! sd ) 
\VO, Rd) 

v Coupled shear utilization ratio 
(Vo, Sd(FEA) 
\ Vo, Rd J 

v Design ̀ coupled' shear capacity ratio 

V Global shear force 

Vb, Rd Shear buckling resistance 
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Vbwnd Shear buckling resistance of a web with an isolated web opening 

VC Poisson's Ratio for concrete 

V, Nominal shear strength (contribution of the concrete to the vertical shear 

strength) 
Vh Horizontal shear force on the web-post 

VARd Horizontal shear resistance of the web-post 

v; Vierendeel parameter 

Vo Shear strength of the beam in pure shear (with zero degree of shear 

connection) 
VoprRd Shear resistance for perforated beams 

VO, Rd Shear capacity of the perforated section 

Vo, Sd Shear force under pure bending moment case 

Vo, Sd(FEA) Shear force at the centre-line of the web opening (obtained from FEA) 

Vp« Plastic shear resistance 

VS Shear capacity of the web of the steel beam to the vertical shear strength 

V&i Global shear force at centre-line of web opening 

V.. Ultimate shear strength of the composite beam in pure shear 

V,, Vertical shear resistance due to web-post buckling 

Vvg;, Sd Shear force Vp, &j in the presence of high shear force 

Vc, Sj Shear force acting at the centroids of the tee-section at an angle 9 due to the 

global shear force, V 

w Load carrying capacity taken from FEA 

WPl Plastic modulus of the overall section 

x Position of the web opening along the beam length (Table 3.2) 

y h/2 for symmetrical I-beam section 

z Factor affects the bend of the VIM interaction curve effectively at y-axis 

(Table 3.7,3.8 and 3.9) 

ZQ Elastic section modulus 
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GREEK ALPHABET 

18 
Degree of shear connection between steel and concrete in composite beams 

(k in BS and' in EC) 

ßI, 2 Shear transfer coefficients for open and closed cracks (i. e. shear retention 
factors) 

NO Partial safety factor taken as unity for conservative design purposes 

yM1 Partial safety factor taken as to 1.1 

S� Additional deflection at the free end which is at a distance is from the web 

opening (Figure 2.20) 

dx Length of the tee-section above and below the web opening (Figure 2.11) 

CO Strain at the ultimate cylinder compressive strength f, (fý = 0.8f, ") 
gy 2D Plane vertical strain 

ex 2D Plane horizontal strain 

sy 2D Plane shear strain 

17 Factor (taken as 1.2) 

A Slenderness of the web-post 

P Coefficient of friction 

a,, Von-Mises stress 

t7bs Maximum shear stress acting on the web-post 

O'hs Horizontal stress acting on the web-post 

cr Vertical stress 

cx Horizontal stress 

Q, ry Plane shear stress 

a], a2, a3 Principal stresses 

TXY Shear stress 

Angle from the vertical centre line of the opening, at the LMS of the web 

opening 

app Formation of a plastic hinge at a cross-section announces that the actions on 
this section are large while the capacities not 
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ABBREVIATION 

ANSI American National Standards Institute 

AISI American Iron and Steel Institute 

ASTM American Society for Testing Materials 

BRE Building Research Establishment 

BS British Standard 

BS EN British Standard European Norm 

CEM Cement Marked 

CFS Cold Formed Steel 

CSR Specification of the Cohesion Sliding Resistance 

EC Eurocode 

ECCS European Convention for Constructional Steelwork 

ENV European pre-Standard 

ISO International Organization for Standardization 

LTB Lateral Torsional Buckling 

OPC Ordinary Portland Cement 

SCF Stress Concentration Factor 

SLS Serviceability Limit State 

UB Universal Beam 

ULS Ultimate Limit State 

USFB Ultra Shallow Floor Beam 

V/M Shear - Moment Ratio 

w/c Water - Cement Ratio 

WPB Web-post Buckling 
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CHAPTER I 

INTRODUCTION 

1.1 HISTORY 

Since the Second World War many attempts have been made by structural engineers to find 

new ways to decrease the cost of steel structures. Due to limitations on maximum allowable 
deflections (i. e. beam's self-weight), the high strength properties of structural steel cannot 
always be utilised to the best advantage. As a result, several new methods have been aimed 
at increasing the stiffness of steel members without any increase in weight of steel required. 
Then castellated beams and perforated beams with circular web openings have been used. 

It is known that the ease of integration of services as well as their accommodation within 
the structural depth of the I-sections is a major benefit of perforated beams. Using 

perforated beams allows the overall height of every floor to be reduced compared to the 

case of using simple plain beams where the services are supported beneath the I-sections. 
Typically savings could be up to 500mm per floor. In other words, for every six floors one 
more floor is gained in height. 

1.2 INTEGRATION IN BUILDING STRUCTURES 

Perforated beams are becoming increasingly popular as an efficient structural form. The 

sophisticated design and profiling process affords greater flexibility in beam proportioning 
for strength, depth, size and position of web openings. 

There have been significant improvements in the structural design of commercial multi- 

storey buildings in recent years, based'on the development of long-span composite systems. 
Long span beams have the advantage of flexibility of internal planning by minimizing the 

number of columns resulting in savings in the number of foundations and in speed and cost 

of erection. Long span beams are more competitive in the industry, mainly when they are 

manufactured for car parking structures (e. g. an application of pre-camber beams), curved 
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roof beams or stadium cantilever roof tapered beams. A composite beam with perforated 
steel section may also offer a similar advantage by using its web openings. 

Perforated beams with regular web openings are more often used for long span secondary 
beams, whose design is generally controlled by serviceability requirements. Whereas 
fabricated beams with isolated web openings are mainly used for long span primary beams, 

whose design is more controlled by the higher shear forces acting on these beams. 
Perforated beams are utilised in high risk commercial and industrial projects in terms of the 
time, budget and quality against the public and the particular company. 

The most significant benefits using perforated sections are listed as follows: 

" Service integration, hence floor-to-floor depth is decreased. 

" Internal columns are eliminated, leading to more efficient use of internal space. Hence, 

less foundation cost and less seismic loading. 

" Architectural flexibility to fit local requirements. 
" Fewer components are required (typically 30% fewer beams) leading to reduced 

construction and installation time. 

" Minimum delivery of materials to thin inner city site. 
" Protect the beam-to-column connections from high stresses because of the low weight. 

" 50% lighter than pre-stressed concrete construction. 

" Good acoustic insulation of composite floors and infill walls. 
" Fire protection cost can be reduced due to the long span members and minimize the 

number of connections. 
" 25% to 30% less initial cost to construct. 

As for the traditional production line for perforated beams with circular web openings an 
approximate 15% increase of the steel material was considered. This resulted in a 4% 
increase of the cost in terms of fabrication and erection. Hence, a 1% increase of the total 
cost at every budget was obtained. After thorough examination, it was found that by 
lightening the structure by 30%, a saving of 10% on the budget of the structure would be 

obtained. 

1.3 STRUCTURAL BEHAVIOUR 

Structurally, web openings cause a significant reduction on the shear resistance of beams, 
due to the loss of a major proportion of the web, but they cause a smaller reduction in the 
bending resistance of beams. The shear transfer across sections with large web openings is 

an important design requirement. Vierendeel bending results in the formation of four 

plastic hinges above and below the web opening (Figure 2.12(b) and 2.13). This is a result 
of transferring shear forces across the web opening. The Vierendeel bending resistance 
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depends on the local bending resistances of the web-flange sections. As the global shear 
forces cause both shear failure and Vierendeel mechanism in perforated sections, the effect 
of local Vierendeel moments acting onto the tee-sections above and below the web 
openings may be incorporated through a reduction to the global shear capacities of the 

perforated sections. For web openings with large opening lengths under high shear force, 
Vierendeel mechanism is dominant in the perforated section. In the case of perforated 
beams with web openings placed next to each other, the combination of forces acting on the 

edges of the web openings is more complex and a theoretical model is necessary to define 

their effects. 

1.4 AIM OF THE PROJECT 

The aim of this research is to develop and investigate the structural behaviour of perforated 
beams with various non-standard web openings with either large or narrow opening lengths 

and to compare them with the typical perforated beams with circular and hexagonal web 
opening shapes. The structural performance in regularly and closely spaced composite and 
non-composite perforated beams is also of great interest. Simultaneously, the 

manufacturing procedure of some perforated steel beams with non-standard web openings 
is to be examined and modified in order to develop a cost effective product for the industry. 

The wide variety of long-span steel structures with perforated beams has economic benefits 

due to fast, light-weight and accurate construction, and also allows the potential advantage 

of maximising flexibility in internal layout eliminating the number of the columns and 

creating large open spaces. This is one of the major trends in modern commercial buildings. 

1.5 LIST OF OBJECTIVES 

To accomplish the aims of this research programme the following objectives should be 

accomplished: 

" To overview the manufacturing procedures for perforated steel beams with standard 
and non-standard web openings. 

" To review all the failure modes for perforated beams and study the most significant 
ones. 

" To conduct a preliminary FE study of perforated beams with non-standard web opening 

shapes based on combinations of typical geometrical shapes and to describe their main 

characteristics. 
" To establish the shear-moment interaction curves based on a current design method and 

to compare these with the theoretical curves at the low moment side (LMS) and the 
high moment side (HMS) of a web opening. 
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" To investigate the Vierendeel mechanism of unreinforced perforated beams with 
various standard and non-standard web opening shapes and sizes by using non-linear 
FE analyses. 

" To evaluate the influence of geometric parameters and investigate the contribution of 
the web opening shape and particularly the opening length of the top tee-section to the 
shear capacity of perforated beams. 

" To present the yield patterns of the perforated beams with various web opening shapes 
and sizes and investigate the location and movement of the plastic hinges as well as the 
main characteristics of such beams. 

" To develop a simple design method with generalized shear-moment interaction curves 
for practical design of steel perforated beams with various standard and non-standard 
web opening shapes and sizes. 

" To further conduct a parametric FE investigation on perforated beams with large 
isolated novel non-standard web openings subjected under high shear forces and 
bending moments. 

" To evaluate the influence of geometric parameters and investigate the contribution of 
such novel web opening shapes to the structural behaviour of perforated steel beams. 

" To investigate the web-post buckling behaviour of unreinforced perforated beams with 
standard and novel non-standard closely spaced web opening shapes by conducting 
experimental tests. 

" To carry out a parametric FE investigation on perforated beams with closely spaced 
web openings, simulating the experimental structural behaviour, for validation 
purposes. 

" To also conduct a parametric local FE investigation on the structural behaviour of the 

web-posts within two closely and regularly spaced novel web openings. 
" To demonstrate the enhancement of the vertical shear capacity of non-composite beams 

due to the concrete in-fill. To experimentally test an Ultra Shallow Floor Beam 
(USFB). 

" To establish a sensitivity FE study of the USFB model, investigating the effects of the 
material model parameters. To further examine various constitutive relationships 
modelling the concrete materials and to compare the results. 

" To compare various theoretical approaches based on a modified design method with the 
FE results and propose a theoretical approach which closely predicts the real behaviour 

of the USFB. 

1.6 MANUFACTURING 

There are two main types of beams with web openings that are directly related to the 
method of manufacture of the beams, as follows: 
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1. Regular circular or hexagonal web openings (sometimes with elongated openings) in 

which the interaction between the web openings is included in the analysis; these are 
known generically as `cellular' or `castellated' beams, respectively. 

2. Isolated (single) circular or rectangular openings cut-out of the web at positions where 
the interaction between the web openings is minimized. 

There are three methods of manufacture: 

1. Hot rolled I-sections which are cut to a profile along the web and re-welded to form a 
deeper beam with a series of regular circular or hexagonal web openings. These beams 

can be asymmetric in cross-section, when the tee-sections are cut from different [- 

sections (Figure 1.1(a)). 
2. Hot rolled [-sections with individually cut web opening, in which the steel section is 

symmetric shape. This method is mainly used for beams with isolated web openings 
(Figure 1.1(b)). 

3. Fabricated sections, which are formed from three plates that are welded together to 
form an I-section. The section can be asymmetric (for example, with a larger bottom 
flange) and the beams can be tapered in depth along their length (Figure 1.1(c)). 

The use of one or more of these methods of construction depends on the number and size of 
the service ducts and pipes that are required to be integrated in the structural zone, also 
taking into account the requirements for future re-servicing and change of use of the space. 
Web openings can be designed either for specific applications or to minimize the weight of 
the structure, which means that only some web openings are used for service distribution. 
(Steel Industry Guidance SN 07/2009,2009) 

ý.;. ýý: ý.. 

Figure 1.1: Hot rolled sections (left (a) and right (b)) 
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Figure 1.1(c): Fabricated section 

When hot rolled or fabricated beams with various shapes and sizes of cut-outs at different 

positions are investigated, the following parameters are considered: 

" Scrap steel (i. e. waste material) - web opening area 

" Load capacity to weight ratio 

On the other hand, when perforated beams are manufactured with profile cutting, engineers 
increasingly utilise open web sections in their design, due to their design and construction 
advantages. Such design advantages include a reduced weight per unit length of beam and 
an increased stiffness (larger section modulus) resulting from the increased depth of the 
final beam compared to the parent (original) un-perforated beam. Therefore, a higher load 

carrying capacity and lower displacements are achieved. The manufacturing parameters are 

considered as follows: 

" Length of welding line 

" Scrap steel (i. e. waste material) after profile cutting (Appendix 2) 

" Load capacity to weight ratio 

" Moment of inertia to weight ratio 
" Depth of perforated beam to depth of parent beam ratio 

1.7 STRUCTURE OF THE THESIS 

The work in this thesis is divided into five main chapters. Following a brief introduction to 
the failure modes of perforated steel beams with reference to previous research, available 
work on testing and analysis of perforated beams and composite beams with the use of 
perforated beams subjected to high shear forces is reviewed in Chapter 2. Emphasis is 

given to the theoretical background that this research study is based upon and the particular 
necessary checks. 

In Chapter 3, a comprehensive FE investigation is presented on perforated beams with 
various standard and non-standard shapes and sizes of web openings. Initially, a FE model 
is presented and validated against an experimental work found in the literature and then the 
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same FE model is used to conduct the FE parametric study. An analytical study of four 

mid-range UB perforated sections with web openings of depth, do, equal to the 80% of the 
beams' final depth is examined. A range of parameters are investigated and non- 
dimensional shear-moment interaction curves as well as contour stress plots are presented. 
The location and movement of the plastic hinges in the vicinity of the web openings is of 
great interest. The outcome of this chapter is a proposed design method based on 
generalized shear-moment interaction FEM curves. 

Following the previous FE investigation on perforated beams with various web opening 
shapes, the optimization of two novel non-standard web opening configurations is 

established in Chapter 4. The behaviour of a short span (1.5m) beam with large web 
openings under high shear forces is investigated. An experimental as well as parametric FE 

study is conducted, while local FE analyses are performed to assure that the results of the 

specific web opening configurations are well monitored under these boundary conditions. 
The influence of each geometric parameter is presented and the beam deflections and 
stresses are plotted against the web opening area of the corresponding web opening shape. 

Chapter 5 presents a comprehensive study of perforated beams with closely spaced 
circular and novel web openings as they are introduced in Chapter 4. Web-post buckling is 

considered while seven specimens (span of 1.7m) are experimentally tested as well as 
modelled in the FE software. Following that, a local FE parametric study is carried out to 
demonstrate the stiffness of the web-posts, the modified strut analogy and the failure modes 
governed. Two categories of tests are designated. The first one consists of perforated beams 

with filleted circular web openings, where the spacing is constant. The second one consists 
of various elliptical web openings, where the web-post width is constant. However, for all 
seven beams the position of the web-post is the same in relation to the load and the support 
points, so the shear-moment ratio is the same. Furthermore, a parametric local FE study is 

conducted for a range of parameters, including the web slenderness of I-sections. A new 
design model for this complex failure mode is developed for perforated beams with the 

particular novel web opening shapes. 

An experimental work is performed for the same beam as in Chapter 4, where concrete is 

entrapped between its steel flanges and passes through the web openings (USFB). The 

percentage of enhancement of its vertical shear capacity due to the concrete in-fill is 

examined. Moreover, a sensitivity FE study with various material models, constitutive 
relationships modelling the concrete and other parameters is conducted to clarify the results 
from the experimental work. Finally, various theoretical approaches are compared to the FE 

predictions, and the most effective design model is proposed. 

In Chapter 7 the objectives are repeated together with the corresponding work which has 
been done on every particular part of the thesis and its findings. Furthermore, the design 

standards used in this thesis as well as the design recommendations of EC3 Annex N and 

25 



Chapter 1 Introduction 

BS5950 Part 1: 2000 are provided. As this project is only at the first stages of a wide 
research area, recommendations for future research and developments are listed. 

1.8 METHODOLOGY 

1.8.1 Experimental studies 

The experimental work conducted in this thesis is separated into: i) bare steel perforated 
beams with standard and non-standard web openings which consists of eight beams and ii) 

perforated steel beams with partial concrete encasement which consists of four similar 
beams. In the second case, neither steel reinforcement nor mechanical shear connectors are 
provided, as they investigate a theoretical beam model and the percentage of the shear 
enhancement of perforated steel beams due to the concrete infill through the web openings. 

In all tests the web openings are subjected to constant high shear forces and so the 
`Vierendeel' mechanism and the web-post buckling failure are studied. 

Various standard web opening shapes such as the typical circular web openings and non- 
standard web opening shapes with emphasis on the elliptical forms are experimentally 
tested, while all the perforations are cut-outs. Neither of the beams is a fabricated steel 

section or manufactured beam by profile cutting procedure. The purpose is to keep a 

minimum of parameters so as to be able to accurately evaluate the comparisons and draw 

clear conclusions. Instead, universal beam (UB) hot rolled symmetric I-sections with 
isolated web openings cut-outs are used. 

1.8.2 Necessity of FE Studies 

Experimental based testing has been widely used and this is a method that produces real 
life response of the structural components. However, this method is extremely time 
consuming and the use of materials can be quite costly. In recent years, the use of finite 

element analysis has increased due to progress knowledge and capabilities of computer 
software and hardware. It has now become the preferred method for this research 
programme to analyze steel structural components with various geometric parameters, 
while the web opening shapes can be very complicated. The use of computer software to 

model these structural components is much faster and extremely cost effective. 

To fully understand the capabilities of finite element computer software, one must look 
back to experimental data and simple analysis. Data obtained from a finite element analysis 
package is not useful unless the necessary steps are taken to understand what is happening 

within the model that is created using the software. This is the reason that validation checks 
of the FE models against experimental work are carried out in every chapter of this thesis. 
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Furthermore, numerous global and local parametric studies on perforated beams with 
various web opening shapes are implemented in this research programme using finite 

element analysis, to demonstrate the response of such beams under different geometric and 
loading arrangements. 

The commercial finite element software packages ANSYS versions 10.0 and 11.0 are used. 
Mesh refinement study is always carried out to determine the appropriate finite element 
size. Because of high stress concentration in the vicinity of the web openings, very small 
finite element sizes are required. Also, the effects of shear locking and hourglass effect are 
carefully considered. 

1.9 CONTRIBUTION TO SCIENCE 

A further indirect scope of this research study is to provide future researchers with a 
comprehensive work on perforated steel beams with various web opening shapes. 
Abundant experimental tests on mainly typical perforated beams with hexagonal and 
circular web openings have been found in the literature. Hence, following the validation of 
the FE models against experimental tests from the literature as well as from this research 
programme, extensive parametric FE studies are carried out to widen the area of their 
application. On the other hand, very few experimental tests and limited FE analyses have 
been found in the literature regarding, the web-post buckling behaviour of perforated steel 
beams. Therefore, an experimental programme is carried out for perforated steel beams 

with standard and non-standard web opening shapes regularly and closely spaced, followed 
by a FE investigation and a parametric study, in order to validate and extent the results, 
providing useful material and conclusions to future researchers. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 INTRODUCTION 

A literature review on experimental work and finite element analyses for non-composite 

and composite perforated, mainly steel beams is carried out. The literature review consists 

of three sequential sub-chapters; study on non-composite beams with isolated web 

openings, non-composite beams with closely spaced web openings and study on composite 
(i. e. perforated steel I-sections with concrete infill) beams. Experimental and finite element 

analyses reviews are categorized and described in reverse chronological order for each sub- 

chapter, separately. 

2.2 FAILURE MODES OF PERFORATED STEEL BEAMS 

2.2.1 Introduction 

To date, experimental and finite element studies on perforated beams have reported six 

main different modes of failure (Redwood and McCutcheon 1968, Kerdar and Nethercot 
1984). These modes are closely associated with beam geometry, web opening 

configuration, web slenderness, type of loading, and provision of lateral supports. Under 

given applied transverse or `coupling' forces, failure is likely to occur by one of the 
following modes: 

" `Vierendeel' or Shear Mechanism 

" Flexural Mechanism 

" Lateral Torsional Buckling (LTB) 

" Rupture of Welded Joints 

" Web-post Buckling in Shear 

" Compression Buckling 
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2.2.2 `Vierendeel' or Shear Mechanism 

This mode of failure is associated with high shear forces acting on the beam. Formation of 

plastic hinges at the edges of the web opening shapes ((op angles) or at the corners of 

particular web opening shapes deforms the tee-sections above the web openings to a 

stretched shape as shown in Figure 2.1 for castellated and cellular beams, respectively. 
This mode of failure was first reported by Altifillisch (1957), Toprac and Cook (1959) 

regarding castellated beams and Redwood and McCutcheon (1968) regarding cellular 
beams. Beams with relatively short spans, with shallow tee-sections, and longer weld 
lengths are susceptible to this mode of failure. Shorter spans can carry higher loads leading 

to shear becoming the governing load. When a perforated steel beam is subjected to shear, 
the tee-sections above and below the web openings must carry the applied shear as well as 
the primary and secondary moments. The primary moment is the convectional bending 

moment on the beams cross-section. The secondary moment, also known as the Vierendeel 

moment, results from the action of shear force in the tee-sections over the horizontal length 

of the web opening. Therefore, the horizontal length of the tee web opening directly affects 
the secondary moment, and the smaller the web opening (i. e. narrower web opening) the 
better it is. Failure is occurred at the web opening under the maximum shearing force, or if 

several web openings are subjected to the same high shear, then failure will be occurred at 
the one with the greatest moment too. 

Figure 2.1: Four plastic hinges at rectangular web opening parallelogram mechanism (left) and 
circular web opening subjected to bending and shear (Redwood, 1969) 

2.2.3 Flexural Mechanism 

Under pure bending, provided the section is compact (at least Class 2), the tee-sections 

above and below the web openings are yielded in tension and compression until they 
become fully plastic. 
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2.2.3 Lateral Torsional Buckling (LTB) 

Literature Review 

As in the un-perforated beams, out-of-plane movement of the beam without any web 
distortions describes this mode of failure. LTB as shown in Figure 2.2 is usually associated 
with longer span beams with inadequate lateral support. The reduced torsional stiffness of 
the web, as a result of relatively deeper and slender section properties, contributes to this 
buckling mode. Nethercot and Kerdal (1982) examined this mode of failure related to 
perforated beams. They concluded that web openings had negligible effects on the overall 
lateral torsional buckling behaviour of the beams they tested. Furthermore, it is suggested 
that the design procedures that determine the lateral buckling strength of solid webbed 
beams could be used for perforated beams provided that the reduced cross sectional 
properties are going to be used. 

Figure 2.2: Lateral torsional buckling at long span beams 

2.2.4 Rupture of Welded Joints 

The weld joint at the mid-depth of web-post between two adjacent web openings, in 

perforated beams that have been manufactured by profile cutting, may ruptures when the 
horizontal shear stress exceeds the yield strength of the welded joint, as shown in Figure 
2.3. Hosain and Speirs (1971) investigated this failure mode by testing six beams with short 
welded joints. This mode of failure depended upon the length of the welded joint so. 
Usually when profile cutting, the critical opening length is directly related to the weld 
length between the web openings, and if the opening length is reduced to decrease the 

secondary moments, the welded throat of the web-post becomes weak. As mentioned 
earlier, formation of a Vierendeel mechanism is likely to occur in beams with large opening 
lengths and so large weld lengths. On the other hand, short weld lengths are prone to cause 
failure of the welded joints as the horizontal yield stress is exceeded before the formation 

of the four plastic hinges in the vicinity of the web openings (Figure 2.3). 
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Figure 2.3: Specimen after rupture failure (Hosain and Speirs, 1971) 

Dougherty (1993) found a reasonable balance for these two failure modes for the 
castellated beams, by suggesting the following geometry: 

Weld length so =4 for a 60° cutting with no plates and bf = 
°' °=0.289d0 

Therefore, opening pitch S= 2(bf + so) = 2do (0.289 + 4) 
= 1.08do = 1.1do 

2.2.5 Web-Post Buckling 

The horizontal shear force in the web-post is associated with a double curvature bending 

over the height of the web-post. As shown in Figure 2.4, one inclined edge of the web 
opening will be stressed in tension, and the opposite edge in compression and so buckling 

will cause a twisting effect of the web-post along its height. Several cases of web-post 
buckling have been reported in the literature as Sherbourne (1966), Halleux (1967), Bazile 

and Texier (1968). 

Many analytical studies on web-post buckling have also been reported to predict the web- 
post buckling load due to shearing force. Based on a finite difference approximation for an 
ideally elasto-plastic hardening material Aglan and Redwood (1976) produced some 
graphical design approximations for a wide range of beams and web opening geometries. 
Also, some correlations between experimental and non-linear finite element analysis 
estimations were done by Zaarour and Redwood (1996). Delesque (1968) used an energy 
method to solve an elastic buckling problem by treating the web-post as a variable section 
rectangular beam in double curvature bending, susceptible to LTB. However, Zaarour and 
Redwood (1996) found large differences in the results obtained from Blodgett's method in 

comparison to their test results and finite element approximations. Later on, Redwood and 
Demirdjian (1998) derived approximations of buckling loads based on elastic finite element 
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analyses and good correlations between experimental and theoretical estimations were 
found. This work showed that the results of Aglan and Redwood (1976) should not be used 
for very thin webs. The effect of the web thickness is considered as significant and 
discussed in greater detail in Chapter 5. 

Figure 2.4: Specimen after test (Zaarour and Redwood, 1996) 

2.2.6 Web-Post Buckling due to Compression 

A concentrated load or a reaction point applied directly over a web-post caused the failure 

mode, presented in Figure 2.5. This mode was reported in the experiments conducted by 
Toprac and Cook (1959) and Husain and Speirs (1973). Buckling of the web-post under 
large compression forces is not accompanied by twisting of the post, as it would be under 
shearing force. Such a failure can be prevented if adequate web reinforcing stiffeners are 
provided. A `strut' approach proposed by Dougherty (1993) which suggested that standard 
column equations could be used to determine the strength of the web-post located at a point 
load or a reaction load. 
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2.3 REVIEW OF NON-COMPOSITE PERFORATED BEAMS 

2.3.1 Introduction 

Literature reviews on non-composite perforated beams with steel sections are extensively 

reported in this sub-chapter. An outline of previous experimental work, FE and analytical 
studies are reported describing the main features of each investigation. Some of the test and 
finite element results described herein are the subject of detailed analysis in subsequent 
chapters of this thesis. A literature review is separately reported for every author given in 

chronological order beginning with the most recent research. It should be noted that in 

some cases other failure modes are obtained, not directly related to either Vierendeel 

mechanism or web-post buckling, as an overall reaction to the combination of global forces 

on the specific beam configuration. 

2.3.2 Steel perforated beams 

2.3.2.1 Papers regarding Vierendeel study 

Chung, Liu and Ko (2003), [FE study] 

Following the previous extensive parametric study (Liu and Chung, 2003), a global 
`coupled' Vierendeel shear capacity was established and capacity ratios for web openings 
of various shapes and sizes were obtained directly from the finite element investigation. 
Moreover, an indicative parameter, the Vierendeel parameter, was established to assess the 

performance of the Vierendeel mechanism in perforated beams. Through comparison 
among the moment and the shear capacity ratios and also the `Vierendeel' parameter, the 

critical modes of failure in perforated beams under different shear-moment ratios may be 

readily assessed. 

Empirical shear-moment interaction curves at the perforated sections were then suggested 
for practical design of steel beams with medium to large web openings. However, for 

perforated sections with small web openings, the proposed curve is slightly conservative 
when interactions between moments and shear forces are significant. The resulting design 

capacities were found to typically be 15% higher than those obtained from the convectional 
design methods. By comparison with existing design code, Ko and Chung (December 

2000) also suggested that as circular web openings might be conveniently transformed into 

equivalent octagonal openings with suitable dimensions for structural assessment. 

Liu and Chung (2003), [FE study] 

A comprehensive finite element investigation on steel beams with web openings of various 
shapes and sizes was reported in this paper. A total of eight different web opening shapes 
with three different sizes in steel beams of four different section sizes were covered with a 
total of 960 non-linear finite element runs. In this research study, all steel beams were hot 
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rolled steel I-sections class 1 or 2 (plastic or compact). All web openings were concentric to 
the mid-height of the sections with diameters, do, between O. Sh and 0.75h. For perforated 
beams with these geometrical dimensions, it was generally considered that local buckling 
in the tee-sections at the perforated beams was not critical. However, for class 3 or semi- 
compact sections with small web openings, the unsupported webs in the tee-sections could 
become very slender and hence local buckling could occur. 

The results presented in this paper were related to a simply supported beam of 
UB457x152x52 S275 with a span of 12m under uniformly distributed load. While the web 
openings of various shapes were located at different positions along the beams length, three 

specific locations were considered in detail. The perforated beam at location I is under pure 
shear without any global moment, while interaction between global shear force and global 
moment at positions 2 and 3 were significant. 

It was found that all steel beams with large web openings of various shapes behave 

similarly under a wide range of applied moments and shear forces. The failure modes were 
common in all beams, and the yield patterns of those perforated beams at failure were also 
similar to one on other. Comparison on the global shear-moment interaction curves of those 
steel beams showed that they were of similar shape and thus, it is possible to derive 

empirical shear-moment interaction curves to assess the load capacities of all steel beams 

with web openings of various shapes and sizes. Furthermore, it was shown that the most 
important parameter in assessing the structural behaviour of perforated beams is the length 

of the tee-sections above and below the web opening, as it controls the magnitude of the 
local Vierendeel moments acting on the tee-sections. 

Chung, Liu and Ko (2000), [FE study] 

This paper presents an investigation of the Vierendeel mechanism in steel beams with 
circular web openings based on analytical and numerical studies. An empirical shear- 
moment interaction curve at the perforated beam was also suggested for practical designs 

of steel beams with circular web openings against the Vierendeel mechanism. 

In order to provide information for a practical design, a parametric study was performed to 
assess the structural performance of simply supported steel beams with circular web 
openings of different sizes at different locations along the beams. For a steel beam of 
UB457xl52x52 S275, the FEM shear-moment curves for web openings of do equal to 0.5h 
and 0.75h were examined. 

In addition to these, the load carrying capacities of simply supported beams of different 

spans, namely 5,6,7.5 and 10 m, under uniformly distributed loads, was examined (Figure 
3.6). It was found that the reduction of the load carrying capacity was largely due to 
reduced moment capacity at perforated sections near the mid-span of the beams while the 
Vierendeel mechanism was generally not critical. In common, full load carrying capacities 
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of the beams may be attained even in the presence of large circular web openings, 
especially in long span beams when the web openings are located within one-third of the 
span. 

Ito, Fujiwara and Okazaki (1991), [Experimental work, FE and Analytical study] 

The elastic-plastic behaviour and ultimate strength of steel beams with U-shaped web 
openings in the top part of the web were experimentally investigated. Nine welded, built- 

up, simply supported beams were tested with one concentrated load. The beams were 
classified as follows: type A (h=300mm), type B (h=230mm), and type C (h=160mm). The 
dimensions of the U-shaped web openings were determined so that they would permit 
passage of U-shaped ribs of the standard size of 300x200mm, as specified in the Japan 
Society of Steel Construction provision. The slit depth (20mm) under the rib was included 
in the U-shaped web opening. The form of the U-shaped web openings was kept as simple 
as possible. The web depth hw was selected as follows: Three types were chosen, based on 
the ratio of the web depth hw and the height d,, of the U-shaped web openings: (1) h��do =3 
(A type); (2) h,, Jdo = 2.3 (B type); and (3) h��do = 1.6 (C type). The height of d,, (I00mm) 

of the U-shaped holes was a constant. 

The test results were compared with analytical results based on the finite element method, 
the beam theory and the ultimate strength method, taking into account the Vierendeel 

action. The predictions of the bending stresses, the shear stresses and the ultimate strength 
for such beams were obtained with comparatively good accuracy. Generally, the bending 
stress distributions of the beam with U-shaped web openings could be accounted for by 
beam theory. Also, the horizontal shear stresses acting on the web sections between the U- 
shaped web openings can be predicted by a given formula in this paper. Finally, it was 
found that local yielding of the corner of U-shaped web openings was not directly related to 
the ultimate strength of beams. 

Dougherty (1980), [Analytical study] 

In this paper a theory was presented for determining the elastic deformation of I-beams 

containing rectangular web openings. Such a theory was a prerequisite for the development 

of a general method of calculating the elasto-plastic deformation of perforated beams. 

It was found that the deflection at any point of a perforated beam is a combination of the 
primary and Vierendeel deflections. The former was calculated in the same way as an un- 
perforated beam. In determining the Vierendeel deflections both bending and shear 
deformations of the tee-sections were taken into account. The analyses also took into 

account the slope incompatibility that develops at the junction of the perforated and un- 
perforated beams when only simple Vierendeel action was considered. 
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Finally, theoretical deflections which were obtained from the analysis were found to be in 

good agreement with experimental values for both concentric and eccentric web openings. 
It is worth noting, that the proposed analysis in this paper, provided a suitable means of 
determining the deformations of perforated beams at working loads. 

Redwood (1969), [Experimental work] 

Relations were derived for the shear and moment acting together at a section of a beam 
containing a circular or rectangular web opening. The method was designed to enable 
shear-moment interaction diagrams to be predicted very rapidly. Circular and rectangular 
web openings centred at mid-depth of the beam. The theory showed agreement with 
experimental results when the shear-moment ratio is low, and is conservative when the 
shear-moment ratio is high. For the purpose of this study experimental tests in which beams 

containing rectangular and `extended' circular web openings were loaded up to failure. 
They are also given in another study by Redwood and McCutcheon (1968). 

Redwood and McCutcheon (1968), [Experimental work] 

This paper reported tests of wide flange steel beams containing one or two unreinforced 
web openings of various shapes, under several different shear-moment ratios. The beams 

used in this investigation consisted of approximately 6m (8W17 sections of A36 steel). 
Essentially, four different values of the shear-moment ratio at the web openings were 
tested; one of these being pure bending. Most of the beams were tested elastically to 

measure flexibilities. Flange reinforcement was required in the region of the applied load, 

and web stiffeners were attached at load and support positions. In all cases the 

reinforcement was adequate; hence the failure in every case occurred at the web opening. 

The ratios of measured and estimated plastic moments indicated that sometimes there are 
significant reductions in strength. In some cases the experimental value was as low as 40% 

of the plastic moment for the gross section. Final failure of the beams occurred when either 
the flange or the web buckled, or when cracks developed in the web at the web opening 
boundaries. Flange buckling was in every case a local buckling and did not involve an 
overall instability of the tee-shaped section comprising the flange and that part of the web 
above the web opening. Local flange instability would not normally be expected in these 
8WF17 sections since A36 steel are compact. However, the sections were in fact non- 
compact and thus were consistent with the buckling failures. The cracks which developed 
in the webs were always accompanied by rapidly increasing deflections, at which point 
loading was discontinued. 
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Bower (1968), [Analytical study] 

This study presents a theoretical approach on the general topic of web openings in steel 
beams. The information given was intended to be a first step toward providing the design 

engineer with data on the need for reinforcing web openings in beams. 

It was concluded that beams could be designed from either an elastic or plastic design 

criterion. Concerning the elastic design beams with web openings should be designed using 
the same basic factors of safety against yielding as in the AISC Specification. Only the 

maximum allowable bending and shear stresses should be computed using the actual 
stresses causing yielding at the web opening rather than nominal beam stresses. Because 

the stresses causing yielding vary with size, shape and location of the web openings, shear- 
moment interaction design charts should be used to simplify determining the allowable 
stresses. Concerning the plastic design beams with web openings should be designed using 
the C load factor of 1.7. Only the maximum allowable loads should be computed using the 

actual ultimate strength of the beam at the web opening, rather than the strength of the 

gross beam. Shear-moment interaction design charts should also be used to simplify 
determining the allowable loads. 

Toprac and Cooke (1959), [Experimental work] 

Nine castellated beams fabricated from 8B 10 rolled sections were tested to destruction. The 

objectives of the investigation were to study the structural behaviour in elastic and plastic 
ranges, to study load carrying capacity and modes of failure, to compare observed results 
with theoretical calculations, and to determine an optimum expansion ratio for such beams. 
Loads were applied at four concentrated points and failure loads were reported as the 
ultimate loads. Well defined yield stress values were obtained through coupon tests and 
adequate bearing stiffeners were provided under reaction points. 

Specimens A and C failed through excessive lateral buckling and were omitted from further 

study. The ultimate load of specimen B was recorded, but no further details were given. As 
for specimen D which had a class 2 web tee-stem-section, web throat, tee-section and 
compression flange yielding progressed in the shear span. As the maximum load was 
reached, yield at the top low moment web opening corner and at mid-depth web-post was 
evident. Yielding and buckling of the compression flange in the pure bending region was 
the failure mode of beam E. Local buckling of the compression flange in the constant 
moment region was also the observed failure mode of specimen F; however, as the load 

was further increased, the beam buckled laterally. A Vierendeel mechanism in the region of 
highest shear was the mode of failure of specimen G. Specimen H, with a class 2 flange 

section, failed through buckling of the compression flange in the constant moment region. 
Specimen I, with a class 1 web tee-stem-section failed through a Vierendeel mechanism at 
the highest shear region. 
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Altiillisch, Cooke and Toprac (1957), [Experimental work] 

The objective of the investigation was to study the structural behaviour of castellated 
beams both in the elastic and plastic ranges, and to study their strength and failure mode. 
Three joists fabricated from I OB 11.5 shapes with equal spans and simple supports and with 
varying positions of two symmetrical concentrated loads were used. Varying expansion 
ratio, beam depths, web openings and web-post geometries were studied for each of these 
tests. Test loads were reported as the ultimate loads obtained during the experiments. 

Beam A was provided with full bearing stiffeners under each load. It failed through 

extensive yielding of the tee-section and local compression flange buckling in the region of 
constant moment. The flange to width ratio of beam A corresponded to a class 2 section. 

Beam B consisted of three tests. In the first two, B1 and B2, loads were in the elastic range 
in order to verify the theoretical stress and deflection analyses. The third test, B3, involved 
loading to destruction, but was omitted from further study because of the inadequacy of the 
lateral bracing system. Beam C was provided with short bearing stiffeners, (approximately 
half beam depth) below the load points. The first two sets were in the elastic range and the 
third was loaded to destruction. The failure mode of this beam involved yielding the web at 
the top low-moment corner of the web opening in the shear span nearest the load 

application point. This was followed by a local buckling of the compression flange at the 

other end of the web opening. The flange had class 2 section properties. Yielding of the 
throat was also noticed. 

2.3.2.2 Papers regarding web-post buckling study 

Dervinis and Kvedaras (2008), [Experimental work and Analytical study] 

An algorithm for selecting the rational dimensions of the castellated beams was presented 
in this paper, and it may be adopted and used for design. Long beams 12m, web thickness 
6-12mm and web depth 500-1000mm, were analyzed. Web opening size was varied form 
half of the web to the total web depth minus 100m. The chosen cross sectional area of two 
flanges was equal to the cross-sectional area of the web. The thickness of the flanges was 
twice as big as the thickness of the web. A uniformly distributed load was applied in the FE 

model while the upper flanges of the beams were restrained out-of-plane. 

It was found that the higher the web, the more efficiently the beam material was used. 
However, the bigger the web slenderness, the greater the influence is on the local buckling 

on the web. 

Lawson, Oshatogbe and Newman (2006), [FE study] 

The behaviour of web-posts between regularly spaced circular and rectangular openings in 
the webs of fabricated steel beams was investigated using the finite element method. FE 
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analysis was carried out for a range of parameters, including the proportionate depth of the 

web openings and the web slenderness. 

The FEA was carried out using the software package ANSYS. Material non-linearity (i. e. 
plastic behaviour) as well as geometrical non-linearity (buckling) was utilised. The model 
used in FEA consisted of a short section of beam between the centre-line of adjacent web 
openings. The model used in this study was based on a 610mm deep section with a web 
opening diameter/opening depth, do, of 406mm, given a beam depth/opening ratio D/do of 
1.5. Seven S/do ratios in the range of 1.2 to 1.8 were studied with four web thicknesses of 5, 
6.4,7.8 and 10mm, giving ,, It ratios which vary from 40.6 to 81.2. The main area of 
interest was the stability of the web-post under the combined effect of shear and 
compression, especially at the edge of the web opening, where the stabilizing effect of the 
tension-field action is less than at the centre of the web-post. 

As an outcome, a design model was developed based on a `strut' analogy in which the 

stability of the web was checked using buckling curves to BS 59590 Partl. This `strut' 

analogy was presented in terms of the effective width and effective length of the strut, 
which were derived to give the best fit over the range of web opening parameters. 

Lagaros, Psarras, Paradrakakis and Panagiotou (2008) & 
Psarras, Lagaros and Paradrakakis (2005), [FE and Analytical study] 

The objective of these two pieces of research was to obtain the optimum design of 3D steel 
framed buildings with perforated I-section beams. The optimization was considered as a 
combined optimization problem in terms of size, shape and topology. Moreover, the size of 
the columns and the beams of the structures of each storey constitute the sizing design 

variables, while the number and the size of the web openings of the beams constitute the 
topology and shape design variables respectively. 

Two distinctive formulations of the optimization problem were considered depending on 
the finite element simulations used, with beam and shell discretization. The two 
formulations were compared in terms of the optimum design achieved. A characteristic test 

example was considered and showed that a quantifiable reduction on the weight of the 

structure was accomplished by allowing web openings in the beams of the structure without 

reducing structural strength or serviceability requirements. Evolutionary Algorithms have 

proved to be a robust and efficient tool for economically design optimization of steel 3D 

framed building with web openings. 

Demirdjian (1999), [FE and Analytical study] 

A comprehensive study on the web-post buckling behaviour of castellated beams was 
described. Both elastic and plastic methods of analysis were utilised to predict the failure 

modes of these beams. Interaction diagrams of the formation of plastic hinges (i. e. 
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mechanism), yield of the horizontal web length and elastic buckling analysis using the FE 

method were correlated with a number of experimental test results from previous studies. 

Forty-two test beams ranging from 45° to 60° web openings were computed with the plastic 
and elastic methods of analysis. A parametric study covering a wide range of 60° 

castellated beam geometries was performed to derive elastic buckling coefficients under 
pure shear and bending forces. An elastic buckling interaction diagram was then defined, 

which along with the diagrams utilised in the plastic analysis, could be used to predict the 
elastic buckling and plastic failure loads under any given shear-moment ratio. 

The effect of plasticity associated with buckling and expressions was derived to improve 

the previous theoretical models used, by combining elastic and plastic results. This caused 
the coefficient of variation of the test-to-predicted ratios to be decreased. 

Redwood and Demirdjian (1998), [Experimental work] 

Four castellated beams, two identical ones with four web openings 10-5(a), 10-5(b), a third 

with six web openings (10-6) and a fourth with eight web openings (10-7), all with 
identical cross sectional properties, were tested. The main focus of the experiment was to 
investigate the buckling of the web-post between web openings and to study any effects of 
the shear-moment ratio on the mode of failure. Simple supports and a central single 

concentrated load were used for all specimens. All beams were provided with bearing 

stiffeners at support and at load points. Mean flange and web yield stress values were 
obtained from tensile coupon tests. 

Based on the experimental ultimate loads, except beam 10-7 which failed by lateral 
torsional buckling, buckling of the web-post was the observed mode of failure of all these 
beams. Beam 10-7 was omitted from further consideration in this project, since interest is 
in web-post buckling only. Ultimate load values were given as the peak test loads. Test 

conditions were then simulated by elastic finite element analysis, and good predictions of 
the buckling loads were reported (4% to 14% variations). 

Zaarour and Redwood (1996), [Experimental work and FE study] 

This paper is based on the previous research conducted by Zaarour (1995). Twelve 

castellated beams were loaded to failure in order to study the buckling of the web-post 
between web openings. In 10 cases web-post buckling occurred. FE analysis of the web- 
post, taking into account inelastic action, was used to predict the buckling loads. Also, 

graphical results were obtained, in which the web-post was treated as a beam and the finite 
difference method was used to obtain the buckling loads. 

Results showed that the possibility of web-post buckling as a governing design criterion 
increases significantly if an intermediate web plate is used to deepen the beam. The 
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strength is continuously reduced from the plastic mechanism value as the ratio of 
intermediate plate height to web opening height increases. 

Both methods show very good correlation with the maximum test loads. Either of these 
methods provides a satisfactory basis for design, although the FE results were superior 
because of the lower variability in the predictions. The graphical results provide general 
solutions covering a practical range of geometries, and could be considered suitable until 
the results of the FE parametric studies become available. 

Zaarour (1995), [Experimental work and FE study] 

Fourteen castellated beams fabricated from 8,10,12 and 14 inch light beams (Bantam 

sections manufactured by Chaparral Steel Company) were tested. Six of these had 2 in. 
(50.8 mm) high plates welded between the top and bottom tee-sections at the mid-depth of 
the web-post. The objective of the experiments was to study the buckling of the web-post 
between web openings. Both simple supports and a central single concentrated load were 
used for all specimens. All beams were provided with bearing stiffeners at support and at 
load points. Average flange and web yield stresses were obtained from tensile coupon tests 
for each size of beam. 

The reported ultimate strengths were based on peak load capacities of the beams. Web-post 

buckling was observed in the failure of 10 cases, while in two cases, local buckling of the 

tee-section above the web openings occurred as subjected to greatest bending moments. 
Two lateral torsional buckling modes were also observed; these have been omitted from 

further consideration since interest is in web buckling only. FEM analysis was also used to 

predict web-post buckling load. There was some bias in the FEM results, leading to slight 
over-estimates of strength for more slender web-posts, particularly those with intermediate 

plates. 

Galambos, Hosain and Speirs (1975), [Experimental work] 

Four castellated beams fabricated from W10x15 sections (10 in. deep, 15 pounds per foot) 

were tested to validate a numerical analysis approach to determine the optimum expansion 

ratio based on both elastic and plastic methods of analysis. All beams were simply 

supported and were subjected to a concentrated load at mid-span. The span and weld 
lengths were kept constant, but the depths were varied based on different expansion ratios. 
The ultimate loads were recorded, but no further discussion about the modes of failure were 

given. 

Hosain and Speirs (1973), [Experimental work] 

Beams fabricated from twelve l OB 15 beams (alternative designation for W 10x15) were 
tested to investigate the effect of web opening geometry on the mode of failure and 
ultimate strength of castellated beams. Specimens A-2, B-1, C and D were subjected to two 
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concentrated point loads, and the remainder of the beams had a single concentrated load at 
mid-span. All beams were simply supported while adequate lateral bracing and full depth 
bearing stiffeners were provided. The exceptions were beams C and D, where partial depth 

stiffeners were used. The loads based on the ultimate load values were obtained during the 
experiments. 

Specimens A-1, A-2 and B-3 failed by the formation of plastic hinges at the corners of the 

web openings, where both shear and moment forces were acting. As for specimens G-1, G- 
2 with flanges of Canadian Standard S16.1-94 class 1 section properties and G-3, a class 2 

section, yielding of the flanges in the region of high bending moment led to flexural failure. 

The class section properties were calculated for beams in an attempt to investigate if any 
local buckling possibilities were present. Beams B-2, C and D failed prematurely due to 

web buckling directly under the point of load application. A similar failure was exhibited 
by Beam B-1. This failed by web buckling under the concentrated load before a Vierendeel 

mechanism had formed. Thus, beams B-l, B-2, C and D were obtained from further study. 

Hosain and Speirs (1971), [Experimental work] 

The main focus of this experiment was to study the yielding and rupture of welded joints of 
castellated beams. The experimental investigation consisted of testing six simply supported 
beams under various load systems. A single concentrated point load was applied to beams 
E-2, E-3, F-1 and F-3 and two concentrated loads were used for beams E-land F-2. Full 
depth-bearing stiffeners and sufficient lateral bracings were provided to prevent premature 
buckling. The final reported results were calculated on the basis of directly measured yield 
and ultimate shear stress values. The measured shear stresses were higher than theoretical 
values which would have been anticipated from tensile coupon tests, as a result of strain 
hardening. The prediction of ultimate strength based on web-post yield, could therefore be 

expected to be very conservative. Sudden weld rupture accompanied by violent strain 
energy release was the common mode of failure for all beams. 

Bazile and Texier (1968), [Experimental work] 

Two series of beams, four HEA360 and three IPE270 sections were tested to failure. The 

objective of the experiment was to develop a further understanding of different beam 

characteristics and properties as well as geometries of castellated beams. The simply 
supported beams were tested under eight uniformly distributed concentrated loads. Three 
test loads, P1, P2 and P3 were reported to describe the different phases of the load- 
deflection diagram of each beam. Loads PI and P2 defined sudden changes in slope and P3 

was the ultimate load. Flange and weld yield stresses were obtained from beam coupon 
tests and full depth stiffeners were provided at support reaction points. Beams A, B and E 
failed under web buckling in the zone of maximum shear. The beams F and G failed by 
lateral torsional buckling and were thus omitted from further study herein. Beams C and D 
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had deep (200mm) plates at mid-depth and were reported as failing by web-post buckling. 
Estimated strengths of the posts of these two beams, using the column strength formula of 
CSA (1994) assuming widths were equal to the maximum and minimum actual widths, 
bracket the ultimate test value of the concentrated load. It was therefore evident that these 
were compression buckling failures under the action of the concentrated loads acting 
directly above the un-stiffened web-posts. Since this mode was not being studied, these two 
beams were not considered further. 

Halleux (1967), [Experimental work] 

Five types of beams with different geometrical properties, all fabricated from the IPE300 

rolled steel sections, were tested to destruction under two equal concentrated loads applied 

as the third-span points. The experimental failure load was based on the intersection of the 
tangent to the linear part of the load against a deflection diagram with the tangent to the 

almost horizontal part of the curve. Measured yield stresses were not reported. Calculations 
in the reference were based on the yield stress of the material, that is, 24 kg/mm2 (235 

MPa), and it was later stated that yield stresses determined from un-reported tensile tests 

were significantly higher than the above mentioned value. Therefore, due to the uncertainty 
in the yield stresses the reported results must be treated circumspectly. 

Sherbourne (1966), [Experimental work] 

This test program was designed to investigate the interaction of shear and moment forces 

on the behaviour of castellated beams under varying load conditions. The test arrangement 

consisted of simply supported beams with full depth bearing stiffeners under load and 

reaction points. Seven tests were performed which ranged from pure shear to pure bending 

loading conditions. Load against deflection curves were given in the paper. From these the 

ultimate loads and loads obtained from the intersection of tangents to the initial linear part 

and to the almost linear post-yield part were obtained. Beam El, subjected to a single 
concentrated load at mid-span, failed through extensive yielding of the throat at mid-depth 
of the web-post between the first and the second web opening. Beam E2 was designed to 
investigate the effect of pure moment and was subjected to two concentrated point loads. 

The failure of this beam occurred outside the central control section and was associated 
with extensive yielding in the end zones experiencing both shear and moment forces. The 

web opening closest to the load was the most severely damaged. Web buckling was the 

mode of failure of specimen E3 in the zone of maximum shear, under the two point loading 

system. Specimen E4 was designed to study the effect of pure shear across the central web 
opening. The deflection curve demonstrates considerable strain-hardening, and web 
buckling was the observed mode of failure. Beams LI, L2 and L3 were tested under pure 
bending moments. The first two were reported to fail by flexural mechanisms. L3 was also 
reported to fail by flexural mechanism; however, lateral torsional buckling was also 
associated with the failure mode. 
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2.3.3 Perforated beams of other materials 

In this sub-chapter, a literature review on non-composite perforated non-steel beams is 

conducted. Such beams are commonly used as wall studs, floor joists and components for 

roof trusses in both commercial and residential construction as well as in other applications 
such as aeronautical, mechanical and shipbuilding engineering. Calibrations against finite 

element tests are presented in some cases. 

Elhajj, Fuller and Crandell (1999), [Experimental work] 

In this comprehensive research, a total of 67 cold formed steel (CFS) joist specimens were 
tested, including 15 for pure bending, 15 for pure shear, 16 for combined bending and 
shear, and 21 for web crippling. Design recommendations were based on full-scale C- 

section beams having web height-to-thickness ratios as high as 200 and web opening depth- 
to-web depth ratios as high as 0.8. The test program considered rectangular and circular 
web openings. Three web opening diameters were studied: 5.1cm and 10.2cm web 
openings in 15.2cm deep C-section beams and 15.2cm web openings in 20.3cm deep C- 

section beams. All steel materials had a minimum specified tensile strength of 228 and 
345MPa. The total load was applied at one or two points equidistant from the reactions. 

When thin steel bending members with web openings were subjected to loads, three failure 

modes had occurred: (a) bending, (b) shear, or (c) web crippling. Test results have shown 
that the equations of the American Iron and Steel Institute (AISI) Design Specification 

could be used to conservatively predict the moment capacity, shear strength, web crippling 
strength, and combined bending and shear strength of CFS joist members (C-sections) with 
folded web openings. Based on the findings of this study, the following conclusions were 
made regarding the behaviour of CFS floor joists with relatively large, stiffened web 

openings (i. e. folded edges) under gravity loads: 

" The presence of web openings with folded edges did not reduce the ultimate shear and 
bending. 

" The presence of web openings did not promulgate any failure. 

" Shear strength was not a controlling factor in the design of CFS joists with folded 

openings as identified in this report. 

Shan, LaBoube and Yu (1996), [Experimental work] 

In this paper, the behaviour of standard industrial cold formed steel C-shaped members 
with web openings subjected to combined bending moment and shear force was studied. In 
total, sixty-eight beam tests having three different elongated web opening sizes 
(3.81x10.16cm, 1.91x10.16cm, and 1.91x5.08cm); located at the mid-height of the web, 
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were examined. Also, two common standard C-section depths of 6.35 and 9.21cm were 
used. Each beam specimen was tested as a simply supported beam subjected to a 
concentrated load at mid-span. Particularly, this study included the loading conditions of 
bending, shear, web crippling, and the combination of these. 

It was noticed that, for each test specimen the failure shear load for each web was 1/4 of the 
maximum mid-span load. The corresponding mid-span bending moment was computed on 
the basis of the failure shear load and the member's span length. It is worth mentioning, 
that for these test specimens which failed by the combined bending and shear behaviour, 
the failure pattern was defined by a bending failure at mid-span and a diagonal shear failure 

around the corners of the web opening. These two failure patterns occurred simultaneously 
as the ultimate load was achieved. 

Based on the outcome of this investigation, it was concluded that the interaction equation 
employed by the AISI specification, provided an adequate prediction, when the shear and 
bending capacities were modified to account the influence of the web opening. 

2.3.4 Recommendations for research on non-composite perforated beams 

Many researchers have experimentally studied perforated beams with various standard web 
opening shapes. Web opening shapes mainly found in the literature are hexagonal (in some 
cases with an extra mid-depth plate which then creates an octagonal shape), circular; 
rectangular; square or elongated (i. e. ̀ extended'). 

It was remarkable to note that octagonal web openings behave better than hexagonal ones 
and they also manufactured easier than circular web openings. From local FE studies it is 

also seen that web opening cut-outs with rhomboidal shapes lead to lower stresses than 

circular cut-outs, due to the very narrow opening length at the top and bottom tee-sections. 

The majority of the latter studies were based on global analyses with a combination of 
forces acting on the perforated beams. Therefore, many parameters were included 

simultaneously and so unpredicted failure modes were obtained without a way to really tell 

which parameter affects the results in every particular case. The advantage is that there are 

plenty of real life test results, and so the FE models can be validated against them and then 

create local FE parametric studies which will non-dimensionalised the results and resolve 
the complex problems. 

Also, the web opening size limits in this research programme will be generally increased to 
80% of the beams' final depth instead of 75%; which was the maximum size found in the 

past. The purpose of this is to either lighten the beam or to increase their final depth after 
profile cutting manufacturing procedure. 

FE research has only been established in the last decade, and it is concerned with various 
standard web openings. After reviewing the literature research on non-composite perforated 
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beams, it is believed that various standard as well as non-standard web openings need to be 
further investigated. In addition, all geometric parameters defining the web opening shapes 
as well as the beam section sizes are going to be examined separately. Besides, all 
experimental and FE studies in this research are going to be conducted on UB sections, for 
direct use from practical engineers in UK. 

2.4 REVIEW OF COMPOSITE BEAMS 

2.4.1 Introduction 

Many research papers with experimental, analytical and FE work found in the literature 

review regarding conventional composite flooring systems, as shown in Figure 2.8(a) 
below. Conventional composite flooring systems have been already incorporated by many 
design code procedures (EC4 Part 1.1: 2004, ANSI/AISC 360-05: 2005 and PR NBR 
8800: 2007). 

For conventional composite construction, with the slab connected on top of the flange of 
the perforated beam (Figure 2.9), research has shown that the concrete slab contributes 
significantly to the vertical shear strength. Tests on short-span composite plate girders with 
web openings are initially carried out by Narayanan et al. (1989) and Roberts and Al- 

Amery (1991). These tests showed that the shear strength of a composite plate girder is 

significantly higher than that of a steel plate girder alone, if adequate shear connectors (i. e. 

shear studs, etc. ) are provided in the composite girder. In addition, the composite action 
under predominantly shear loading depends on the tensile or pullout strength of the shear 
connectors. Also, a limited shear connection between the slab and steel beam within the 
length of the web opening was found. Therefore, the low level compressive stress due to 
high shear forces in the concrete slab was the main problem. Analytical models including a 

contribution from the slab are proposed for determining the shear strength of composite 
plate girders. Experiments conducted by Clawson and Darwin (1982) and Donahey and 
Darwin (1988) indicated that the behaviour of composite beams with web openings is 
largely controlled by the shear-moment ratio at the opening. Darwin and Donahey (1988) 

proposed an equation to express the ultimate shear-moment relationship for composite 
beams with web openings. 

However, structures such as high-rise residential buildings need shallow flooring systems, 
since the floor-to-floor height is a significant factor; especially in restricted city areas 
(Mullett and Lawson, 1993). The fact that a conventional composite beam is deeper than a 
reinforced concrete beam is a strong disadvantage. Hence, in several situations it was 
important to reduce the overall depth of the floor using partially encased composite beams 

such as in Figure 2.8(b), (c) and (e). The entrapped concrete between the flanges of the 
beam also has other advantages, such as increased fire resistance, load carrying capacity, 
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local buckling stiffness and dramatic increase in the bending stiffness compared to 

conventional beams. Also, these composite beams with thin steel decks lying on the bottom 

steel flange are commonly used in steel structures. A lower construction cost compared to 
the reinforced concrete or the steel frame systems is obtained by using encased beams and 
hence eliminating the construction time and number of formworks and scaffoldings 
(Bernuzzi et al., 1996, Viest and Colaco, 1997, Hegger and Goralski, 2005 and Dipaola et 
al., 2006). 

Comparing conventional composite flooring systems (Figure 2.8(a) and 2.9) and partially 
encased composite beams (Figure 2.8(b), (c) and (e)), it is seen that the concrete between 
flanges in the latter case increases the bending stiffness and reduces the vertical 
displacements. Despite the advantages in terms of structural behaviour and cost, the 

encased beam is a constructive solution not totally understood yet. In addition, the 
disadvantage of such partially encased composite beams is that their span is limited to less 

than 12m (ECCS, 1995) mainly because of its increased weight. Also, the beam-to-column 

connection is commonly pinned and is not suitable for moment resisting frames. 
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Figure 2.8: Examples of composite beams 

Figure 2.9: Conventional composite construction (Corus) 

2.4.2 Partially encased steel perforated beams with concrete in-fill 

While numerous research papers were found in the literature review regarding conventional 
composite flooring systems with the use of plane and perforated steel beams and partially 
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encased composite beams with the use of plain steel sections, only recently has very limited 

study been established on partially encased composite beams with the use of perforated 
steel sections. This allows for lighter construction as well as improved shear connection 
systems to be achieved as a result of the concrete pass through the web openings. In some 
cases shear reinforcement or other mechanical shear connectors pass through the steel web 
openings to enhance the composite shear connection. 

2.4.2.1 Papers regarding composite action study 

De Nardin and El Debs (2009), [Experimental work] 

Investigation on the static behaviour of three partially encased composite beams with the 

use of perforated steel sections under flexural condition in the context of studying some 
alternative positions for the headed studs is conducted (Figure 2.8). Experimental results 
showed that the headed studs provide the composite action and increase the bending 

strength. Analytically, the specimens with headed studs can be considered ductile and the 
behaviour is almost elasto-plastic, while the specimen without shear connectors slightly 
decreased in the applied load after the ultimate load carrying capacity was reached. 
Therefore, both headed studs horizontally and vertically welded on the steel profile can be 

effectively used to provide composite action. 

Wang, Yang, Shi, and Zhang (2009), [Experimental work] 

Experimental investigation on the flexural behaviour of two specimens of composite slim 
frame beam with deep deck under monotonic loading was established. Based on the 
experimental results; formulas calculating the bending capacity and flexural stiffness in the 
hogging moment region of the slim beam with deep deck were proposed. Also, formulas 
for the equivalent stiffness and the design method of the frame slim beams were given. 
Important conclusions are made for this study, such as Bernoulli's principle is consisted 
with the experimental results in the elastic stage. Moreover, at the ultimate limit state steel 
flanges, webs as well as reinforcement bars yield while the composite beam demonstrates 
significant ductility. Finally, it was found that the concrete ribs in the deep deck make little 

contribution to the stiffness of the frame beam. The concrete ribs can be neglected during 
the calculation of loading capacity and stiffness of the composite slim beam. 

Ju, Chun and Kim (2009), [Experimental work] 

Newly developed partially encased composite beams using asymmetric steel sections with 
semi-hexagonal (trapezoidal) web openings were proposed and experimentally explored. 
Shear connectors were not used for the proposed composite beam. Instead, longitudinal 

shear strength was obtained through the bond strength of the interface between concrete 
and steel, and the bearing strength of the opened web area. In this paper, the flexural 
behaviour of the proposed beams was assessed using the simple beam test. For comparison, 
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a slim floor beam was tested. A bare steel beam was also tested to evaluate resistance under 
construction loads. 

It was found that the ultimate strength of the proposed system exceeded the design value. 
Beams were failed due to concrete crushing in the compression zone without bond or local 

failure. Complete composite action before yield and partial composite action after yield is 

the design objective. Therefore, the proposed system was enabled to develop sufficient 
ductility, strength and consequently effective composite behaviour, without causing 

serviceability problems. In addition, the longitudinal shear strength of the proposed system 

consisted of the bond strength between the steel and the concrete and the bearing strength 

of the web opening area. Furthermore, the non-composite steel beam failed because of 
buckling at the upper flange. 

2.4.3 Recommendations for research on partially encased perforated steel beams 

In order to minimize the structural depth of the composite sections, steel perforated beams 

are designed to act compositely with floor slabs lying within the steel flanges (Figure 

2.10). This is part of a wider research programme which takes place at City University, 

London and investigates the vertical shear strength due to the entrapped concrete between 

the steel flanges and the longitudinal shear strength due to the innovative shear connectors 
(i. e. shear studs on the web of the I-section, reinforcing tie-bars or service ducting passing 
through the web openings). The composite beams are called Ultra Shallow Floor Beams 

(USFB) and they are designed by ASD Westok Ltd. 

The steel section is fabricated by welding two highly asymmetric cellular tee-sections 

together along the webs resulting in a large bottom flange. Either precast concrete floor 

units or profiled steel decking rest on the bottom flange of the USFB creating a very 

shallow floor beam construction system, thus minimising the overall structural depth. A 

special end diaphragm is used for deep decking floor applications so that the concrete fully 

surrounds the steel section, apart from the bottom flange. In-situ concrete fills the web 

openings as the floor slabs are cast. 

Up to the present, there has been very limited information on this topic; even though this 

construction method has already been used in a few projects. More test data are needed for 

the rational development of an appropriate design method. In addition to that, advanced FE 

models are necessary to investigate composite beams with different material properties as 
well as to study in detail the effect of the shear bond between the steel and the concrete. 
Based on this model, different practical constructional features, such as composite beams 

with various web opening shapes and sizes, composite beams with asymmetric steel 
sections, as well as eccentric web openings would be easier investigated in the future. 
Moreover, currently engineers are strongly encouraged to examine the USFBs while full 

49 



Chapter 2 Literature Review 

structural advantages are offered by composite construction, such as providing some 
service integration. 

In this research project, only the effect from the bond strength of the interface between the 
steel and the concrete as well as the bearing strength of the opened web area is explored 
and presented. 
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Figure 2.10: Cross-section configuration of the USFB (left) and deep decking floor application 
(right) 

2.5 THEORETICAL BACKGROUND FOR THIS RESEARCH STUDY 

2.5.1 Introduction 

The load carrying capacity of a perforated beam is the smaller between its overall strength 
in flexure and lateral buckling, and the smaller among its local strength of the web-posts, 
top and bottom tee-sections. In practical applications, the beams are laterally restrained, 
causing local effects in the vicinity of the web openings to control the design. Therefore, a 
beam should be checked for both its overall and local strength for ultimate and 
serviceability limit states. 

2.5.2 Overall strength 

The overall beam behaviour should be checked for: 

" Beam flexural capacity 

" Beam shear capacity and 

" Overall beam buckling 

The overall flexural capacity is assessed by considering the plastic moment capacity of the 
cross section through the centre-line of the web opening. 

The vertical shear capacity of the beam is also governed by the cross section through the 
centre-line of the web opening. The shear capacity is equal to the sum of the shear 
capacities of the top and bottom tee-sections. The horizontal shear capacity depends on the 
minimum cross sectional area of the web-post. 
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Beams without lateral restraint are likely to fail by lateral torsional buckling. In comparison 
to their parent solid (i. e. plain) web sections, perforated beams are more prone to buckle 
laterally because of the relatively deep and slender section and the reduced torsional 

stiffness of the web. 

2.5.3 Local strength 

The local carrying capacity of a perforated beam may be limited by the local bending and 
shear strength of the web-posts, top and bottom tee-sections. These likely weak areas are 
indicated in Figure 2.11 below. Figure 2.11 also illustrates the key parameters presented in 

this research. 
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Figure 2.11: Cellular beam (key parameters) 

2.5.4 Bending modes 
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Vierendeel bending is caused by the need to transfer the shear force across the web 
openings to be consistent with the rate of change of the bending moment along the beam. 
The flexural capacity of the top and bottom tee-sections under Vierendeel bending is 

critical. In the absence of local or overall instability, perforated beams with standard web 
openings have two basic modes of collapse, which depend upon the geometry and the 

position of the web opening. They are: 

" Plastic tension and compression stress blocks in the top and bottom tee-sections in 

regions of high overall buckling (Figure 2.12(a)). 

" Parallelogram or Vierendeel action due to the formation of plastic hinges at the four 

corners or at specific angles around the web opening, in regions of high shear (Figure 
2.12(b)). 
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Figure 2.12: (a) Yielding due to high bending and (b) Yielding due to high shear (SCI publication 
100,1990) 

2.5.5 Vierendeel mechanism 

The presence of a single (i. e. isolated) web opening in a steel beam introduces three 
different modes of failure at the perforated beams: 

I. Flexural failure due to reduced moment capacity 
2. Shear failure due to reduced shear capacity and 
3. the Vierendeel mechanism, as shown in Figure 2.13 below, due to the formation of 

four plastic hinges in the tee-sections above and below the web openings under the 
Vierendeel action. 
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Figure 2.13: Vierendeel mechanism around the circular web opening and location of plastic hinges 
(Chung et al., 2000) 

A failure mode due to a general Vierendeel bending may normally result in the formation 

of four plastic hinges in the vicinity of the web openings, following load redistribution after 
the initial plastic hinge formation at the low moment side (LMS) of the top tee-section 
(Figure 2.13). For particular web opening shapes, these critical positions can be found at 
the sharp-edged corners. 
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2.5.6 Design methods for study the Vierendeel mechanism 

An overall review of the design recommendations shows that in general, there are two 
design methods (Chung et al., 2000) in assessing the structural behaviour of steel beams 

with web openings: 

" Perforated section design. In this method, the structural adequacy of the perforated 
section, which is critical, depends on the section capacities under co-existing shear 
force and bending moment due to global actions. Shear-moment interaction curves can 
be used simply but the results are often considered as very conservative. 

" Tee-section design. In contrast to the previous method, the perforated section is 
considered to be made up of two top or bottom tee-sections which are separated by a 
distance according to the height of the web opening (Figure 2.14). In this method all 
the global actions are represented as local forces and moments and the structural 
adequacy of the steel beams depends on the section capacities of the tee-sections under 
co-existing axial forces, shear forces and local moments. However, because of the 
complexity of the problems in this method, approximate design expressions could be 
presented and used in order to minimize the calculation effort, even if they are leading 
to conservative results. 

2.5.7 Analytical study of Vierendeel mechanism 

Consider a circular web opening of diameter da formed in a steel beam of overall depth h, 
as shown in Figure 2.13 previously. The global bending moment and the global shear force 

at the centre-line of the web opening are Md and VSd, respectively. 

The moment capacity of the perforated section, MO, Rd, is given as follows: 

Pi -4 (2.1) MO, Rd = fywo, 
Pl 

> MSd, Wo, PI =W 
dotal 

The shear capacity of the perforated section, Vo, Rd, is given as follows: 

VO, Rd = fvAvo ? Vsd, Avo = Av - dotty (2.2) 

Where f, taken as 
O'Y öy 

and Av is equal to ht, conservatively according to BS5950 Part 1. 

The value of material partial safety factor yMo is mainly lying between I and 1.15 as it is 
indicated in the literature (Kala, 2007). In cases of using higher values than unity an 
overestimated approach is obtained. 

It is worth mentioning, from the demonstration of the above formulas, that the reduction in 
the shear capacity is more pronounced when compared to the reduction in the moment 
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capacity, as the presence of the opening in the web reduces the shear area of the section 
significantly but the reduction to the section modulus is small. 

Global actions on perforated sections result the tee-sections above and below the web 

opening to be subjected to three co-existing actions as shown in Figure 2.14: 

" Axial force Nq sd due to the global bending moment, M 

" Shear force Vg,, sd due to the global shear force, Vsd and 

" Local bending moment M4,,, d due to the transfer of shear force across the opening. 

When the perforated section is subjected under large Msd and V, at the centre-line of the 

web opening, the formation of four plastic hinges at critical locations of the tee-sections 

under the co-existing V9, sd, Nq sd and M9,,, takes place, as a result of the Vierendeel action. 
These forces are depicted in Figure 2.14. 

At the cross-section with qp is equal to zero (pure bending moment case), the shear force 

Vo, sd, the axial force N0,1, and the bending moment M0,1, could be evaluated as follows: 

Vo, Sd = 
1/2 VSd (2.3(a)) 

- 21r 
No, sd =1NINh Msd (2.3(b)) 

c 

M0, Sd = 
IT 

IN MSd (2.3 Cc)) 
N 

It is assumed that the global shear force Vsj is equally resisted by the top and the bottom 

tee-sections, in cases where the web opening is located away from any support or any 

concentrated load by a distance of at least twice the section depth. On the other hand, the 
bending moment M&j is assessed according to the deformation compatibility between the 

un-perforated section and the tee-sections under the global bending action (Liu and Chung, 
1999). 
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Figure 2.14: Local forces acting at the incline cross-section (Chung et al., 2000) 
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2.5.7.1 Plastic hinge formation at the low moment side (LMS) of the web opening 

According to the geometry of a cross section, at a point of an angle cp from the vertical 
centre-line of the web opening, at the LMS of the web opening, the shear force Vq , the 'Sd 

axial force N0, &1, and the bending moment Mq,, sd acting at the centroids of the tee-section are 
given as follows: 

NN, sd = No, sd cos 
(2) + VO, sa sin (ýo) (2.4(a)) 

VV, sd = N0, sa sin 
(2) 

- Vosd cos 
(2) (2.4(b)) 

MM, sd = Vo, SdU - No, sdv - Mo,. d (hogging) (2.4(c)) 

The resultant stress distribution under the co-existing actions is also depicted in Figure 

2.14. 

The increase in the angle (p results from the variation of the stress distribution from elastic 

to plastic under the increased local bending moment M. and hence the stress in the web of 
the top tee-section to be more compressive than that in the flange. However, usually cross 

sections with large (p are elastic due to large web depth. Particularly, the formation of a 

plastic hinge at a cross section announces that the actions on this section are large while the 

capacities are not. In this case the value of (p is designated as (pp. The same concept also fits 

the bottom tee-section. 

The local moment capacity of the tee-sections may be evaluated according to a linear 

interaction formula as follows: 

Nw, sd M4osa 
Nw, Ra Mw, Rd 

According to Eurocode 3: Part 1.1, in the presence of high shear force Vq, sd, both the axial 
force NN, &1 and the moment capacity Mgsd, will be reduced and re-designed as Nq,, d and 
Vvv, sd, respectively. Particularly, the position of the plastic hinges is dependent on the 

presence of high axial and shear forces. Moreover, during the evaluation of the moment 

capacities of the tee-sections against the Vierendeel action, the depth of the web depends 

on the positions of the plastic hinges. 

2.5.7.2 Plastic hinge formation at the high moment side (HMS) of the web opening 

In Figure 2.14 above, the top tee-section at the HMS of the web opening is also illustrated. 

On that side in contrast with the LMS, as the direction of the shear force is reversed, the 
flange of the top tee-section has a higher compressive stress than that in the web. Hence, 
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the co-existing forces at cross-sections of the plane with an angle V from the vertical are 
given as follows: 

Ný, sd = No, sd cos (2) 
-Vosd sin (2) (2.6(a)) 

VW, sd = No,. d sin 
(2) +V0, sd cos (Z) (2.6(b)) 

MM, sd = VO, SdU + No, sdv + Mo. sd (sagging) (2.6(c)) 

Due to the axial force on the moment capacity of the tee-section, when the stress in the web 
is smaller than that in the flange, the HMS plastic hinges will form at a higher load level of 
VSd and M, than those at the LMS. Therefore, the interaction curves for the formation of 
the LMS and HMS at cross sections become apparent when there are large co-existing 

moment and shear forces, i. e. 
vsd , 

MSd 
, 

due to the Vierendeel action. However, there is 
VO, Rd MO, Rd 

little difference between LMS and HMS curves at cross-sections under pure shear or 
bending. 

2.5.7.3 Comparison between LMS and HMS 

In order to demonstrate the structural performance of perforated steel beams with circular 
web openings, a shear-moment interaction curve under global actions was developed by 
Chung et. al (2000). For a global bending moment Msd, a global shear force V always 
corresponds, which causes failure of the perforated section. 

A typical interaction curve relating the shear utilization ratio vsd and the moment Vo, Rd 

utilization ratio Msd is plotted in Figure 2.15. This refers to a simply supported beam 
Mo, Rd 

with a web opening at various different positions along the beam span every time. The steel 
beam is UB 457x152x52 (S275) and the diameter of the circular web opening do, is equal 
to 0.75h. 

It was noticed that the angle cop varied from 0° for cross sections under pure moment to 

approximately 28° for cross sections under pure shear. The typical value of cop was taken as 
25° conservatively. Figure 2.15 showed that the simplified method (i. e. cop equal to 25°) 

match very well with the curve LMS. Therefore, it was considered as an effective and 
conservative simplification for the formation of the LMS plastic hinges. Moreover, 

comparing the curves it was found that the LMS plastic hinges always form before the 
HMS plastic hinges. However, after the formation of the LMS plastic hinges, there was 
load redistribution across the web opening and the HMS plastic hinges were formed in a 
slightly different way, as it was anticipated. 

56 



Chapter 2 Literature Review 

1.2 T-----r-----r-----r-----r-----r-----r-----r-----r-----r---- r- 1- ----1 1IIIIIIII 
1111111I1 

]. 1 + ---- -----ý 
'------------------------------------------'----- '---- 

-' 1IIIII1II 

` 
-----  -aý ftL 

ýP_k ýq ffl_! A- ß_R41.. ß. 1s` 
---------'------'------' 

0.9 
-ß". I'7-i -r- 

f'. 
-r-----------r-----r-----r---- - 

"1 
"" 

"I. 
f ~Iý. LMý I,  II1 

0.8 . "_ "''ý-' 

----' -----------I 
. 

-----' -----' 
1I1I 

"" " 
4f 1I 1I1 

. 
ý. 

1f . 

-L-----L-----L- ---L-----L--ý` 
L-=- 1----'-'------'------'----- 

ýQ 
"""I 

_-_-I ----1 
"f   

0.6 
.. 1  

a, f 
1  

" O. S ----- -- --MR� --r-----r-----r-----r-----r-ý i-fir -f ---r -----r -----1 

mplifie4 wth 111. M,  110.4 
+- ---! = 25;. deg'ee?. ----- ------ ------ ------ ----A 

ý"F-; 
------; ----- I1. "ý 

. "  

0.3 _____ L_____ L_____ L_____ L_____ L, __-__I___ý iIL. 
1 "ý1 1 

11I1. "+1 1 
A- 

f. 
----I 

.. 
.. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

M,, / MO, RJ 

Figure 2.15: Comparison of LMS and HMS curves (Chung et. al, 2000) 

2.5.8 Web-post strength 

1.1 1.2 1 

The ultimate strength of a web-post is governed by either a flexural failure caused by the 
development of a plastic hinge in the web-post, or a buckling failure of the web-post. The 
failure mode depends on the geometry of the web-post, as governed by the web thickness 

and the ratio S/do (web opening spacing to web opening diameter ratio). 

The web-post between adjacent web openings is subject to high stresses due to: 

" Horizontal shear on its narrowest width 

" Compression due to transfer of vertical shear and 

" Bending due to Vierendeel action. 

The interaction is more complex because of the possibility of buckling due to combinations 
of all these effects. 

A series of non-linear finite element analyses were undertaken to develop design curves 
(Ward; SCI P-100,1990). Assuming elasto-plastic behaviour and using a substructure 
comprising a web-post and tee-sections, the design capacity was examined. The analytical 
results for a full model of one-half of the symmetrical beam, and a substructure comprising 
a web-post and tee-sections were in close agreement (Figure 2.16). It was found that an 
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increase in the web thickness from 5 to 7.8mm doubles the capacity and alters the mode of 
failure from buckling to flexural failure (Figure 2.17). 

From a parametric FE study, design equations based on the following parameters were 
developed: 

" S/da = web opening spacing to web opening diameter ratio 
" ,,, It,, = web opening diameter to web thickness ratio 
" MM, = ratio of web-post moment (M = 0.9RVh) at section A-A in Figure 2.18 to the 

ultimate elastic moment at this section (Me = Zfy). 

As web-post buckling was found to be dependent on the ratios S/Do and DJt, the design 
equation for predicting web-post strength was based in the polynomial curve: 

2 

Me -Cl\ al-C2(a-) -C3 (2.7) 

Where: 

z 
Cl =Al+Az(d°)+A3(t 

wwd2 

Cl =A4+AsCdr)+A6( t--) tw w 
2 

) 
C1 =A7+AS( 

dW)+A9( 
-0 

By using the latter design equations and the analytical finite element results, strength 
curves were generated and used for the web-post flexural and buckling strength check. In 
SCI publication 100, these equations are presented and are valid only for 1.08 < S/D0 < 1.5. 
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Figure 2.18: Equivalent hexagonal castellated beam for calculating deflections (SCI publication 
100,1990) 

2.5.9 Summary 

To summarize, it is shown that final failure is dominated by Vierendeel failure for high 

axial force in the tee-section, and web-post failure for low axial force in the tee-section. 
This is confirmed by Von-Mises stress patterns, which indicate the critical positions of the 
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Vierendeel bending and the web-post buckling in the tee-section (Figure 2.19). These two 
dominant failure modes are going to be extensively studied in the next chapters for 

composite and non-composite perforated beams with various web opening shapes, sizes 
and positions along the beams' length. 

(a) 

roº Web-post budding 

Figure 2.19: Stress contours indicating failures due to (a) Vierendeel bending and (b) web-post 
buckling 

2.6 SERVICEABILITY LIMIT STATE CONSIDERATION (SLS) 

2.6.1 Steel perforated beams 

The web openings contribute to increased deflections due to elastic effects caused by the 
local variations in bending and shear stiffness along the beam. The existence of web 
openings reduce the local moment of inertia of beams which results in an increase in the 

maximum deflection. Also, web openings result in a local decrease of the shear stiffness 
which leads to high deflections at the length of the web openings. The first effect is often 
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greatest when the web opening is located in a region of high moment, while the latter when 
the web opening is in a region of high shear. It is not necessary to check for local stresses in 

the vicinity of the web openings at the serviceability limit state because local yielding has a 
negligible effect on deflections. 

Several design procedures have been developed for structural steel beams with web 
openings (ASCE, 1973; Cho and Redwood, 1986; Clawson and Darwin, 1980; Darwin and 
Lucas, 1990; Donahey, 1987; Donahey and Darwin, 1986; Donoghue, 1982; Dougherty, 
1980; Kussman and Cooper, 1976; Redwood, 1968 and 1971; Redwood and Poumbouras, 

1984; Redwood and Shrivastava, 1980; Redwood and Wong, 1982; Wang et al., 1975). 

CIRIA/SCI (Lawson, 1987) provides two formulas for calculating the additional 
deflections for beams with two web openings symmetrically located in the span; either with 
uniform loading or a central point load, while the web openings are positioned at the mid- 
depth of the beam. It was indicated that the additional deflections under these conditions 
are only slightly greater than the deflection of an un-perforated beam. If the deflection of 
the perforated beam is more than 5% of the maximum permissible limit, then a heavier or 
deeper section could be chosen. 

BS 5950: Part 1 gives recommendations on limiting values for deflections under un- 
factored imposed loads. To ensure an adequate design, the secondary deflections occurring 

at the web openings should be added to the primary deflections due to overall bending of 
the beam. 

The increase in deflection, as it was found from Liu and Chung (1999), is mainly due to the 
local bending as a result of Vierendeel bending moment and shear force, and the rotation 
caused by the differential axial deformation between the top and the bottom tee-sections. 
For a simply supported beam, the additional elastic deflection S� at the web opening due to 

a combination of global bending moment, M, and shear force, V, at the web opening can be 

calculated by the following equation: 

_ 
LxZ VAx3 M 

EI 
(L5! x 2+ 24E1 

(2.8) 
NT 

Figure 2.20: Additional deflection due to web opening (Liu and Chung, 1999) 
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2.6.2 Composite beams 

When composite beams with perforated steel sections (conventional composite flooring 

systems) are considered, engineers need to know the magnitude of additional shear and 
bending deflections due to each web opening existence. SCI (2008) has suggested that 3% 

additional imposed load deflection should be allowed for each web opening, provided that 
the composite section at these web openings also satisfies the resistance criteria for shear, 
overall bending and local (or Vierendeel) bending. This extra deflection value was based on 

observations from analyses, and from a series of composite beam tests with stiffened and 

un-stiffened large rectangular web openings, carried out by Lawson et al. (1992). However, 

this approach is very conservative where circular web openings are used. Also, it was 

noticed that additional deflections could be neglected when web openings with diameters 

smaller than 0.7h are used, whereas the anticipated extra deflection for web openings with 
diameters equal to 0.8h is 2.5 times greater than the ones with diameters equal to 0.7h. 

Moreover, when a series of web openings along the beam is considered, the additional 
deflection is typically evaluated to be between 5 and 15%. 

In BS5950, deflections are calculated using an appropriate modular ratio, depending on the 

proportion of variable loads considered as permanent. Deflections are also increased due to 

slip. According to EC3 the deflection limits in SLS are taken as: (i) span/300 for imposed 
load and (ii) span/250 for total load. 

2.7 RECOMMENDATIONS FOR SPECIMEN CHOICE 

In the literature by Lagaros et al. (2008) was found that the `maximum diameter of a 
circular opening should not exceed 0.75 times the final depth of the beam. An investigation 

of rational depths of castellated steel I-beams has recently been conducted (Dervinis and 
Kvedaras, 2008) and the following conclusions have been made: 

" "When the web thickness is 6mm and the web depth increases, the ultimate load 

remains almost the same. This happens due to local stability of the web. However, when 
the web thickness increases, the influence of the web depth is larger. " 

" "When the diameter of perforation increases, the ultimate load decreases. " Hence, in 

order to be conservative, the maximum possible web opening diameter should be used 
(e. g. do=0.8h). 

" In addition to that, "the bigger is the ultimate load, the more it declines when the web 
opening depth increases". This makes necessary to evaluate and compare the results 
when high loads are applied. 

" "The bigger the web depth, the higher the influence of the perforation diameter on the 
load carrying capacity ". 
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2.8 CONCLUSIONS 

Non-composite beams: 

The above review has demonstrated the structural behaviour of non-composite perforated 
steel beams with standard typical and elongated web openings of circular, hexagonal and 
rectangular shapes. Nevertheless, a non-significant amount of work has been conducted on 
perforated steel beams with non-standard web openings such as elliptical web openings 
shapes, combination of web opening shapes, and rotated axes of the web openings that 

provide an eccentricity to the top and bottom tee-sections. Such web openings could be 

useful for architecturally pleasing structures and special applications with constructional 
and cost impact. Moreover, non emphasis was given to the manufacturing procedure of 
such beams and their improvement in terms of cost. In this research programme the 
manufacturing procedure will be directly related to the structural performance of the 

perforated beams. 

In the literature review the discussion was mainly focused on perforated beams with large 
web openings, however the maximum web opening depth found was 75% of the beam's 
final depth. In this research programme the maximum web opening size will be increased 
to 80% in order to integrate a higher number of services, lighten the structural form and 
lower the cost of manufacture, transportation and erection. Also, low weight structures are 
always of great interest in other engineering applications for various purposes. 

Although in the above review global analyses of non-composite perforated beams have 
been extensively reported and the results were somehow reliable, the combination of forces 
acting in the vicinity of the web openings, with many parameters included simultaneously, 
lead to unpredicted failure modes without a way to determine which parameter affects the 
results in every particular case. Hence, generally accepted design methods have not been 

established due to complexity of perforated beams and their associated modes of failure. 
This abundant experimental work on perforated beams with standard web openings can be 
used to compare and validate the new FE models. Numerous FE studies with an increased 

number of geometric and material parameters will provide non-dimensionalised results that 
resolve the complex problems. All experimental and FE studies in this research programme 
are going to be conducted on UB sections, for direct use from practical engineers in the 
UK, while for most of the experimental work undertaken in the review, American steel 
section properties were used. 

Composite beams: 

In regard to the review with studies of composite beams, conventional composite flooring 
systems (Figure 2.8) have been examined in the past. However, when perforated steel 
beams were used, they were lying under the concrete slab. Very limited studies have been 
found in regard to the partially encasement of perforated steel beams. On the other hand, in 
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this research programme a new structural form of composite beams will be introduced. 
Such beams allow for lighter construction. Also, improved shear connection systems will 
be achieved as a result of the concrete pass through the web openings. In addition, the 

structural depth of these composite sections is minimized as the steel perforated beams are 
designed to act compositely with floor slabs lying within the steel flanges (Figure 2.10). In 

real applications shear reinforcement and mechanical shear connectors such as either shear 
studs on the web, anchorage tie-bars, or ducting will pass through the steel web openings to 

enhance the steel-concrete shear connection. However, shear reinforcement and mechanical 
shear connectors are not going to be used in this thesis. The percentage of the vertical shear 
enhancement of the perforated steel beams due to the concrete infill is only under 
investigation. Until now, there has been very limited information on this topic, even though 
this construction method has already been used in a number of projects. More test data are 
needed for the rational development of an appropriate design method. In addition, advanced 
FE models are necessary to investigate composite beams in order to study in detail the 

effect of the shear bond between the steel and the concrete. Based on this model, different 

practical constructional features, such as composite beams with various web opening 
shapes and sizes and composite beams with asymmetric steel sections would be easier to 
investigate in the future. In this research project, only the effect from the bond strength of 
the interface between the steel and the concrete as well as the bearing strength of the 

opened web area will be explored and presented. 

In general, experimental work and FEM studies are necessary to widen the research on 
non-composite and composite perforated steel beams, providing data and test results to 
future researchers. Furthermore, non-dimensionalised results and empirical design methods 
will be proposed for the ease of use from practical engineers. 
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CHAPTER 3 

VIERENDEEL STUDY ON 

NON-COMPOSITE PERFORATED BEAMS 

3.1 INTRODUCTION 

Investigation of the Vierendeel mechanism in steel perforated beams with various 
standard and novel non-standard web openings is presented in this chapter. As it is 

aforementioned in sub-chapter 1.8.2 the application of the FE methodology is 
beneficial in this research programme. Numerous beam models need to be examined in 

order to obtain accurate results as there is very narrow research on such perforated 
beams with non-standard web opening shapes. Also, various parameters need to be 
isolated and investigated in order to understand the significance of their effects and in 

turn enhance the performance of perforated beams. FE solution provides a fast and 
cheap method of investigating structural forms in depth mainly looking at stresses and 
deflections and the results can be reliable after validation. The validation of the FE 

model is carried out through comparison with experimental work conducted in the past. 
An elaborated FE model is then established, with both material and geometrical non- 
linearity so that load redistribution across the web openings and formation of 
Vierendeel mechanism (i. e. four plastic hinges in the vicinity of the web openings) is 

taking place. The overall shear force and overall bending moment is also investigated 
by the effect of the interaction. 

Furthermore, the load carrying capacities of Universal steel beams of various mid-range 
section sizes are examined. The latter beams are of steel grade S275, for the ease of 
comparison with literature as well as for conservative reasons. However, the results are 
non-dimensionalised. Only one web opening at each side (i. e. half-span) of the beam is 

provided, while its position is changed in order to obtain different shear-moment 
interactions at the centre-lines of the web openings for every case. It should be noted 
that the web openings are formed by cut-out manufacturing procedures. 

In addition to the introduction of the non-standard web opening shapes, the maximum 
web opening size is now 80% of the final beam's depth; instead of 75% which was the 

maximum found in the literature. Also, in contrast to the previous studies; a bilinear 

material model is used to record the structural behaviour and the development of 
plasticity in tension or compression at a higher load level. The exact position (angles) of 
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the plastic hinges is also under consideration and consequently empirical design 
formulas are going to be developed for practical engineers. In conclusion, the 
geometrical factors which influence the structural behaviour of the perforated beams are 
going to be thoroughly assessed. 

The investigation is divided into the following parts: 

1. Validation of the FE model with an experimental work from literature: 

The construction of the finite element model which is appropriate for the Vierendeel 

study is described. The mesh refinement study follows in order to find an optimum 
element size for such analyses, in regards to the accuracy of the results and the time of 
the analysis. The FE model is then compared with the experimental work conducted in 

the literature (Redwood and McCutcheon, 1968), to validate the modelling technique 

and ensure the reliability of the results. Input data, boundary conditions and type of 
analysis, are provided. The FE software package ANSYS v11.0 is used for modelling. 

2. Validation of the FE model with a FE work from literature: 

A FE model of a steel perforated beam with circular web openings found in the 
literature (Chung et. al, 2000) and modelled according to part 1 above. Once again the 

results are compared and validated, while important recommendations are followed for 

part 3. 

3. Parametric FE study of the Vierendeel mechanism in perforated sections: 

After validation against the experimental work from the literature, a non-dimensional 
shear-moment interaction curve, namely FEM curve, is established for steel beams with 
various web opening shapes and sizes as well as mid-range section sizes. 

4. A simple design method: 

A proposed simple shear-moment interaction curve is then developed for practical 
design of steel perforated beams; based on the general design theoretical model found in 
the literature (Chung et. al, 2000). 

3.2 VALIDATION OF FE MODEL WITH AN EXPERIMENTAL WORK 

3.2.1 FE model 

The finite element model is validated against the test data of two steel I-section beams 

with single circular web openings, reported by Redwood and McCutcheon (1968). In 
Figure 3.1, test specimens with their geometrical details are depicted. 
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Figure 3.1: Geometrical properties of the test specimens 

In order to simulate the structural behaviour of the above steel beams with circular web 
openings, a finite element model is established as follows: 

With material non-linearity incorporated into the finite element model, it is capable 
of fully mobilizing the moment capacities of the tee-sections under co-existing axial 
and shear forces due to global action. The elastic modulus, E, assumed to be 
200GPa. A bi-linear stress-strain curve is adopted in the material modelling of steel 
together with Von-Miles yield criterion (Appendix 3) and the kinematic hardening 

rule which is suitable for most metals, including steel. 

" Moreover, when geometric non-linearity is incorporated into the finite element 
model, large deformation in the model is accurately predicted, allowing load 

redistribution in the web across the web opening after initial yielding. Thus, the 
Vierendeel mechanism with the formation of four plastic hinges in both the tee- 
sections above and below the web openings can be investigated in detail. 

3.2.2 Material properties 

The material properties of the steel beams as reported by McCutcheon (1968) are 
presented in Table 3.1 below. 

Measured Material Strengths Beam 2A Beam 3A 
(MPa) Yield Strength, f 352 311 

Flanges Tensile Strength, f,,,,. (MPa) 503 576 
Yield Strength, fy (MPa) 376 361 

Web Tensile Strength, f,,,. (MPa) 512 492 

Table 3.1: Material properties of the steel beams taken from coupon tests 
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3.2.3 Mesh refinement 

Convergence is one of the most overlooked issues that affect accuracy, namely; mesh 
refinement. This refers to the size of the elements required in a model to ensure that the 
results of an analysis are not affected by changing the size of the mesh. 

The rate of change of stress is dictated by the rate of change of load or geometry in the 

region of interest. Areas at which the load or geometry change; will require a more 
detailed mesh to give the same level of accuracy as a coarse mesh in a region of more 
uniform stress. In the subsequent models, the most interesting areas are the vicinity of 
the web openings. The convergence curve for this model is shown below, Figure 3.2. 
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Figure 3.2: Local mesh refinement with a "six-point convergence curve" 

An element size of 25mm is chosen for the meshing of the area in the vicinity of the 

web opening. No attempt to use a finer element is made, because this will result in a 
time consuming study and a transition region will be necessary. 

It is worth mentioning that the error estimation for the displacements is satisfied easier 
with mesh refinement compared to the error of the stresses, since a 4-noded element is 

used, as is shown below. 

3.2.4 Meshing 

In Figure 3.3 the FE model of a 2A test is illustrated, where the flanges and the web of 
the steel beam are modelled with an iso-parametric 4-noded quadrilateral plastic shell 
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element, SHELL 181. A circular web opening is formed in the web with refined mesh 
configuration in order to avoid discontinuities in stress contours across element 
boundaries. The same element size and type is used for the 3A test specimen, as well. 

After sensitivity studies on both the configuration and the density of the finite element 
mesh, it is found that over 6,050 shell elements are required to model the flanges, the 
web, the bearing plates at the supports and the web stiffeners, while 1,800 of these shell 
elements are located around the web opening. Respectively the number of shell 
elements that are required for the 3A test specimen after the sensitivity studies are 7,550 
along the whole beam while 1,800 of these shell elements are located around the web 
opening, as the 2A specimen. It is clearly noticed, that the total number of elements at 
the longer beam, 3A, is not dramatically increased because the right half of the beam is 

not of great importance as none of the web openings are formed; so coarser elements 
are utilised. The full Newton-Raphson solution procedure is used to analyze the beam 
during the entire deformation history. 

During the numerical investigation, it is necessary to ensure that the finite element 
models fail only at the perforated sections, similar to the corresponding real tests, and 
failure in other parts of the beam including overall instability is prohibited. Moreover, 
the web openings are free from any boundary effects or point loads. 

3.2.5 FE Results 

For both tests, the bending moment against mid-span deflection curves obtained from 
the finite element modelling are plotted in Figure 3.4 together with the measured test 
data from the literature for a direct comparison. It is shown that both the maximum 
moment capacities of the perforated sections and the deformation characteristics of the 
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beams are modelled satisfactorily. This provides confidence in the use of the developed 
FE model. 
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Figure 3.4: Comparison of load-deflection curves for tests 2A and 3A 

3.2.6 Yielding under Vierendeel mechanism 

After the non-linear (material and geometric) analysis, it is interesting to examine the 
stress distribution of the perforated beams at both first yield and failure conditions for 
instance of Beam 2A, as shown in Figure 3.5. 

As is depicted in Figure 3.5, the first yield approximately appeared in the web of the 
tee-sections at cross sections with cp=30° and cp=450. At the same time, a small amount 
of shear yielding is also slightly depicted in the web of the tee-sections at cross sections 
with cp=0°. However, this does not create a collapse mechanism and the beam continues 
to carry additional loading until Vierendeel moment is large enough to cause extensive 
yielding in the tee-sections. 

As it is clearly seen in Figure 3.5 and Von-Misses stresses at failure point both the 
webs and the flanges of the tee-sections at the HMS are extensively yielded. However, 

at the LMS, only the webs of the tee-sections are yielded while the stress level of the 
flanges reaches around 70% of the yield strength of the HMS. Finally, as it is shown, 
Beam 2A failed with the formation of four plastic hinges, two of them fully at HMS and 
another two partially at LMS. 
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Regarding test Beam 3A; while the beam section and the web opening are similar to 
those in Beam 2A, the location of the web opening gives rise to a different shear- 
moment ratio, and thus a different behaviour from that in Beam 2A is observed. It is 
found that Beam 3A starts to yield later than Beam 2A and the top flange at the HMS of 
the perforated section buckles locally under large global bending action. 

3.2.7 Results and comparison 

The goal of the comparison between the FE model and the experimental tests from the 
literature is to ensure that the elements, material properties, real constants and 
convergence criteria are adequate to model the response of such perforated steel 
members. 

Data used for the current research might not be identical, as there is a lack of 
information. Consequently, after a detailed study some assumptions have been made for 
the material properties (i. e. Tangent Modulus, ET). 
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Figure 3.5: Stress distribution at perforated section in Beam 2A 
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3.3 VALIDATION OF THE FE MODEL WITH A FE WORK 

3.3.1 Study of the span length of perforated beams 

A FE study of different spans was conducted in the literature (Chung et. at, 2000) and 
considered herein. The load carrying capacity comparisons of perforated sections with 
beams of different spans (5,6,7.5 and 10m), having various web openings sizes (do 

equal to D. Sh and 0.75h) was examined. Different section sizes were also examined 
(UB457xl52x52 and UB457x152x82) while similar results were found. In Figure 3.6 
the non-dimensional shear-moment interaction FEM curves (solid lines with points) and 
theoretical LMS curves (dotty lines) are depicted as well as the load carrying capacities 
of the un-perforated sections (dashed lines) for a direct comparison. 

When perforated sections with small web openings are considered, it is noticed that 
there is no significant reduction in the shear capacity with any beam span. Some 

reduction in the load carrying capacity is the result of the reduced moment capacity at 
perforated sections close to the mid-span of the beams, where the Vierendeel action is 

not critical. The area of this reduction is approximately 1/3rd of the beam's span. It is 

seen that this reduction in the load carrying capacity is of a higher magnitude in short 
span beams. 

On the other side, when perforated sections with large web openings are considered, the 

combination of the beam span and the web opening position could yield completely 
different results. For long span beams (>7m) and web openings located close to the 
mid-span; the global bending moment at the perforated section increases quickly while 
the shear force decreases steadily. Therefore, the beams tend to fail in flexure due to a 
reduced moment capacity of the perforated section. However, for short span beams a 
reduced load carrying capacity is obtained when the web openings are located either 
close to the supports or close to the mid-span. Obviously, the reduction of the shear 
capacity for large web openings close to the support is more severe. 

The reduction in the load carrying capacity of the perforated beams due to the presence 
of web openings might be completely eliminated in some cases. For conservative 
reasons, it is decided to use short span perforated beams (L=5m) for this research 
programme as the fluctuation of the results using large web openings leads to important 

conclusions. 
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The steel beam which is chosen for the preliminary investigation is the UB 457x152x52 
(S275) as it is a mid-range beam. Its web thickness is only 7.6mm which makes the 
beam susceptible to web buckling and so makes it easier to buckle locally and form 

plastic hinges. 

3.3.2 FE models 

Table 3.2 summarizes all the different beams that are modelled and analyzed. It should 
be noted, that no precaution is taken for closely spaced web openings in this chapter, as 
there is always a single (i. e. isolated) web opening symmetrical to the mid-span. Hence, 

they are located well away from each other and the effects of the forces are generated 
only due to the existence of the one web opening. 

The beam model needed to produce the shear-moment interaction curves is a simply 
supported steel beam and it is subjected under a uniformly distributed load on the top 

compression steel flange. By randomly varying the position (x) of the web opening 
along the beam span, a non-dimensional interaction curve relating the shear utilization 
ratio, VSJVO, Rd, and the moment utilization ratio, MSJ/MO, Rd, which is known as the FEM 

curve, is obtained. 

As was mentioned earlier, in the present research all hot rolled steel I-sections are of 
class 1 (plastic) or 2 (compact). All web openings are concentric to the mid-depth of the 

sections with diameters do equal to 0.5h and 0.75h, where h is the depth of the sections. 

Positions 
(x) no. 

Steel 
Beams 

Position of opening 
from support, (x) (mm) 

Positions 
(x) no. 

Steel 
Beams 

Position of opening 
from support, (x) (mm) 

1 interl 0 6 inter6 1299 
2 inter2 284 7 inter? 1573 

3 inter3 537 8 inter8 1866 
4 inter4 788 9 inter9 2177 

5 inter5 1039 10 inter10 2500 
Table 3.2: Identification of all steel beams studied in FEA (span of 5m) 

3.3.3 Verification of FE procedure 

Automatic solution control in ANSYS uses a norm force (and when the rotational 
degrees of freedom are active, moment) tolerance equal to 0.5% (or 0.1% for automatic 
time stepping option OFF), as the convergence criteria. A check on the displacement 

with a tolerance equal to 5% is also used in addition to the force norm check. The check 
that the displacements are loosely set serves as a double-check on convergence. The 

same element type and size is used for all beams, which made the results comparable. 

A sensitivity study of the solution control factors is established. The input factors are 
the automatic time stepping option from the FE software (ON or OFF); the Tangent 
Modulus evaluation (0 or 1000) and the number of sub-steps (i. e. loading increments) 
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for the load steps (either 10,30 or 100). The description of the latter factors is given as 
follows: 

" Automatic load stepping is the most common convergence enhancement method 
which attempts to optimize the iteration process by assigning load step increments 

that will help the solution to converge. 

" By varying the Tangent Modulus, different tangent stiffness matrices are generated 
causing convergence of the model. The Tangent Modulus is useful in describing the 
behaviour of materials that have been stressed beyond the elastic region and 
quantifies the `softening' of material that generally occurs when it begins to yield. 
The tangent modulus assumption shown below (ET=1000MPa) is found after a 
detailed study of the test data taken from Redwood and McCutcheon (1968). 

" Finally, the number of sub-steps is responsible for the gradual loading which helps 

the solution to converge. Large sub-steps might cause an abrupt change in behaviour 
including the onset buckling or sudden changes in stress-strain behaviour, especially 
when bilinear models are used. It is obvious that the first sub-step should not cause 
yielding to occur. 

The sensitivity study is carried out on a perforated UB457x152x52 (S275) section with 
circular web openings of diameter do equal to 0.65h at position (x) no. 2. The variation 

of the results is presented by load against displacement curves and maximum Von- 

Mises stresses at failure (i. e. convergence point), as it is indicated in Figure 3.7 and 
Table 3.3. 
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Figure 3.7: Convergence results of the factorial analysis study for a perforated section 
UB457xl 52x52 with circular web openings of d,, equal to 0.65h 

From Figure 3.7 it is seen that run no. 8 and 9 represent well the structural behaviour of 

such perforated beams. However, replacing automatic time stepping OFF; instead of 
ON (run no. 11), some other benefits are obtained as follows: 

The tolerance in the convergence criteria is smaller. 
The analysis is manually controlled by constant load steps; similar to the 

experimental tests. 
There are no very high stresses after initial yielding (i. e. easy to monitor). 
The maximum stresses are conservative close to yield strength of the steel, based 

on the Von-Misses criterion. 

Therefore, the factors similar to run no. 11 are used for the parametric FE study as 
follows. As long as there is consistency of the input factors for all FE models, the 

comparison is valid and the results can be seriously considered. Also, the load 

increments and the number of sub-steps are preliminarily studied to conform to the 

convergence criteria. 
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Automatic 
Tangent Number of 

Failure Max. Von- 
Run No. time stepping 

Modulus, 
sub-steps 

Load Misses stresses 
ET (MPa) (kN) at failure (MPa) 

1 10 76.20 275.00 

2 ON 0 30 75.07 275.00 

3 100 78.46 275.00 

4 10 76.20 275.00 

5 OFF 
.0 

30 71.17 275.00 
6 100 73.15 275.00 

7 10 83.14 300.18 
8 ON 1000 30 88.23 331.51 

9 100 88.34 329.96 

10 10 76.20 285.25 

11 OFF 1000 30 81.23 294.45 

12 100 73.15 282.80 

Table 3.3: Input factors and results at convergence point 

3.3.4 Summary of FE procedure 

The summary of the FE procedure which is used for further parametric studies on 
Vierendeel mechanism is as follows: 

" Use of 4 nodes shell (SHELL 181) elements with a quadratic deformation approach; 
same results obtained using SOLID45 with 8 nodes (Appendix 3). 

" The influence of meshing and its refinement have been tested out in advance, such 
that the presented FE results can be regarded as consolidated. 

" Big distortion approach. 
" Geometrically as well as material non-linear interaction. 

" Nominal material properties used. 

" Solver by iterations according to Newton-Raphson. 

" Ideal elasto-plastic material behaviour using actual (measured) values. 
" The full (real) stress-strain curve is not included. However, the error that is induced 

by this simplification (Bi-Linear with Kinematic Hardening approach) is negligible. 

" The beam geometry is based on the Advanced UB sections. 

" Bearing plates at the two ends of the beam are modelled and the pressure is directly 

applied on the compression flange of the beam. 

" The load is applied stepwise as pressure. 

More information on the FE input data is given in Appendix 4. 

3.3.5 Results of perforated beams with circular web openings 

3.3.5.1 Shear forces and moments at position x 

The shear forces and moments at positions x are given according to the formulas below 
for simply supported beams under a uniformly distributed load. 
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L 
VSd =W 

(2 
x) (3.1) 

(L - x) Msd = -- 2 
(3.2) 

3.3.5.2 Non-dimensional shear-moment (VIM) interaction curves 

Non-dimensional shear-moment interaction (FEM) curves are produced by an elasto- 
plastic non-linear FE analysis of perforated beams with a span of 5m and with web 
openings of do equal to 0.5h and 0.75h, as shown in Figure 3.8. All beams have two 

similar and symmetrically positioned web openings which are located at ten different 

positions along the half-length of the 5m span beam. It should be noted that when the 

web openings are placed at the mid-span of the beams with VSJVo, Rd=0, all beams fail 
in flexure at a bending moment very close to their Mo, Rd, as given in Formula 2.1. This 
is not the case when the web openings are placed at the supports of the beams. In 

general, when the shear ratio is decreased, the load carrying capacity is also reduced. 
Hence, it is easy to conclude that the interaction curve for a circular web opening of d0 

equal to 0.75h is more critical than the one for do equal to 0.5h, with a maximum 
percentage difference for the particular section size at the pure shear ratio. From FEA it 
is shown that Vo, Rd is dependent on both the relative thickness and area of the web and 
the flange. Hence, the value of VO, Rd may be increased by a percentage using the finite 

element model, when compared to the shear capacities obtained from Formula 2.2. 

The analytical data of the latter interaction curves together with the load carrying 
capacities, w, obtained; are presented in Appendix 5. 
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Figure 3.8: Non-dimensional shear-moment interaction (FEM) curves for UB 457x152x52 
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The above shear-moment interaction curve for perforated beams with large web 
openings is plotted against the simplified method (i. e. cpp 25°) and the theoretical 

curves LMS and HMS, as shown in Figure 3.9. FEM lies between theoretical curves 
LMS and HMS. A FEM curve is found to provide a conservative and economical 
design with an increase in strength up to 15% when compared with curve LMS. In 

general, it is demonstrated that the load carrying capacity of steel beams with circular 
web openings may be increased significantly using the shear-moment interaction curve 
derived from the FE model. 
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Figure 3.9: Shear-moment interaction curves for UB 457x1 52x52 with d�=0.75h 

3.3.5.3 V/M interaction curves of various section sizes 

A further study of shear-moment interaction curves is conducted comparing the 
behaviour of beams with different mid-range section sizes. As the interaction curve for 

a beam with a web opening of do equal to 0.75h is more critical, the latter is going to 

represent all web openings of diameters do between 0.5h and 0.75h. 

Figure 3.10 represents the shear-moment interaction curves for four different section 
sizes. Beam sizes UB 457xl52x52, UB 457xl52x82, UB 610x229x101 and UB 
610x229x140 are considered as representative of the upper and the lower order of 
typical mid-range steel beams commonly used in practice. The same FEM curves were 
developed by Chung et. al (2000) and are presented in Figure 3.11. It is noticed that all 
beams fail very close to their respective MO, Rd, as it was anticipated. Overall, beams with 
different weights per unit length have curves of similar shape, but with different y- 
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intercepts; in other words different shear utilization ratios Vsd/VO, Rd. This phenomenon is 

a result of underestimation of the shear capacities of the perforated sections with thick 
flanges, given by Formula 2.2, when compared with the FE model. This 

underestimation takes place due to the assumption of the shear area of an un-perforated 
section, A, which is taken as htw for practical reasons. An easy comparison is between 

the UB 610x229x101 and UB 457x152x82; that while they have the same web 
thickness, the beam with the thicker flanges (UB 457x152x82) has a higher y-intercept 
value even if it has a shallower beam depth. As it can be seen from Figure 3.10, 

comparing the t /tj ratio of the particular sections, the lower the ratio the higher the y- 
intercept is obtained. Hence, the beam with the thicker flange behaves better. Therefore, 
it is concluded that not only the moment capacity, but the shear capacity of a perforated 
section is also dependent on the flange thickness. 

Furthermore, it is interesting to compare FEM curves with other empirical but yet 
simple interaction curves, such as the quadratic, the cubic curve and the theoretical 

curve with a power of 2.5, as shown in Figure 3.10. 

It is clearly shown in Figure 3.11 that there is a deviation between the current study and 
the literature. The main factors which cause this deviation are the use of different finite 

element software packages, different element types as well as type of meshing. The 

perforated section UB457x152x52 has the lower shear utilization ratio among the 
typical mid-range steel beams examined. However, all FEM curves are of similar trend 

and have slightly different moment utilization ratios. 
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2000) 
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3.4 PARAMETRIC FE STUDY OF VARIOUS WEB OPENING SHAPES & SIZES 

3.4.1 Introduction 

Apart from the basic shear capacity of a perforated section which is determined in the 
literature review, it is essential to consider the effects of the local Vierendeel moments 
acting on the global shear capacity of a perforated section at the top and bottom tee- 
sections. Both global shear force and the local Vierendeel moment are ̀ coupled' as they act 
on the perforated sections simultaneously (Figure 3.14). 

In order to demonstrate the structural performance of steel beams with various shapes and 
sizes of web openings, shear-moment interaction curves for perforated sections under 
global action will be generated for the low moment side (LMS) of the web openings. It 

should be noted that for the global bending moment there is always a global shear force 

which causes failure in the perforated sections. 

Based on the results of the previous sub-chapter, it is decided that the VIM ratios of the 
perforated section with web opening diameter d,, equal to 0.8h is going to sometimes 
represent all web openings of diameters da equal to O. Sh, 0.65h and 0.8h. However, a 
detailed FE study is conducted on all sizes of web openings. The perforated section 
UB457x152x52 is used as reference for the establishment of the design shear-moment 
interaction curves, as it is the most critical between the typical mid-range beams considered 
in this research programme. 

3.4.2 Standard and non-standard web opening shapes 

To compare the efficiency of various standard and non-standard shapes of web openings in 
perforated beams, eleven forms are considered. Six of these are standard typical and 
elongated web opening shapes, while the others are novel non-standard web opening 
shapes designed after consideration of the preliminary FE study in Appendix 1. The web 
opening configurations chosen for this research are presented as follows: 

1. Circular opening 
2. Regular hexagonal opening with typical 60° angle 
3. Vertical ellipse with width half of its depth 
4. Inclined ellipse with width half of its depth, rotated by 45° 
5. Square opening circumscribed about the circle 
6. Elongated circular opening 
7. Rectangular opening 
8. Ultimate elongated circular opening. 

From previous studies, it is known that the length of the uniform tee-section `c' above and 
below the web opening dramatically influences the load carrying capacity of perforated 
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sections as it has a major effect on the local applied moment on tee-sections. Therefore, a 
total of eleven web openings are considered (Figure 3.12 and 3.13) and the key 
dimensional parameter in all these web opening shapes is the opening length, `c'. Details of 
the aforementioned web opening shapes together with the associated values of 'c' arc listed 

as follows: 

I. Circular opening with c<1.0d0 (A); 

2. Regular hexagonal opening with c=0.423do (B); 
3. Vertical ellipse with c<0.75do (C); 

4. Inclined (rotated) ellipse with c<1.0d0 with do equal to the initial web opening depth. 
Rotating the vertical ellipse C, the final web opening vertical depth is shorter against 
the total section. Hence, the new depth is 0.883do. Also, three beam configurations are 
studied with different web opening orientations presented as follows: i) & ii) web 
openings are mirrored to the mid-span of the beams while rotated by 450 (D &E 

respectively) and iii) the case that both web openings at the two sides rotated by 45 
degrees at only one side (F). The three different options are presented in Figure 3.13. It 
is interesting to investigate the behaviour of perforated beams with such inclined web 
openings. This is because when rotated the opening length of the top and bottom tee- 

sections varies. Also, the web openings are not symmetrical to their centre-line 
anymore. 

5. Inclined (rotated) ellipse with c<1.0do with do equal to the initial web opening depth 
(G); 

6. Square opening with c=1.0do (H); 

7. Elongated circular opening with 1.0do <c<2.0do (I); 

8. Rectangular opening with c=2.0d,, (J) and 
9. Ultimate elongated circular opening with 2.0do <c<3.0do (K). 

c<1. Odo c=0.423do c=1. Oao c<0.75do c<1. Odo c<i. Odo 

00% of tM 
OB 

HC D( )G ,F ,E3 
deýpnº 
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the major axis 
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00% Ot 9W be& 3 
K IJ d@FM 

Figure 3.12: Geometric shapes of web openings 

84 



Chapter 3 Vierendeel Study of Non-Composite Perforated Beams 
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0 0 
Web Opening F 

0 0 
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Figure 3.13: Possible combinations by using inclined ellipses 

3.4.3 Introduction to the parametric FE study 

1320 successful non-linear finite element runs are conducted in order to complete the 

parametric study. This is a result of four beam section sizes having web opening depths of 
80%, 65% and 50% of the beams' depth. Establishing shear-moment interaction curves, ten 
different positions (x) of the web openings along the length of the beam, similar to Table 
3.2 are considered necessary. Finally, this procedure is repeated for perforated beams with 
eleven different web opening shapes. 

Similar to the previous sub-chapter, simply supported beams with a span of 5m under a 
uniformly distributed load are modelled. While the web openings of various shapes may be 
located at 10 different positions along the length of the beam, two specific locations 
labelled as positions (x) 1 at support and 10 at mid-span are under significant consideration. 
The perforated section at position 1 is under pure shear, while the perforated section at 
position 10 is under pure moment. Position (x) I is a fictitious arrangement presented for 
illustration purposes only as well as for the development of the design rules. 

3.4.4 Design method 

A practical design method has been proposed by Chung et at. (2003), regarding the 
`coupled' shear capacities allowing for Vierendeel mechanism. This method is compared to 
the general approaches from BS5950 Part 1 and ENV (1993-1-3) EC3 and conclusions are 
drawn. 
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As it is aforementioned, the behaviour of perforated sections is characterized by three 

actions: global bending action, global shear action and local `Vierendeel' action. The global 

shear capacities of the perforated sections attain their maximum values in the absence of 

axial forces due to global moment. However, any increase in the global moment at the 

perforated sections will induce local axial forces in the tee-sections, and hence local 

yielding of the tee-sections. Both the global shear force and the local `Vierendeel' moment 

are `coupled' as they act on the perforated section simultaneously. This phenomenon is 

known as `coupled' Vierendeel mechanism and it is represented in Figure 3.14. The effect 

of `Vierendeel' mechanism is incorporated into the shear capacities of perforated sections 

resulting the `coupled' shear capacities of perforated sections. Therefore, it is now 

reasonable to claim that perforated sections with large opening length subjected under large 

global moment, will have significantly reduced shear capacities. Moreover, it should be 

noted that the amount of coupling in perforated sections is very complicated, depending on 
the shapes and sizes of web openings and also on the applied global shear forces and 

moments at the perforated sections. 

Basic shear-moment 
VO, Rd interaction curve 

ýIJ 

V (FEA) 
Reduced due to 

Shear-moment coupled Vierendeel 
VO" interation curve mechanism 

for Vierendeel 
mechanism 

M (kNm) MIDRd 

Figure 3.14: Reduction in V/M interaction curve due to `coupled Vierendeel mechanism' (Chung 
et. al, 2003) 

Following this re-arrangement, non-dimensional shear-moment interaction (FEM) curves 
lay below both curves LMS and HMS. Hence, a FEM curve is recommended to allow for 

the presence of co-existing global shear force and moment on perforated sections. 
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3.4.5 Basic moment capacity 

The applied global moment and shear force at the centre-line of the web opening are Mo V 
and vo�sd, respectively. The moment capacity, Mo Rd, of a perforated section is given by 
Formula 2.1. 

3.4.6 Basic shear capacity 

Modern steel codes such as British Standards define the shear area of an I-section as hl", 
based on the simple plastic section analysis, where h is the overall section depth. This 

approximation is widely considered, as the flanges are mainly resisting the bending 

moment while the web is resisting the shear force. However, in an I-section with a large 

web opening the shear area of the web is sensibly reduced. Therefore, the shear areas of the 
flanges are taken into consideration when assessing the shear capacity of the perforated 
section. Hence, the shear capacity of the perforated section is higher compared to the 

simplified prediction. 

Chung et at. (2003) suggested that parts of the flange areas should be incorporated in order 
to assess the shear capacities of perforated sections, and verified after careful calibration 
against finite element results. Hence, the equivalent shear area of a flange is as follows 
below and is shown in Figure 3.15: 

A�f = tf(0.375tf + t, � + 0.375tf) (3.3) 

tw 

tr 

i2 

Figure 3.15: Equivalent shear area in tee-section (Chung et. al, 2003) 
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Consequently, the plastic shear resistance of the perforated section, VO. Rd, which is given by 
Formula 2.2, becomes the following: 

VO, Rd = fvAvo ý VO, Sd 

- VO, Rd = f, (A, - do tw) ? V0, sd 

- Vo, Rd = fv [(htw 
+ 2(o. 75tf)) - dotw] > Vo, sd 

Vo, Rd - 
0. 

YMoY 
[(ht, + 2(0.75tf)) - dots�] >_ Vo, sd (3.4) 

By using the above formula and the flange contribution to the shear capacity for a typical 
beam section such as an UB457x152x52 (S275), it is found that the larger the web opening 
the higher percentage of increase in the shear capacity is obtained. This percentage could 
be from 10% to 21% for perforated sections with web opening oI d0/h equal to 0.5 to 0.75, 

respectively. Moreover, beams with thick flanges have an increased shear capacity over 
30%. The above percentages are specific for the particular section size and they can only be 

considered for mid-range UB sections with circular web openings. Further estimations of 
percentages are obtained later on in this research programme. 

It should be mentioned that no root radius is modelled in the FE model as shell elements 
are used. This is something that would also increase the shear capacity of the analyzed 
perforated sections. The Von-Mises path stresses at the centre-line of the top tee-section are 
plotted to illustrate the effect of the flange on the shear capacity of the perforated section 
(Figure 3.16). 

\ 
AN 

Figure 3.16: Plot of paths (left) and Von-Mises path stresses, a,,, at the top tee-section (right) 

3.4.7 Comparison of VIM ratios for various section sizes 
Initially, a comparison study was established between the four mid-range sections sizes 
with selected web opening shapes of maximum size. This is done, in order to investigate 
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the difference on the coupled shear capacities by using the following three approaches for 

the cross section shear area: 

" In the simple plastic section analysis, the shear area of an I-section is taken as ht" 
(BS5950 Part 1) for practical reasons. 

" The one as considered in ENV (1993-1-3) EC 3 where the length of the fillet radius 
between the web and the flange is equal to the effective width of the flange (Formula 
3.5). 

" The proposed equivalent shear area of a tee-section based on FEA investigation as 
given earlier in Formula 3.3. 

AVZ =A- 2bftf + (t,, + 2r)tf (3.5) 

Typical circular (A), vertical ellipse (C), and elongated (I) web openings are selected to be 

examined in this study in order to cover all three main categories. The shear-moment 
interaction curves are presented for ease of comparison (Figure 3.17 and 3.25) and the 

results are summarized in Table 3.4. 
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Figure 3.17: V/M ratios of various section sizes with Av from BS (Web open. A) 
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Figure 3.18: V/M ratios of various section sizes with A, from BS (Web open. C) 

1.6 _----r---n----r----1----r----I----r----, -------1 IIIIIII 

1.5 
1II 

I11I11 

f .I. III, 
1. A 

Y 

I 

____L__________ _ 1_______ _1 
1111111111 

T 
1.3 

1I11I 

-'----y----'---y-------y----f----1----"----I--------I :..... 

, -*-- UB 457x152x52 
1.2 trrr --- 1r, - -11111111 

+ 
i 

I. I 11 1---T I111 
1_ -------------I 7-------- ---I --- - ------------- 

, t UB 457xI52x82 
LJL1-___1---- _1____ 

O 

UB 610x229xlOl 
+,,, ý. ýI , 

_- 
ýý 

S 0.7 
--- . --- 1, 

-.. -U6610x229x140 
:.. 

., 
` 

0.6 F 

--- -y --- - 1 0.5 ----1----- - ---r -- .ý 
Cubic 

T. = d ti ----- 0.3 ra c Qua { 

. 

1 0 
. 

---- i- --- Non-linear curve with 
. 

I 
a wer of 2.5 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I 1.1 

Moment Ratio 

Figure 3.19: V/M ratios of various section sizes with A, from BS (Web open. 1) 
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Figure 3.20: V/M ratios of various section sizes with A, from EC3 (Web open. A) 
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Figure 3.21: VIM ratios of various section sizes with A� from EC3 (Web open. C) 

91 



Chapter 3 Vierendeel Study of Non-Composite Perforated Beams 

1.6 
i_ -- ---- r ---ý----r- ý----r--- ---- r ---- ----r-- 
SII 

-----I --- ----1 

111. 
1.5 

-- 
'----' 

I-- 
.I11 

--- 
'----' 

--- 
'----' 

--- 
' 

-IIIIII 
I1I1II11I 

1.4# -- J----; _ .J; ----; ---I --- ; ----; ___J----L----I 
7t 

_/. 
tt 1I1, II1 

ýý UB 457x 152x52 
1.2 

___y___________T___y____t 

tp 

1 

=- + UB 457X t 52X02 

1 
O _ýr . ý" 

CQ al 

-'+-UB610x229x101 
S. 0.8 ``I 
ý 

LL 
`V I 

0.7 UB 610x229x140 

^ 

0.5 --- 
' 

---- 
'--- 

___j ----L--- 
'----L--ý-1 

;- N% Cubic 

I` 
r` 

0.3 = ---ý----ý---ý----ý--- ý- ý- -ý---ý->F ý----ý -----Quadratic .,: 1IIIý 
,II 

0.2 -1 II1 

1 ---1 
1I1II --- Non-linear curve with z- --r---ý----r-------r ---ý -a 

power of 2.5 `.. III1I1 

p .. ýi. _}_°}H-}-: -+i--"-! --, -, -, -: T=-t-ý,, -ý-ý. i i1-}-; -1.. ý_ i. ý 4 
. 1_f-. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I 1.1 

Moment Ratio 

Figure 3.22: V/M ratios of various section sizes with Av from EC3 (Web open. I) 
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Figure 3.23: V/Mratios of various section sizes with A� as proposed in Formula 3.3 (Web open. A) 
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Figure 3.24: VIM ratios of various section sizes with A, as proposed in Formula 3.3 (Web open. C) 
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Figure 3.25: VIM ratios of various section sizes with Av as proposed in Formula 3.3 (Web open. I) 
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Studying all the above data, several conclusions are drawn concerning the three approaches 
for the evaluation of the shear cross sectional area, A, and they are given as follows: 

" It is observed that beams with the same serial size have a similar moment ratio and only 
the shear ratio is altered. 

" Among beams with the same serial size but with different weights per unit length, the 
lighter is always the one having a lower coupled shear capacity ratio, P. 

" Among beams of different serial sizes but with the same web thickness the ones with 
the thicker flanges have always higher v ratios. In most cases, as the ratio t/tw is 
increased the v ratio is also increased. 

The above statement is justified regarding the UB457x152x82 which has the highest t/tw 
ratio among the particular beam sections. By using the shear area (Formula 3.3), this beam 
has the maximum decrease of the v ratio compared to the other beams. The percentage of 
difference is decreased when perforated sections with smaller web opening sizes are 
considered. 

Observing Table 3.4 it is noticed that the maximum deviation of the shear capacity ratios is 
found between the conservative shear area assumption taken from BS5950 Part 1 and the 
shear area assumption taken from Formula 3.3. On the other hand, shear capacities 
estimated by using the assumptions from EC3 and Formula 3.3, especially for beams 
sections UB457x152x52 and UB61Ox229x101, yielded very close results. This is due to the 
small flange thickness which little contributes to the shear capacity. 

3.4.8 Comparison of VIM ratios for various web opening shapes and sizes 

The non-dimensional shear-moment interaction (FEM) curves for the perforated section 
UB457x152x52 with various standard and non-standard web opening shapes and sizes are 
presented in Figure 3.26. FEM curves are arranged in a rational manner for easy 
comparison and reference. The global shear force, Vsd, and the global moment, M, d, at the 
centre-line of the perforated sections at failure as taken from FEA are non-dimensionalised 
with respect to the global section capacities of the perforated sections, VO, Rd and MO, Rd. The 
`coupled' utilization ratios are represented as v (y-axis) and m. (x-axis), respectively in 
Figure 3.26. As it is shown, all interaction curves are generally similar in pattern and 
consequently this enhances the feasibility of the application of a generalized shear-moment 
interaction curve for the practical design of perforated sections with web openings of 
various shapes. 

To analyze the structural performance of perforated sections and the effects of both shapes 
and sizes of web openings, it is necessary to relate the opening depth, do, with the opening 
length, c. Therefore, for web openings with the same values of do but with different values 
of c, the load capacities of the perforated sections should be inversely proportional to the 
values of c. Regarding all elliptical web openings it is found that as the web opening size 
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becomes bigger the shear ratio increases, inversely to the typical beams. The explanation 
for this is given below, relating the load capacity with the assumption of the shear cross 
sectional area assumption in the global section capacity formula. 

As anticipated, the reduction in the shear capacity is more pronounced when compared to 
the reduction in the moment capacity as the presence of the web opening reduces the shear 
area of the section significantly but the reduction of the plastic section modulus is small. At 
times it is noticed that the `coupled' moment utilization ratio is slightly higher than 1.0. 
However, significant reduction of the moment capacity is obtained for perforated beams 
with elongated web openings. 
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Figure 3.26: Non-dimensional V/M interaction curves for various web opening shapes and sizes 

First category - (Standard typical A and B): Perforated sections in this category behave 

normally. The bigger the web opening size the lower the shear ratio is. Independent of the 
web opening size in all cases, all moment ratios are similar. The percentage of reduction for 

perforated sections with web openings under high shear forces is the same among the three 

sizes of web openings. 

Second category - (Non-standard elliptical C, D, E, F and G): Perforated sections with 
vertical and inclined ellipses behave similarly to the typical web opening configurations. 
As the latter have a narrow opening length, especially when vertical elliptical web openings 
are considered, the effects due to Vierendeel action are insignificant. 

When comparing the FEM curves between circular and inclined elliptical web openings it 
is found that, there is an additional parameter which causes dissimilar reduction of the V/M 

ratios. This parameter can be named in this research thesis as `web opening rotation' and it 
is the rotation of an elliptical web opening. Perforated sections of various web opening 
sizes are differently affected by the web opening rotation parameter. For instance, in this 

study it is found that by rotating all sizes of web openings 45° to the vertical centre-line of 
the web opening, a reduction of the web opening depth from 12% to 12.5% is obtained. 
The reduction of the web opening depth affects the shear and moment capacities of the 

perforated sections (i. e. the denominator of the `coupled' shear and moment utilization 
ratios). Consequently, the bigger the web opening size the higher the percentage of 
reduction of the section capacities and the higher the shear and moment ratios. In more 
detail, the moment capacities of the perforated sections are increased by 6.36%, 3.8% and 
2.1 % for a perforated section UB457x 152x52 with web openings of d0 equal to 0.8h, 0.65h 

and O. 5h, respectively. The corresponding percentages for shear capacities of the perforated 
sections are 37%, 18.8% and 10.5%. The latter behaviour results in a significant re- 
arrangement of the M/V ratios. In addition, it is found that the load carrying capacities are 
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similar to all elliptical web openings independently of the web opening size. This is due to 
the significant reduction of the web opening depth and the geometry of asymmetrical web 
opening shapes. As a result, perforated beams with large web openings present a 
dramatically increased capacity due to a narrower opening length and a decreased web 
opening depth compared to the circular web openings. Inversely, most affected are the 
perforated sections with web openings of do equal to O. 5h, where both the x- and y- 
intercepts are reduced as their load carrying capacity is relatively low compared to the web 
opening size. 

In summary, the web opening shape (because of the increased load carrying capacity, 
especially for large ellipses with a narrow opening length), and the web opening rotation 
(i. e. same web opening area and beam weight with shorter web opening depth), are the 
main factors which cause dissimilar reduction of the `coupled' shear and moment 
utilization ratios when elliptical web openings are considered. 

Observing the V/Mratios it is also found that perforated sections with web opening sizes do 
equal to 0.65h and 0.8h, while they have different y-intercepts, the x-intercepts are similar 
and very close to unity. On the other hand, all perforated sections of this category with a 
web opening size do equal to O. 5h, have reduced moment ratios. Another cause of this result 
is the uneven stress distribution in the vicinity of elliptical web openings. 

Inclined elliptical web openings (G) with do equal to 0.8h, 0.65h and O. 5h, present similar 
VIM ratios, while the overall behaviour is like the other perforated sections with elliptical 
web openings. The y-intercepts are closer here as there is no reduction of the opening 
depth, do, for this web opening shape. It should be noted that, the area of the maximum web 
opening is only 3.7% smaller than the area of the typical circular web openings, whereas 
the do are the same. Moreover, when comparing the performance of these two perforated 
sections it can be easily concluded that apart from the opening length, c, the web opening 
shape also controls the performance due to the movement of the stress concentration points. 

Third category - (Non-standard elongated H, I, J and K): In these perforated sections the 
size of the opening length dramatically affects their structural behaviour. Perforated 
sections with relatively large web openings H and I have FEM curves of similar pattern and 
relatively close moment ratios. Moreover, perforated sections with dramatically elongated 
web openings J and K have FEM curves of similar patterns, while the moment ratios also 
significantly changed dependent on the web opening size. It is observed that perforated 
sections with the elongated web opening shapes and do equal to 0.8h present considerably 
reduced moment ratios when the web openings are located at a high moment region. The 
important reduction of the moment ratios dominated in this category is justified by the 
existence of high bending moments applied on perforated sections with large web openings 
located close to mid-span. 
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3.4.9 Comparison of yield patterns for various web opening shapes and sizes 

The yield patterns for perforated beams with all eleven web opening shapes of the three 
diameters (do equal to 0.8h, 0.65h and 0.5h) located at four different positions (position x is 
equal to 2,4,8 and 10) are extensively presented in Appendix 6. Von-Mises stresses in the 
vicinity of the web openings at failure points (i. e. at the FE convergence solution points) 
represent the plastic hinges which are always formed at both ends of the tee-sections, under 
different V/M ratios. The global shear force and bending moment acting on the perforated 
sections are related to the local co-existing forces and moments acting on the tee-sections 
above and below the web openings. In Figure 3.27 to 3.30, the Von-Mises stresses in the 
vicinity of selected perforated beams with web openings with diameter, do, equal to 0.8h 
are only plotted for direct comparison, while they are under high shear forces. Moreover, 
an idea of addition local deflections can be obtained by the above figures. 

An overview of the results by a comprehensive study of Appendix 6 and general 
comparisons are given as follows. Also, in perforated sections with a smaller diameter of 
web openings, the overall structural behaviour remains the same. When the perforated 
sections are under high global shear and low global bending moment, the plastic hinges at 
the LMS and HMS of the perforated sections are shown to be fully developed (e. g. Figure 
3.27). On the other hand, when the perforated sections are under low. global shear force and 
high global bending moment, plastic hinges at both ends of the tee-sections above and 
below the web openings are mobilized by the action of large local axial forces (e. g. Figure 
3.28). Hence, only the plastic hinges of the LMS of the perforated sections are shown to be 
fully developed. At the same time highly stressed compression flanges are found on the 
HMS. It is also observed, that for most of the perforated sections with narrow opening 
length, c, such as perforated sections with web openings A, C, D, E, F and G, the yield 
zones at both the LMS and HMS of the perforated sections are significantly overlapped 
(e. g. Figure 3.29). Finally, when the perforated sections are under pure bending moment, 
axial forces due to the global bending moment action exist in the tee-sections, and highly 
stressed top tee-sections are observed. 

Furthermore, it should be noted that an additional deflection (i. e. Vierendeel deflection) is 
observed in perforated sections with square, elongated elliptical and rectangular web 
openings (e. g. Figure 3.30). These perforated sections suddenly failed at low loading levels 
by exceeded element deformation/distortion. This was a result of high shear forces and 
Vierendeel bending moments applied on the long opening length, c, of the top tee-section. 

Knowing the position of the plastic hinges when the web openings are located at high shear 
regions, the actual critical opening length, c, of each web opening is given and is 
considered for further investigation. 
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Figure 3.27: Failure stresses with web opening at high shear region (djh=0.8) 
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Figure 3.29: Failure stresses with web opening at high moment and low shear region (dlh--0.8) 
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Figure 3.30: Failure stresses with web opening at high shear region (djh=0.8) 

3.4.10 Analytical study considering non-standard web opening shapes 

From this parametric FE study it is observed that not only the opening length and depth, but 
also the web opening shape strongly affects the structural performance of the perforated 
sections, such as in cases where non-standard web opening shapes are used. So at this 
point, it is essential to continue the analytical study on the yield patterns of such perforated 
beams. 

Perforated sections with web openings of large opening length, c, present two (even three 
sometimes; i. e. see K) plastic hinges on the top tee-section. This is mainly observed when 
the web opening is under high bending moments. On the other hand, when perforated 
sections with small critical opening length such as A, B, C. 

one highly stressed point is found while the yield zones at 
perforated sections overlapped significantly. 

D, E, F and G are considered, 
both the LMS and IIMS of the 
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Serious consideration is taking place to find the most effective orientation of the inclined 
ellipses at both half sections (i. e. either D, E or F). It is observed that the overall beam 
performance is slightly changed in every case. In the case that the web openings are 
mirrored to the mid-span (i. e. D and E) the behaviour is easy to predict. Particularly, in 
perforated sections with web openings E, the plastic hinges are initially formed at the top 
tee-section at LMS (plastic hinge 1) and then all other plastic hinges with the following 
sequence: 4,3 and 2 (numbers according to Figure 2.13). Also, plastic hinges are formed at 
a low load level point. Conversely, in the case of the perforated section with web openings 
D, all four plastic hinges are almost simultaneously formed at a higher load level. The 
comparison of formation of the initial plastic hinges can be seen in Figure 3.31. Drawn 
circles in Figure 3.31 indicate the position of the plastic hinges and their diameter 
demonstrates the stress concentration magnitude at these points. 

n 66 082 1 . 19 164 1AA 947 oa"-ý 33014 
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LMS 

99123 

No. 2 
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Figure 3.31: Plastic hinges at perforated section with web opening; E (left) and D (right) 

In more detail, the FEA shows that in cases of perforated sections with web openings E; the 
ellipse is significantly elongated while its minor axis is shortening by stretching the shape 
due to the additional deflection. Hence, the total displacement of the beam is large and 
easily seen. Inversely, in cases of perforated sections with web openings D the elliptical 
shape tends to transform to an approximate `circular' shape. Therefore, the additional 
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displacement of the perforated section is smaller and the deformation of the web opening is 
not easily seen. The deformation effects of the web opening edges can be seen in Figure 
3.32. 
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Figure 3.32: Web openings deformed shape with web opening; E (top) and D (bottom) 

Changing the angle of the inclined web openings causes different results to be obtained. 
The depth of the web opening, do, and the opening length, c, is going to change leading to 
different results. The angle is limited in this study to 45° and it generates same angles to 
both quadrants. However, further investigation in Chapter 4 illustrates which are the most 
effective `rotation angles' for web opening shapes based on the novel inclined elliptical 
geometry. 

3.4.11 UB section sizes 

It is important to clarify that this parametric FE study concerns only typical universal 
beams. Insignificant differences in terms of shear-moment interaction curves, failure 
modes, yield patterns and deformation characteristics are observed when studying the four 
different typical mid-range universal beams, as noted at the beginning of this study. 
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3.4.12 Mesh refinement study 

El 

Eli 

-1.0py 
- 0.8 py 
-0.6py 
-0.4py 
-0.2 py 

0 
+0.2 py 
+0.4 py 
+0.6 py 
+0.8 py 
+1.0 py 

d 
H 
W 
A 

1.0 py 
0.8 py 
0.6 py 
0.4 py 
0.2 py 
0 

+ 0.2 py 
+ 0.4 py 
+0.6 py 
+ 0.8 py 
+ 1.0 py 

a 
d 
E-4 
W 
A 

i -tL 

Figure 3.33: Failure stresses at position x equal to 8 for perforated section with web opening H 

A mesh refinement study is carried out again to examine the need for smaller elements and 
in order to validate the FE results. The yield patterns of the perforated beams with square 
web openings (H) under high bending moments and low shear forces (position x=8), are 
examined with coarser (original) as well as refined mesh, as it is shown in Figure 3.33. The 

results of both the LMS and HMS of the perforated sections with the original and the 
refined mesh are similar to each other, after the mesh refinement. More analytical, in Table 
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3.5 the magnitudes of the load carrying capacities, deflections, Von-Mises and nodal 
vertical stresses, 6y, are compared. Minor differences are obtained, however the new model 
with the refined mesh requires more computational time. 

Original 
Mesh 

Refined 
Mesh 

Load Carrying Capacity (kN/m) 40.615 40.615 
Deflection (mm) 35.334 36.266 
Nodal Max. Von-Mises Stress (MPa) 344.713 352.385 
Nodal Stress, Q, (MPa) 277.585 277.893 

Table 3.5: Comparison of the results after mesh refinement 

3.4.13 `Coupled' shear capacity ratios allowing for Vierendeel mechanism 

The global `coupled' shear capacities of perforated sections covered in the present study, 
allowing for Vierendeel mechanism, are obtained directly from the shear-moment 
interaction FEM curves as presented in Figure 3.26. Table 3.6 summarizes the values of 
the maximum `coupled' shear capacity ratios, v, for perforated sections with web openings 
subjected under pure shear forces (i. e. position x equal to 1). "The 'coupled'shear capacity 
governs the global shear capacity of a perforated section under `coupled' shear failure and 
Vierendeel mechanism, in the absence of global moment. " (Chung et. al, 2003) The 
`coupled' shear capacity ratio, v, for perforated sections is defined as follows: 

VO, Sd(FEA) (3.6) 
VO, Rd 

Usually perforated sections with narrow opening length, c, as the inclined and especially 
the vertical elliptical web openings, have `coupled' shear ratios closer to unity. This is 
something which illustrates the little effect of the shear mechanism on such perforated 
sections. Web openings with large opening length; such as H, I, J and K, have low values 
of shear ratios while the shear mechanism is noticeable. 
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Opening Opening Opening Maximum 'Coup led' Shear Ratios, V (Ms, /M,,,,, =O 
Types Shapes Length, c 0.44h 0.51, 0.57h 0.65h 0.7h 0.8h 

Standard A 0.23 ----- 0.95 ----- 0.86 ----- 0.75 
Typical B 0.43 ----- 0.92 ----- 0.82 ----- 0.65 

C 0.14 ----- 0.71 ----- 0.88 ----- 0.92 
Non- D 0.25 0.60 ----- 0.79 ----- 0.88 ----- 

Standard E 0.25 0.59 ----- 0.78 ----- 0.87 ----- 
Elliptical F 0.25 0.59 ---- 0.72 ----- 0.87 ----- 

G 0.21 ----- 0.71 ----- 0.79 ----- 0.74 
H 1.00 ----- 0.65 ----- 0.48, ----- 0.26 

Standard I 1.16 ----- 0.56 ----- 0.35 ----- 0.22 
Elongated J 2.00 ----- 0.46 ----- 0.23 ----- 0.14 

K 2.23 ----- 0.37 ----- 0.20 ----- 0.13 
Table 3.6: Summary of `coupled' shear capacity ratios, v 

It is worth noting that, in order to find the critical opening length, c, for each web opening 
configuration, the Von-Misses stress distribution at the top tee-section needs to be 

considered when the web opening of the perforated section is under high shear forces (i. e. 
Mo, sd=0). 

3.4.14 Generalized non-dimensional VIM interaction design curves 

A generalized non-dimensional shear-moment interaction curve is presented herein, based 
on the general design theoretical model found from Chung et al. (2003). This is an 
interaction curve with an elliptical expression which can be used to allow for an interaction 
between the shear force and the moment in solid rectangular plates; following the same 
concept with codes of practices and it is shown below: 

v2 + m2 =1 (3.7) or v= 1- m2 (3.8) 

Where: v is the shear utilization ratio = vsd 
Vo, Rd 

m is the moment utilization ratio = 
Msd 

MO, Rd 

For perforated sections, this interaction curve is modified to allow for the presence of 
Vierendeel mechanism. The above expressions are modified to cover the new FEM curves 
which are obtained for non-standard and elongated web openings. Proposed design curves 
are drawn for each particular case. For practical reasons it is decided to follow the same 
categorization of the beams as before. 

The reviewed generalized proposed method is presented herein: 

For 17-0.72 -+ v=v(1-mz)k (3.9) 
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For-0 < 0.72 -+ v=v - q+ q(1-mz)k (3.10) 

The z, k and q factors, can be adopted in two different ways; from either Table 3.7 or from 

Table 3.8 for v>0.72 and Table 3.9 for v<0.72. The combination of the factors is not 
unique, however well agreement between the design curve and the FEM values is achieved. 
In Table 3.8 and 3.9, for practical convenience the web opening types are categorized to 

minimize the number of factors. The `coupled' shear capacity ratio, v, should always be 
higher than the design `coupled' shear capacity ratio, v. Also, when the `coupled' shear 

capacity ratio, v, has a negative value, it is assumed as zero. 

Web Opening 0.51, 0.65h 0.8h 
Depth, do 
Factors q z k q z k q z k 

A ----- 2.50 0.30 ----- 1.30 0.30 ----- 1.80 0.30 
B ----- 2.00 0.30 ----- 1.00 0.30 0.70 1.50 0.40 

MC 1.40 2.00 0.50 ----- 2.00 0.70 ----- 1.20 0.20 
D 1.40 2.00 0.45 ----- 1.70 0.80 ----- 1.00 0.20 

yE 1.40 2.00 0.45 ----- 1.60 0.60 ----- 0.80 0.20 
F 1.40 2.00 0.45 ----- 1.00 0.20 ----- 1.10 0.20 

91 G 1.20 2.00 0.40 ----- 1.60 0.30 ----- 1.70 0.20 
0H 0.70 1.50 0.60 0.50 3.50 0.40 0.50 1.60 0.40 

I 0.70 1.50 0.60 0.40 2.00 0.30 0.50 1.60 0.35 
J 0.50 2.50 0.70 0.50 2.00 0.30 0.80 3.00 1.10 
K 0.50 2.00 0.20 0.50 3.50 0.55 0.80 3.00 1.50 

Table 3.7: Summary of the factors for all perforated sections 

Web Opening Depth, do 0.5h 0. Olt 0.8h 
Factors zk z k z k 

Typical 2.50 0.40 1.30 0.40 2.00 0.40 
Mirrored ----- ----- Elliptical 

Non-mirrored ----- - 

2.00 
1.50 

0.80 
0.30 

1.00 
1.50 

0.30 
0.30 

Table 3.8: Summary of the factors for perforated sections with v >_ 0.72 

Web Opening Depth, do 0.51,0.651,0.81, 

Factors qzkzkqzk 
Typical ----- ----- ----- ----- ----- ---- 0.70 1.50 0.40 

Elliptical 
Mirrored 

1.30 2.00 0.50 ----- ----- ----- ----- ----- ----- 
Non-mirrored ----- ----- ----- ----- ----- ----- 

c=1. Od, 0.70 1.50 0.60 
0.50 

2.50 0.40 0.40 1.50 0.60 
1.0d0 <c<2.0d0 0.40 0.45 

Elongated 
c=2. Oda 

0.50 2.00 
0.60 

0.50 2.00 
0.30 

0.80 2.00 
0.55 

2.0d0 :5 c<3.0d0 0.20 0.40 0.70 
Table 3.9: Summary of the factors for perforated sections with v<0.72 
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The trend of the curves is changed from case to case in order to avoid significant 
underestimation of the results. A conservative design domains for the non-standard 
elliptical web openings and particularly for the perforated sections with extreme web 
opening depths do equal to 0.8h and 0.5h, as the current knowledge is limited and the 
design should be done cautiously. Also, conservatism is well established at the elongated 
web openings and particularly for the perforated sections with a web opening depth do 

equal to 0.8h. This is because the trend of the FEM curves differs a lot and their large 
opening length makes the perforated sections vulnerable to high loads. In the latter 

category, the opening length varies a lot. Therefore, it is decided that the longer the opening 
length the higher the degree of conservatism should be applied. 

An example is given in Figure 3.34 and 3.35 where the proposed design shear-moment 
interaction curves for web openings with various sizes are plotted for direct comparison 
with the FEM curves. Generally, the design curves for `coupled' shear capacity ratios are 
larger or equal to 0.72 and have the same trend as the LMS curves. However, the design 

curves for `coupled' shear capacity ratios are less than 0.72, are presented as a parabola. 
The distinction between these two cases can be easily notified in the following figures. It 
should be noted again that, these design curves are limited to universal steel beams with 
typical mid-range section sizes. Little effort was used to develop these design curves, as 
more accurate results can be directly exported from the non-dimensional shear-moment 
interaction (FEM) curves in Figure 3.26. 
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Figure 3.34: Design curves for perforated section with web openings F 
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Figure 3.35: Design curves for perforated section with web openings I 

3.4.15 Design steps for Vierendeel check 

The following simple design steps, checking the Vierendeel capacity of perforated sections 
using any web opening shapes and sizes presented earlier, are listed below: 

1. Determine the moment, M0. RI, (Formula 2.1) and shear, V0 jj, (Formula 2.2) capacities 
of the perforated sections. 

2. Determine the applied moment, Msd, (Formula 3.1) and applied shear force, Vs, I, 
(Formula 3.2) at the centre-line of the web openings. 

3. Find in Table 3.6 the appropriate `coupled' shear capacity ratio, V. 
4. From Formula 3.9 or 3.10 and by using the suitable combination of factors from either 

Table 3.7 or Table 3.8 & 3.9, determine the design `coupled' shear capacity ratios, v, 
at any moment utilization ratio, m (in case v<0 then it is assumed that v=0 and a 
lower m ratio should be examined). 

5. Then multiply the `coupled' shear capacity ratio, v, with the shear capacity of the 
perforated section, VO, Rd, and 

6. Compare the result with the applied shear force, Vsd, at the centre-line of the web 
opening and the particular loading (i. e. v* VO Rd >_ Vsd)" 

110 



Chapter 3 Vierendeel Study of Non-Composite Perforated Beams 

3.4.16 Position of plastic hinges 

Previous approaches for circular web openings have approximated the circular web 
opening as an equivalent rectangle, thereby implying that the critical section is constant and 
relatively independent of the shear-moment ratio acting on the beam (Figure 3.40). 
(Redwood, 1973) However, FE analysis of cellular beam showed this is an 
oversimplification, because the critical section changes according to the shear-moment 
ratio in the beam. 

The angle cp of the plastic hinge is taken from the LMS (Figure 2.13,2.14 and 3.38). After 
the formation of the first plastic hinge, there is load redistribution across the web opening 
and the other plastic hinges are formed in a slightly different way (Figure 2.13,3.31 and 
3.39). The measurements are usually taken for perforated beams with web openings located 
away from any support or point load (i. e. >2h). In this study, evaluations are taken for 
perforated beams with various web opening shapes (do=0.8h) under high shear forces (i. e. 
(position x equal to 2) and under high shear forces and moments (i. e. position x equal to 4), 
in order to monitor the variation of angles q'. Also, the sequence of the plastic hinges 
formation when different shear-moment ratios applied is recorded. 

In general, the angle cp is increased as the web opening is located closer to the support and 
the stress is transformed from elastic to plastic under the increased local bending moment, 
M.. Stresses at the top tee-section are more compressive compared to stresses in the flange 
(Figure 2.14). The corresponding 9p evaluations for perforated sections with circular web 
openings, as they were formulated in the literature are: 0° under pure moment conditions 
and 28° under pure shear conditions. Typically, (pp equal to 25° was conservatively 
established for perforated sections with circular web openings. The approximate plastic 
hinge positions at the LMS of the top tee-section are synopsized in Table 3.10, and the 
critical opening length, c, can be determined. It is worth mentioning that, in cases with 
asymmetrical web openings on perforated beams both values are given. 
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Unger high shear 
Unger high shear 

Opening (pos. x equal to 2) and moment 
Shapes (pos. x equal to 4) 

q (degrees) q (degrees) 

A 23 / both open. 19 / both open. 
B 22 / both open. 22 / both open. 
C 17 / both open. 14 / both open. 
D 16 / both open. 8/ both open. 
E 33 / both open. 31 / both open. 

F 
34 / left open. 32 / left open. 
14 / right open. 9/ right open. 

G 
32 / left open. 29 / left open. 
11 / right open. 7/ right open. 

H 41 / both open. 41 / both open. 
I 49 / both open. 49 / both open. 
J 60 / both open. 59 / both open. 
K 64 / both open. 64 / both open. 

Table 3.10: Approximate (01°) angle, q', of the first plastic hinge at top tee-section and LMS 

It is verified that the angle (p is increased at perforated beams with web openings close to 
the supports (Figure 3.36 and 3.37). Typically, the larger the opening length, c, the higher 
the qp value is. However, as is shown in Figure 3.37 the shape of the web opening (i. e. 
symmetrical or not) also significantly affects the position of the plastic hinges which is then 
affects the value cp. This is the explanation as to why despite the fact that perforated beams 

with web openings D, E and F, which they all have a critical length equal to 0.25, in the 
perforated beam with web opening D the angle 9 of the plastic hinge is much smaller than 
the one with web openings E and F. The schematic drawing in Figure 3.38 demonstrates 
this difference. Furthermore, from figures below it can be concluded that in perforated 
beams with elongated web openings as well as hexagonal web openings (generally regular 
polygons) the (p of the first plastic hinge slightly varies independently of the web opening 
positions along the length of the beam. This is clearly shown in Figure 3.36 and 3.37 (i. e. 
identical points). The reason for this is that the stress is more likely to be concentrated at 
the sharp corners. 
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LMS HMS LMS HMS 

Figure 3.38: First plastic hinge at LMS of the top tee-section 

As it is aforementioned, the sequence of the formation of the plastic hinges is not a 
standard one when web openings are located at different positions. This is an effect of the 
combination of forces applied to the top and bottom tee-sections as well as the effect of the 
high additional local deflections of such perforated sections. Consequently, the sequence of 
the plastic hinges formation for perforated sections with web openings at positions x equal 
to 2 and 4 is presented at Figure 3.39 (left) and 3.39 (right), respectively. It seems that the 
results from the current FE study differ from the literature and Figure 2.13, when 
perforated beams with non-standard web opening shapes are examined. 

LMS HMS 

2""4 
ý-r 

Figure 3.39: Sequence of plastic hinges formation at; under high shear (left) and under high shear 
and moments (right) 
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In perforated sections with polygonal web opening shapes located close to the supports, all 
four plastic hinges appeared almost simultaneously but with a different stress magnitude. 

3.4.17 Vierendeel parameter 

The applied moment at the LMS of the web opening results in tensile and compressive 
forces in the web-flange sections. These forces are considered for the analysis of the 
behaviour of steel beams and they act at the elastic neutral axes of the sections. The 
Vierendeel moment across the web opening is resisted by the four plastic moment 
capacities of the sections, which may or may not be stiffened. 

In order to examine the performance of the Vierendeel mechanism in perforated sections, a 
parameter is established known as the Vierendeel parameter, v;, and is defined as: 

Vo, 
Sd(FEA) 

3.11) 
4'MT, 

Rd 

C 

Where MT; Rd is the basic shear capacity of the tee-sections under zero axial and shear forces 

and VO. Sd(FEA) is the global `coupled' shear capacity of perforated sections as obtained from 
FEA. The Vierendeel resistance of a web opening is given by the sum of the four bending 

resistances at the corners (Figure 3.40). The shear and axial forces decrease the plastic 
moment capacities of the sections. 
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Figure 3.40: Effective width - Critical length of typical circular and square web openings 
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An illustration of the importance of the Vierendeel mechanism in perforated sections with 
standard and non-standard web openings of various shapes and sizes is presented; as a plot 
of the Vierendeel parameter, v;, against the critical opening length ratio, c/d0, for perforated 
sections under zero global moment. This is shown in Figure 3.41,3.42 and 3.43. 

As the critical opening length increases the Vierendeel parameter also increases (close to 
unity). However, this trend is not absolutely applied to all perforated beams, especially 
when the diameters of the web openings do are equal to O. 5h and 0.65h. From the figures, it 
is also shown that the Vierendeel mechanism is strongly taken into consideration for 

perforated sections with elongated web openings, whereas the Vierendeel action is almost 
ignored when perforated sections with elliptical web openings are considered, i. e. v; < 0.1. 
Perforated sections with standard typical web openings are categorized as mid-range 
among the FE analyses in terms of Vierendeel parameter. 
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Figure 3.41: Typical values of Vierendeel parameter for perforated sections with web openings of 
the first category (UB457x152x52, S275 and M,,. ý, = 0) 
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Figure 3.42: Typical values of Vierendeel parameter for perforated sections with web openings of 
the second category (UB457x l 52x52, S275 and M, I = 0) 
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the third category (UB457x152x52, S275 and M, 
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3.5 CONCLUSIONS 

Based on FE results investigating steel beams with web openings of various standard and 
non-standard shapes and sizes, an existed design method was used. The main results of the 
parametric FE study are listed as follows: 

I. The shear capacities of perforated [-sections are greater than those evaluated by using 
the current design rules. Therefore, the shear area of the flanges contributes to the shear 
capacities of the perforated section mainly with large web openings. 

2. It is shown that apart from web opening length, c, which plays a significant role on the 
structural behaviour of the perforated beam, the web opening shape (e. g. orientation), 
size, and the position of the web opening can cause significantly different results. 

3. The effect of the local Vierendeel moments acting onto the tee-sections above and 
below the web openings, results in a reduction of the global shear capacities of 
perforated sections. The latter are called global `coupled' shear capacities, V0. Sd(,, 'I;, A), of 
perforated sections and the values of these are obtained directly from the non- 
dimensional shear-moment (FEM) curves in Figure 3.26. The corresponding 
normalized values of the global `coupled' shear capacity ratios, , 

for perforated 
sections of various web opening shapes are summarized in Table 3.6. These ratios 
together with the proposed design formulas can be used for the structural adequacy 
check of typical mid-range steel perforated sections by practical engineers. 

4. Vierendeel parameter, v,, shows that perforated beams with a large opening length at 
the web openings depends more on the Vierendeel mechanism, compared to the ones 
with narrow opening lengths. Perforated sections with elongated web openings have 
high Vierendeel parameters. 

5. It is now verified that angle ýp increases at perforated sections with web openings close 
to the supports. Typically, the larger the opening length, c, the higher the (p value is. 
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However, the shape of the web opening also significantly affects the position of the 
plastic hinges and the sequence of the plastic hinges formation. 

3.6 RECOMMENDATIONS AND LIMITATIONS 

The manufacturing procedure of perforated steel beams with large circular web openings is 
expensive. Consequently, further examination is decided to be established on novel web 
opening shapes, with the aim of improving both the structural behaviour as well as the 
manufacturing procedure of perforated beams. 

Generally, by introducing these new non-standard web opening shapes it is interesting to 
note that apparently other geometrical parameters of the web openings, such as the web 
opening shape and its orientation, also affect the structural behaviour of the perforated 
beams. This FE study is limited to typical mid-range UB perforated sections. Finally, it 
should be clearly noted that instead of the web opening diameter do equal to 0.75h, d,, equal 
to 0: 8h is used in this research programme aiming at lighter steel beams or a more 
conservative design. As it was questioned from the literature review (for instance web 
openings with do=0.8h the deflections are 2.5 times higher than web openings with 
do=0.7h), the examination was carried out to ensure that the structural behaviour is not 
changed and the deflections are not dramatically increased. 

Following an overall check of all eleven web opening shapes, it is strongly believed that 
perforated sections with vertical and inclined elliptical web openings behave more 
effectively compared to circular and hexagonal web openings mainly in terms of stress 
distribution. This was anticipated especially for vertical elliptical web openings as the web 
opening length, c, is very narrow and the web opening depth remains the same. Also, 
elliptical web openings provide smooth opening edges that avert the formation of plastic 
hinges at a low load level. Therefore, instead of circular and hexagonal web openings, 
elliptical web openings can be used in construction. Economy in terms of steel is also a 
positive factor. Although the results obtained from Figure 3.26 and Table 3.6 are non- 
dimensionalised, an overall estimation indicates that perforated sections with vertical 
elliptical web opening shapes have a percentage of improvement compared to the 
perforated beams with standard typical circular (A) and hexagonal (B) web opening shapes. 
These are approximately 18.5% and 29% respectively, for the biggest web opening sizes. 
The above percentages are lower when inclined elliptical web opening shapes are compared 
to the circular and hexagonal web opening shapes as they have a more critical opening 
length, c. Similarly, the above percentages are decreased when perforated beams with 
smaller web opening sizes are considered. 

However, the complex geometry of defining an ellipse and its high asymmetry make this 
shape difficult to manufacture and control. Therefore, the next phase of this research 
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programme will introduce novel elliptical web opening shapes that overcome the above 
problems combining the overall form of elliptical shapes but also facilitate their 
manufacturing procedure. 
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CHAPTER 4 

VIERENDEEL STUDY OF 

NON-COMPOSITE BEAMS WITH 

NOVEL WEB OPENING SHAPES 

4.1 INTRODUCTION 

Based on the results of the previous parametric FE study of perforated beams with various 
web opening shapes and sizes (Chapter 3), a new parametric study of the optimization of 
the circular and elliptical web openings is carried out in order to develop novel effective 
web opening shapes. The FE model used for the optimization study is initially validated 
with an experimental work conducted in this research programme. The web opening 
diameter, do, equal to 0.8h is used again, in the parametric study. The beam configuration is 
designed so that high shear forces are applied at the centre-line of the web openings, and so 
the shear mechanism is critical. This chapter consists of the following three parts: 

1. Experimental work: 

An experimental investigation is conducted on a short span deep perforated universal beam. 
The purpose of this test is to visualize the stresses, local buckling and deflections of a 
perforated beam with large web openings subjected under high shear forces and moments. 

2. Validation of the FE model with the experimental work: 

A brief comparison between the experimental test and the new FE model is made, to 
validate the FE model and to securely conduct further parametric FE study of the 
optimization of the novel web opening shapes. Loads, deflections, strains and yield patterns 
are mainly compared. 

3. Parametric FE study of the perforated beams with novel web opening shapes 

After validation against the experimental work, a comprehensive FE investigation on 
stresses and deflections of the perforated beams with novel web opening shapes at certain 
load levels is considered. A detailed sensitivity study of the geometric parameters, which 
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construct these new web opening shapes, is considered and the results are discussed in 
order to determine the most effective configurations. 

4.2 EXPERIMENTAL WORK 

4.2.1 Test specimen 

UB305x165x40 (S355) steel section is chosen and it is tested in such a way that the web 
openings are subjected to both high shear forces and bending moments, while formation of 
four plastic hinges is expected. The web opening diameter, do, is equal to 0.76h, where h is 
the beam section depth. The end distance between the web openings and the support centre- 
line is equal to 1.3d0 (Figure 4.1). The beam is symmetrical to the mid-span. The shear 
capacity and the Vierendeel bending stresses will be examined as an effect of the shear 
transfer. 

To ensure reasonable stress distribution in the beam, bearing plates at supports are utilised 
as well as a load spreader at the mid-span between the hydraulic jacks and the compression 
steel flange. The dimensions of the bearing plates at supports depend of the prevailing 
profile. The thickness of all bearing plates is constant and same as the flange thickness 
(10.2mm). Bearing plates are welded to both flanges and web. There is a gap at the fillet 

position between the plate and the fillet and its purpose is to allow fillets to distribute the 
load evenly from the flanges to the web. Load spreader is used to provide uniform 
distribution of the stresses caused by the two point loads applied (Figure 4.1). The 
thickness of this plate is 20mm. 

Spreader 

II 
ý_ý- 

dick=231.0 

-J " -L 

L. 

F1. FBI. F{ 

L. 

100 300 300 300 300 300 100 

Figure 4.1: Experimental test beam configuration (all dimensions are in mm) 

The beam design is approved by the Steel Construction Institute (SCI). By the use of the 
design software from ASD Westok ltd. (CELLBEAM) and BS5950 Part 1: 2000 is 

121 



Chapter 4 Vierendeel Study of Non-Composite Beams with Novel Web Opening Shapes 

estimated that the resistance load of the steel section (S355) is around 200kN. Also, it is 
found that the Vierendeel bending is the most critical failure mode for the particular beam 
configuration (Appendix 7). 

4.2.2 Rig setup 

The system is a single-span beam under bending; both ends are simply supported so that 
the system is statically determinate. The load is applied through the extension of the two 
hydraulic jacks on the load spreader and the supports consist of mild steel rods. The applied 
bending moment is obtained from the recorded displacements and the applied loading from 

the load cells connected to the jacks. The rig setup and test arrangement are shown in 
Figure 4.2. Each specimen is placed into test setup using the laboratory crane, in the same 
manner it would be raised into place in the field. During the test, data acquisition programs 
are used in order to control the test by varying the load increments for more precise results. 
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4.2.3 Measurement devices 

4.2.3.1 Strain gauges 

Strain gauges are located on both web openings of the beam and on both face sides of the 
web. It is intended to gain most exact overview of the strain distribution in the web as 
verification to the FE analyses. 

Strain gauges are used to measure the compressive and tensile surface strains of the beams 
in the vicinity of the web openings, something which is useful in the determination of steel 
yielding at shear stressed positions. Also, by gauges positioned at both sides of the web, the 
local buckling of the web can be identified. 

The locations of the strain gauges are found according to contour plots from a preliminary 
FE analysis (Figure 4.3). Rectangular rosette gauges (0-45-90) are placed to obtain 
principal stresses and shear stresses at the web section. The foil rectangular rosettes are 
positioned close to the edge of the web openings; 15mm away from the edge, at an angle of 
55° from the horizontal centre-line (clock-wise). The arrangement of the strain gauges is 
shown in Figures 4.4 below. 

The strain gauges have 12091 (ohm) resistance and both three gauges on each rosette have a 
gauge factor `K' of 2.12. The coefficient of thermal expansion is 11.8x10"6/°C and 
temperature coefficient of +0.1±0.05%/10°C. Their tolerance is ±0.85 [(gm/m)/°C]. 

A quarter Wheatstone bridge circuit is used and it is non-linear under certain conditions; 
generally where there are non-symmetrical resistance changes within the bridge and when 
large resistance changes are involved. For most measurements on metals within the elastic 
range where the changes in resistance are small, this non-linearity is negligible. As a rule- 
of-thumb, the non-linearity equal to the percentage strain, i. e. 0.1% strain (1000µs) would 
give 0.1% non-linearity. This assumes a constant voltage supply and the effect can be 
reduced with a constant current supply (Window and Holister, 1982). 
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Figure 4.4: Arrangement of strain gauges 
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4.2.3.2 Dial gauges 

To measure the vertical deflection of the beams three electronic dial gauges are placed 
under the tension steel flange with two of them aligned to the HMS edge of the web 
openings (Dial Gauge I and 3), and one dial gauge at the mid-span of the test beam (Dial 
Gauge 2). The arrangement of the dial gauge is presented in Figure 4.5. The travel length 

of each transducer is ±25mm. It should be noted that all data on strains, displacements and 
loads is simultaneously measured at every loading step. 

Iý ' Dial Gauge 123 

Figure 4.5: Arrangement of dial gauges 

4.2.4 Test procedure 

The load application is conducted by controlled deformation with a low displacement rate. 
Further, the load is applied stepwise by holding the displacements at these steps to record 
the load relaxation effects. The general test-procedure is synopsized in four steps as 
following: 

I. Preload: Approximately 3% (approximately lOkN) of the predicted ultimate load is 

applied. 
2. Gradual loading: Specimen is loaded gradually to sufficient load in order to create 

large areas of plasticity up to the limit of the first failure mode. Local buckling points 
on the web opening edges at high compression stresses are initiated (plastic hinges). 

3. Gradual loading and relaxation: Gradual loading is applied with the same increments 

as mentioned at the second step. The loading increments are reduced after the initial 

yielding, up to the point of the beams' ultimate load carrying capacity and then a further 

reduction of the increment to approximately 5 to lOkN per step in the post-elastic 
region. 

4. Unloading: Full unloading is conducted. The measurements of the plastic-permanent 
deformation of the beams are recorded. 
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4.2.5 Load-deflection relationships 

The load against deflection curves for all three dial gauges, applied on the steel perforated 
beam with circular web openings, is shown in Figure 4.6. Surface loading approximately 
lOkN is initially applied when the dial gauges are zeroed. Then the load is released and 
subsequently the gradual loading starts with 15 to 20kN increments. Up to the level of 
176.2kN, linear behaviour is obtained, which is the 64.2% of the ultimate load carrying 
capacity of the beam. At this stage high deformation is not observed yet. At the load of 
256kN, high local buckling points which are due to compression in the vicinity of the web 
openings are observed. Moreover, well formed yielding of the compression flange above 
the web openings due to high Vierendeel forces, is taking place. Then, the increments are 
reduced to lOkN per load. At the ultimate loading carrying capacity is 274.4kN, only dial 
gauges 1 and 3 are measured, while the dial gauge 2, located at the mid-span of the beam, 
has suddenly de-attached because of high abrupt deformation. The overall shear failure 

mode and the local distorted web and flanges of the steel beam are illustrated in Figure 4.7 
and 4.8, respectively. Finally, unloading is performed with the plastic deformation drawn 
by dial gauge 1 and 3. The unloading line is parallel to the linear elastic deformation line. 

In Figure 4.6 the load Py portrays the experimental values which indicate that the edges of 
the circular web openings have initially yielded. The buckling load Pc, of the web and the 
flanges is determined by using the beam deflections at the HMS of each web opening, 
where high relaxation of the beam is obtained (Dial Gauge 1 and 3). The yield load Py is 
smaller than Pc,. and P. &, because the edges of the circular web openings in addition to the 
normal bending moment and shearing force, carry both additional moments by Vierendeel 
action and the longitudinal shear forces (fully plastic hinges formation). Therefore, it seems 
that this local yielding of the edges is directly related to the ultimate strength of the beam. 
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4.2.6 Strain evaluations 

2D horizontal, Ex, vertical, Ey, and shear, Ey, web strains in the vicinity of the web openings 
are recorded and plotted together with the load level as shown in Figure 4.9 to 4.13. The 
negative values of strains indicate compression. Because of high ductility in the plastic 
region large magnitude of strains are recorded. In some cases at the few last load steps, 
large constant strains are observed as the strain gauges were over-strained due to high 
distortion of the steel. It is worth noted that both Rosette I and 5 (Figure 4.9 and 4.13), 
which are attached at the same position on the web, show similar tensile vertical strains, but 
different horizontal and shear strains because of local flexural stresses (i. e. membrane 
strains) resulting from buckling. General interpretation of the strain graphs behaviour can 
be as follows: 

Phase 1: Linear elastic behaviour according to theory, no normal strains occur. 
Phase 2: Change to plasticity and in-plane membrane effects lead to the development of 
normal strains. 
Phase 3: Overlaying of instability effects such as local buckling and change of sign of the 
strains can finally occur. Also, very large strain evaluations are obtained after steel totally 
yielded. 
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Since only 3mm gauge length is used for strain gauges, it makes the gauges very sensitive 
only to high stress concentration points. It must be mentioned that the strain gauges record 
only the average value of strain across their length. 

Up to the level of 176.2kN, where linear behaviour is obtained by the load-deflection 

graph, all fifteen strain evaluations are varying in similar low range; approximately 0 to 
3500microstrain. Moving to the plastic region, gradually higher compression and tension 
strains are recorded. After the point of high deformation (i. e. 256kN) a sudden significant 
increase or decrease of strains is recorded. 
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4.2.8 Coupon tests 

To determine the physical strength of the steel used in the experimental work, tensile 
coupon tests are carried out according to the specifications and guidelines mentioned in the 

code of practices (BS EN 10002-1). Coupon tests are taken from four un-yielded locations 

of the tested steel perforated beam. Four tensile coupons are cut from the tested beam, two 
samples of web and two samples of the flanges are taken to compare the results. The 

samples are taken from the overhang web, which is not stressed because of the bearing 

plates at the supports. Samples are also taken from the compression flange at mid-span; 
where the spreader plate was applied. The yield and the ultimate stresses are determined by 

averaging the results obtained from the coupons. In Figure 4.14 the load-extension curves 
for all coupons are depicted. Finally, Table 4.1 synopsizes the physical properties obtained 
from tensile tests. 
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Figure 4.14: Load-extension curves for coupons 

Coupon Yield Tensile Average Yield Average Tensile 
Specimen from Strength Strength Strength Strength 

Represented Specimen f, (MPa) f�IR (MPa) f, (MPa) ) Lwc (MPa) 

Web 
1 297 415 299 413 5 2 301 412 . 

Flange & 1 339 450 
337.5 448 

Bearing Plate 2 336 446 
Table 4.1: Measured material physical properties 
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4.3 VALIDATION OF THE FE MODEL WITH THE EXPERIMENTAL WORK 

4.3.1 FE model 

A non-linear (material and geometric) elasto-plastic analysis is conducted herein in order to 
compare and validate the FE model of the steel beam with the experimental test conducted 
above. Load-deflection curves are mainly compared, and the results will be used as a 
reference for the following parametric study of the optimization of the web opening shapes. 
Failure mechanism and stresses are also examined to better understand the behaviour of 
such perforated steel beam. 

The non-linear analysis is carried out similarly to that in Chapter 3. Any differences are 
synopsized as follows: 

" Initially, the averaged yield and ultimate tensile material properties from Table 4.1 are 
used to model the beam. Same properties are used for web, flanges and bearing plates. 
It is worth to note that the Young's Modulus, E, is taken equal to 200GPa and Tangent 
Modulus, Er, equal to 2000MPa, for direct comparison. 

" For further validation of the FE model and generalising the results, nominal values are 
used for material properties. Therefore, it is assumed that the beam is of S355 and all 
its parts consist of the same material strength with the following physical properties: 
E=200GPa, v=0.3, fy=355MPa and full. =530 and ET=2000MPa. The comparison 
between the actual and the idealized stress-strain curve is depicted in Figure 4.15. 

"A Bilinear Kinematic Hardening (BKIN) option is used while both the yield and 
ultimate steel strength are now determined. 

" Only the bearing plates at the supports are considered and not the load spreader plate 
(same results obtained in case of modelling the loading spreader, too). 

" The nominal dimensions of the beam taken from Corus are used; while the real 
dimensions of the UB section are found to be slightly different when measured in the 
laboratory before the test. 

" The load is applied stepwise as a pressure on the middle of the top flange in the same 
area where the load spreader positioned. 

" The calculations stopped either when the maximum stress (or strain) values are 
reached, when the node's displacement exceeded the default values (default by 
ANSYS), or displacement started to increase very rapidly without sufficient load 
changing. 
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Figure 4.15: Idealized bi-linear stress-strain curve of the steel material used in ANSYS 

4.3.2 Load-deflection relationships 

The load-deflection curves obtained from FE modelling and experimental test are plotted in 
Figure 4.16 for direct comparison. Comparing the experimental load-deflection curve at 
the mid-span with the FE curve obtained by using the nominal material properties, it is 

observed that the FE model provides significant stiffness in the elastic region. This is also 
an overestimation of the FE model due to the limited number of the nodes on each element 
(i. e. only four nodes), as well as the `reduced integration points' function, which is used to 
avoid numerical problems, such as shear locking on shell elements. However, the yielding 
and plasticity of the FE model adequately compares with the experimental test. Finally, as 
the yield and ultimate tensile material strengths are used to model the steel, the FE analyses 
only converge (i. e. stop) when the ultimate tensile stress is reached. Therefore, an increased 
strain hardening is observed before the models converge. 

From tensile coupon tests it is also found that the stiffness of the steel is very low and it is 

not representing the theoretical Young's Modulus. Hence, the nominal Young's Modulus 
(E=200GPa) is used in FEM. Such nominal material strength properties are used for the 
next parametric FE study. 
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Figure 4.16: Load against deflection curves at mid-span for steel perforated beam 

4.3.3 Stress distribution 

It is interesting to examine the stress distribution in the vicinity of the web openings of the 
perforated beam at both the yield and failure (i. e. divergence of the FE solution) point; to 
better understand the formation of the stresses and the plastic hinges (Appendix 8). The 
Von-Mises stress distribution and the deformed shapes for both load levels are presented in 
Figure 4.17. The maximum Von-Miles stresses are observed at the same positions as in the 
experimental beams (Figure 4.17). 
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Figure 4.17: Von-Mises stresses at yield point (left) and failure point (right) 
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The direction of principal stresses and total principal strains and their magnitude is 
presented in Figure 4.18 below. It should be noted that principal strains-stresses 1 (PRINZ 
or a, ) are in tension while principal stresses-strains 2 (PRIN2 or q2) are in compression. 
This is in agreement with the results taken from the 2D shear web strains in Figure 4.9 to 
4.12. 

In more detail, the angle 9p where the shear stress r, becomes zero (Formula 4.1) defines 
the principal directions where the only stresses are normal stresses. These stresses are 
called principal stresses and are found from the original stresses (expressed in the x, y, z 
directions) via Formula 4.2. 

tanZ9p = 
ZTxy 

(4.1) 
QX - ay 

2 

a1,2 = 
ýx 

2 
ay ?' max 

2 
may) 

+T2 (4.2) 

Another important angle, BS, is where the maximum shear stress occurs. This is found by 
finding the maximum of the shear stress transformation equation, and solving for 0. The 
result is: 

tan2Bs = 
Qx - Uff, 

- (4.3) -) es = 9p ± 45° (4.4) 2TxY 

The maximum shear stress is equal to one-half the difference between the two principal 
stresses: 

2 

zmax- 
(max2may) +ixy2=Or12a2 (4.5) 

Further plots are provided to compare the displacement vectors and their magnitudes taken 
from FE analysis with the deflected shape of the tested beam (Figure 4.19). 
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4.4 PARAMETRIC FE STUDY OF NOVEL WEB OPENING SHAPES 

4.4.1 Method of study 

As it is difficult to find the best combination of the parameters, and complicated to achieve 
this due to mathematical difficulty in dealing with many unknowns and formulas, finite 

element analysis enables us to avoid such problems. 

The validation of the FE model against the experimental work (do=0.76h) and the 
agreement of the results, provides credibility to the novel beam models. As it is 
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aforementioned, the tested perforated beam with circular web openings is used as a 
reference for comparison purposes. 

Initially, the load-deflection curves are presented for all perforated beams with novel web 
openings. However, this is a complex study as many parameters affect the results and the 
assessment is unrestrained. Therefore, it is decided to examine the stresses and the 
deflections at three different `characteristic' load levels, in relation to the results obtained 
from the perforated beam with circular web openings of diameter, do, equal to 0.76h. In 

such a way the comparison results are relative to the tested specimen, while the assessment 
is direct despite the number of the parameters. Also, these `characteristic' loads are varying 
in the elastic and early plastic region and so the comparison results are not affected by the 
FE convergence criteria. The load levels are presented as given in sub-chapter 4.2.5 
(Py=176.2kN, Pc, =256kN and Pi1t. =274.4kN). The results from the perforated beams with 
circular web openings of diameter, do, equal to 0.8h is also plotted. Then, the magnitude of 
differences between the perforated beams with circular web openings of both diameters and 
the novel web openings shapes are depicted. The Von-Mises stresses and the deflections at 
these aforementioned load levels are recorded and used for comparison purposes, 
determining the effect of each geometric parameter. 

The best combination of theta and radius assumed to be for the beams with low Von-Mises 

stresses and mid-span deflections. However, the combination of theta and radius of an 
effective web opening shape should also provide the maximum possible web opening area 
(i. e. minimum possible beam weight). No required limits are defined; however the relative 
comparison suggests the most effective solutions. 

4.4.2 Vertical and inclined elliptical web openings 

4.4.2.1 Introduction 

Parametric FE study is established in order to investigate the structural behaviour of 
perforated beams with novel web opening shapes. Regarding the results from Appendix 1 
and 2 as well as Chapter 3, an idea of a new web opening shape is developed from a 
combination of hexagonal and circular web openings. The general geometry of this web 
opening is elliptical and it is decided for it to be investigated in a vertical and in an inclined 

configuration, in the perforated beam which is previously presented in this chapter. A high 

shear-moment interaction is applied to the centre-line of the two isolated web-openings, in 

order to investigate their Vierendeel mechanism behaviour. 

Web opening depth, do, equal to 0.8h is considered, similarly to Chapter 3, while two are 
the main parameters considered, introducing various web opening configurations with 
different web opening areas. The angle (THETA) of the straight lines and the radius, R, of 
the semi-circles at the top and bottom tee-sections; are the two main parameters of this 
study. These are shown in Figure 4.20. Four angles (10°, 20°, 30° and 40°) as well as four 
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radii (0.15do, 0.2do, 0.25do and 0.3do) and their combinations are modelled. Hence, sixteen 
different web openings are modelled regarding the vertical elliptical configuration. The 

same concept is followed for the development of the inclined elliptical web openings, while 
the top and bottom tee-sections (i. e. semi-circles with radius, R) are slightly moved to the 
opposite directions and form an inclined elliptical shape (Figure 4.20). Another sixteen 
different perforated beams are modelled regarding the inclined elliptical configuration. 
Moreover, the perforated beam with circular web openings and diameter, do, equal to 0.8h, 
is modelled for direct comparison. In total thirty-three (16+-16+1) non-linear FE 

simulations are conducted to cover the needs of this part of the study to optimise the shape 
of the novel elliptical web openings, under a critical shear mechanism. It is considered 
necessary to analyze all 33 FE models, as it is found that some perforated beams present 
significant high stress concentration at specific points indicated with black arrows in 
Figure 4.20 and 4.29, due to the combination of R and TI ZETA. 
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Figure 4.20: Geometric parameters (Angle, THETA and radius, R) 

4.4.2.2 FE results 

do 

Table 4.2 synopsizes the necessary reference values of nodal stresses and mid-span vertical 
deflections to establish the following comparison between the perforated beams with 
circular web openings of either test or FE model and the perforated beams with novel web 
opening shapes. 
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at P =176kN at Pr,. =256kN at P�, L=274.4kN FEA Solution Diverged 
Von- Von- Von- Load, Von- 

8 Mises 8 Mises d Mises P 8 Mises 
(mm) MPa (mm) MPa (mm) MPa (kN) (mm) MPa 

TEST MODEL 
CIRCULAR 3.82 -- 13.56 ----- 21.8 --- 

d,, =O. 76h 
FEM 

CIRCULAR 3.6 372.784 13.56 453.745 21.8 510.296 293 32.43 529.04 
d,, =0.76h 

FEM 
CIRCULAR 6 398.597 21 522.464 24.7 526.597 339.4 41.1 529.71 

d, , =0.8h 

Table 4.2: Initial evaluations for perforated beams with circular web openings 

4.4.2.3 Vertical elliptical web openings 

The FE load-deflection curves for perforated beams with vertical elliptical web openings 
together with the FE load-deflection curves of perforated beams with circular web openings 
of both sizes are displayed in Figure 4.21. It is shown that up to the `characteristic' yield 
load of the reference test model, the stiffness of all perforated beams is similar. However, 

significant deviation is observed in the plastic region, due to the large Tangent Modulus 
(ET=2000MPa) and the large deformation in the FE model. This allows for load 
redistribution in the web across the web opening after initial yielding. In addition, dashed 
coloured lines depict the `characteristic' load level points on which the comparison study 
for the optimization of the web opening shapes is based. 

It can be seen that perforated beams with vertical elliptical web openings of different 

combinations of THETA and R have identical deflections at certain load levels. It is noted 
that a few of them have similar stress magnitudes too, whilst the web opening areas are 
different. 

Figure 4.22 to 4.24 present the FE results of Von-Mises nodal stresses and mid-span 
vertical deflections in relation to the angle THETA of the straight lines and the radius of the 
semi-circles, R. The results are given in sequence; starting (i. e. Name 1) with the' web 
opening shape, which provides the smaller web opening area. The name of each web 
opening shape and its web opening area are summarized in Table 4.3, below. 
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Figure 4.22: Von-Mises nodal stresses (left) and mid-span vertical deflections (right) at P,, 
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Figure 4.23: Von-Mises nodal stresses (left) and mid-span vertical deflections (right) at Pc, 
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Figure 4.24: Von-Mises nodal stresses (left) and mid-span vertical deflections (right) at P�1, 
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Novel elliptical web openings Names 
Vertical Area (cm2) 

I THETAIO, R0.15 202.592 
2 THETA20, R0.15 217.895 
3 THETA10R0.2 242.778 
4 THETA30, R0.15 248.693 
5 THETA20, R0.2 254.020 
6 THETA30, R0.2 276.648 
7 THETAIO, R0.25 281.954 
8 THETA40, R0.15 286.473 
9 THETA20, R0.25 289.761 
10 THETA40, R0.2 304.404 
11 THETA30, R0.25 305.475 
12 THETA10, R0.3 320.121 
13 THETA40, R0.25 324.750 
14 THETA20, R0.3 325.118 
15 THETA30, R0.3 335.175 
16 THETA40, R0.3 347.511 

Table 4.3: Numbering the corresponding novel web opening shapes and their web opening areas 

From the figures above it is observed that the increase of load carrying capacity depends 

more on the radius of the semi-circles, R, rather than on the angle of the straight-lines, 
THETA. Mid-span deflections of perforated beams with novel web openings are 
significantly smaller than the ones obtained from perforated beams with typical circular 
web openings of both diameter sizes. In contrast, perforated beams with circular web 
openings provide a smooth transition of the stresses at the edge of the web openings, and in 

some cases, the novel perforated beams behave worse in terms of stresses. Hence, the 
variation of the stresses is based mainly on the specific combination of radius and angle 
theta. 

As the load level is increased, the deflections are more sensitive to the change of R. It is 

also shown that the bigger the radius, R, the higher the deflections are. The main reason is 
that the critical opening length, c, is increased and so, the Vierendeel action is severe. Also, 
by increasing the radius, R, the web opening area is significantly increased, while the 
stiffness of the section is decreased. 

In particular it is worth to note that the perforated beam with web openings 
THETA10, RO. 25 presents small deflections, whereas the perforated beam with web 
openings THETA30, RO. 15 presents significantly increased stresses. The reason behind the 
observed changes is the high stress concentration at the sharp corners on the web opening 
edge, created by the combination of the specific THETA and R. 
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4.4.2.4 Inclined elliptical web openings 

The FE load-deflection curves for perforated beams with inclined elliptical web openings, 
along with the FE load-deflection curves of perforated beams with circular web openings of 
both sizes are displayed in Figure 4.25. Similar load carrying capacities and mid-span 
vertical defections are observed. 

Again, Figure 4.26 to 4.28 demonstrate the FE results of Von-Mises nodal stresses and 
mid-span vertical deflections in relation to the angle THETA of the straight lines and the 

radius of the semi-circles, R. The name of each web opening shape and its web opening 
area are summarized in Table 4.4, below. 
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r0D 

Figure 4.26: Von-Miles nodal stresses (left) and mid-span vertical deflections (right) at P,, 

Figure 4.27: Von-Mises nodal stresses (left) and mid-span vertical deflections (right) at Pc,. 

Figure 4.28: Von-Mises nodal stresses (left) and mid-span vertical deflections (right) at Puy,. 
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Novel elliptic I web openings Names 
Inclined Area (cm2) 

I THETA10, R0.15 183.976 
2 THETA20, R0.15 191.628 
3 THETA30, R0.15 207.027 
4 THETA40, R0.15 225.917 
5 THETA10, R0.2 229.100 
6 THETA20, R0.2 234.722 
7 THETA30, R0.2 246.036 
8 THETA40, R0.2 259.914 
9 THETA I O, R0.25 272.456 
10 THETA20, R0.25 276.360 
11 THETA30, R0.25 284.216 
12 THETA40, R0.25 293.854 
13 THETA 10, R0.3 314.042 
14 THETA20, R0.3 316.541 
15 THETA30, R0.3 321.569 
16 THETA40, R0.3 327.737 

Table 4.4: Numbering the corresponding novel web opening shapes and their web opening areas 

From figures above it is clearly seen that when only THETA is varying, the perforated 
beams have identical deflections and similar stresses at the `characteristic' load level 

points. However, when only R is varying, the bigger the radius, R, the higher the 
deflections and stresses are. It is worth to mention that when the web openings are plotted 
with sequence in terms of the web opening area, a rational order is found. By plotting the 
results in this way, it is now easier to indentify the influence of any of the parameters on 
the structural performance of the perforated beams. Also, the sensitivity for both THETA 
and R at the yield and critical reference load level points is similar. 

Perforated beams with web openings THETA20, RO. 15 and THETA40, RO. 3 present slightly 
increased stresses, particularly at the sharp corners on the web opening edge, due to the 
particular combination of THETA and R. 

4.4.2.5 Overview of elliptical web openings 

The maximum deviation of deflections and stresses among the perforated beams with 
circular web openings with different diameters is found at the `characteristic' Pc,, load 
level. The maximum deviation in terms of deflections among the perforated beams with 
any circular and novel elliptical web openings is obtained at the `characteristic' P,, /,. load 
level. Similarly, the maximum deviation in terms of stresses is obtained at the 
`characteristic' Pc, load level. In addition to that, higher fluctuation of deflections and 
stresses among the perforated beams with the novel web opening shapes is found as the 
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load level is increased. Therefore, the main differences are taking place in the plastic 
region, where the stiffness of the models is dependent on the Tangent Modulus, ET. 

All perforated beams with novel web opening shapes are stiffer compared to the perforated 
beams with circular web openings with diameter equal to 0.76h and 0.8h. Smaller mid-span 
vertical deflections are always observed, however increased stresses are found at the 
`characteristic' load level points Py and Pc, in the perforated beams, with the following web 
opening shapes: 

" Vertical Elliptical Web Openings 
Py: THETA30, RO. 15 / THETA20-40, RO. 25 / THETA 1O-40, RO. 3 

" Vertical and Inclined Elliptical Web Openings 
Pcr: THETA 10-40, RO. 3 

Both vertical and inclined elliptical web openings, THETA40, RO. 25 (No. 13 and No. 12; for 

vertical and inclined web openings, respectively), have a relatively big web opening area, 
while they behave well to be characterized as effective solutions. Furthermore, the web 
openings THETA1O, R02.5 and THETA40, R0.15 (No. 7 and No. 8 respectively) for vertical 
elliptical web openings and THETA40, RO. 15 (No. 4) for inclined elliptical web openings, 
show the maximum difference between the biggest possible web opening area and the 

relatively small deflection and low stresses. 

Yield patterns and deflected shapes of perforated beams, with various selected novel web 
opening shapes at the three ̀ characteristic' load level points, are presented in Appendix 9. 
In addition to that, yield patterns and deflected shapes of perforated beams with circular 
web openings of diameter, do, equal to 0.8h are presented for direct comparison. 

4.4.3 Circular web openings with filleted edges at the mid-depth 

4.4.3.1 Introduction 

Four circular web openings with fillet radius of 15,25,35 and 45mm of fillet radius, r, are 
examined (Figure 4.29). There is no reason to investigate bigger radii of fillets since the 
circular shape is then dramatically changed and thus, the concept and benefits of using the 
circular web opening shape are totally jeopardized. Another four non-linear FE simulations 
are conducted herein. 
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Sharp-tip point 

Symme tricot 
to 

centre-line 

0,8do 

Radius, r 

Fillet 
Synroetrlcat 
to 
centre-line 

Figure 4.29: Geometric parameters (Radius of fillet, r, in mm) 

4.4.3.2 FE results 
The FE load-deflection curves for perforated beams with filleted circular web openings 
together with the FE load-deflection curves of perforated beams with circular web openings 
of both sizes are displayed in Figure 4.30. It is observed that all the perforated beams with 
novel web openings of diameter, do, equal to 0.8h, have the same stiffness and identical 
load-deflection curves with the perforated beam with circular web opening of the same 
size. Slight differences are only shown at Von-Mises stress evaluations, while higher 
fluctuation is observed at the `characteristic' critical load level point, Pc.,.. 

Figure 4.31 to 4.33 present the FE results of Von-Mises nodal stresses and mid-span 
vertical deflections in relation to the radius of fillet, r. The name of each web opening 
shape and its web opening area are summarized in Table 4.5, below. 
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Figure 4.31: Von-Mises nodal stresses (left) and mid-span vertical deflections (right) at Py 
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Figure 4.32: Von-Mises nodal stresses (left) and mid-span vertical deflections (right) at Pc.,. 
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Filleted circular web openings Names 
Radius of fillet Area (cm2) 

1 15mm 464.233 
2 25mm 467.373 
3 35mm 472.083 
4 45mm 478.363 

Table 4.5: Numbering the corresponding novel web opening shapes and their web opening areas 

High stresses are concentrated at the sharp-tip points; the connection between the top and 
bottom fillet at the mid-depth of the web openings. The overall results have not changed, as 
these web openings are located away from each other and the stresses are not increased. 
However, stress variation is observed at the `characteristic' Pc,,, due to the difficult 
redistribution in the vicinity of such web openings, following the yield load level. Hence, it 
is considered necessary to pursue a local FE work on the filleted circular web openings, and 
to further explore the stresses in the vicinity of the fillets. 

4.4.3.3 Stress concentration 

Following the global FE analysis on the entire perforated beams, only a quarter of the web 
opening edge is now modelled and particularly, a 2D plane-strain model is employed. The 
load is applied in such a way that it simulates the pragmatic movement of this part of the 
web, when the perforated beam is loaded similarly to the experiment. Displacement 
restraints are utilised as boundary conditions for the accurate response of the sub-model 
(Figure 4.34). 

It should be clearly mentioned that, in local analysis the load does not represent the load 

carrying capacity. The modelled plate is tested up to the ultimate stress level (i. e. 
f�<<, =530MPa) of the material, so that the local stress concentration and its intensity, due to 
fillet existence, can be measured. 

There are only two degrees of freedom to consider, DX and DY. For this problem, 
restraining conditions need to be applied to the symmetry axes. Hence, there is no 
displacement normal to the line of symmetry. The rigid body motion is also restricted, since 
no rotation or translation of the body is possible. 
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Figure 4.34: Boundary conditions (left) and reactions (right) 

4.4.3.4 Hot spot stress 

Structural hot spot stresses; also called geometric stresses, include nominal stresses and 
stresses from structural discontinuities. The latter are not the stresses because of the 
presence of welds. 

The hot spot stresses may be determined using stress concentration factors, obtained from 
parametric formulas within their domains of validity, a finite element analysis, or an 
experimental model. "The hot spot stresses or strains arrived at in this manner are divided 
by the nominal stress or strain to arrive at the stress concentration factor (SCF) or strain 
concentration factor (SNCF) " (Von Wingerde, Packer and Wardenier, 1995). 

It should be noted that the FE modelling might influence the calculated stress at the hot 
spot region. The parameters affecting this are the following: 

" Type of elements used. 

" Size of elements at the hot spot region. 
" The way the stresses derive from the analysis (Gaussian stress, nodal stress, etc. ). 

4.4.3.5 Stress concentration by FEA 

A convergence study is initially established with mesh refinement at three different stages. 
Figure 4.35 and Figure 4.36 present the mesh refinement and the convergence of the 
results as relatively increasing the number of elements. Fine mesh is finally used for this 
research study. The Von-Mises nodal stress obtained from FEA is divided by the nominal 
yield material stress (f,, =355MPa), denoted as SCF. In Figure 4.37, the SCF is plotted 
against the distance from the sharp-tip point, where the top and bottom fillets are 
connected. The FE analysis is conducted for four plates with different radii of fillets and 
one without fillets. 
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Figure 4.35: The three stages of the mesh refinement - Deformed model with un-deformed edge 

In Figure 4.37, there is a critical distance of nearly 15mm where the SCF is above the unity 
and so local buckling or shear cut-off might occur, causing local failure of the perforated 
beam. Instead, when there are no fillets and the beam is highly loaded; the SCF is equal to 
unity at this critical distance. The safe distance from the sharp-tip point is presented by the 
steep decrease of the SCF. The bigger the fillet radius is, the higher the SCF is, while the 
rate of SCF's reduction is lower. 

It is worth to clarify that this study is on the maximum possible web opening diameter, 
do=0.8h, whereas the web thickness is limited to 6mm plate; as taken from the particular 
beam tested previously in this chapter. 

Figure 4.38 presents the contour plots of the stressed areas for all five FE models. Von- 
Mises and vertical stresses, 6y, are plotted for comparison in order to draw the highly 

stressed points and the areas under tension and compression. 

The position and the magnitude of the four plastic typical hinges are affected by the 
existence of the fillet, but not affected from the radius of the fillet. The introduction of the 
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fillet geometry results to high concentrated vertical stresses near the sharp-tip point. In the 
global FE analyses, it was shown that all four perforated beams with different radii of 
fillets, r, behave similarly in terms of load-deflection relationships (Figure 4.30). However, 

perforated beams with filleted circular web openings of r=45mm have a dramatically 
increased SCF, which is not reduced less than the unity, even at a distance of 90mm away 
from the sharp-tip point. In case this perforated beam is differently loaded, for instance, it is 

subjected under fatigue loading and the web-post is not reinforced, high stresses along the 
length of the web-post can damage the beam and might cause its failure. This is due to 

reduced local load resistance after cyclic loading. Perforated beams with filleted circular 
web openings of r=15mm, r=25mm and r=35mm are suggested for use, because they 

provide moderate effects. The increase of the SCF above the nominal yield stress can be 
balanced from the design safety factor proposed by EC3 (i. e. yj=1.25), regarding the 
tensile resistance of ordinary bolts (Byfield and Nethercot, 2001). It is worth to note that 
the deviation of stresses, discussed above, is not important for regularly and widely spaced 
web openings, where a critical failure mode, such as web-post buckling or shear cut-off of 
the web is not taking place. 
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4.5 CONCLUSIONS 

UB305xl65x40 (S355) with two large circular web openings (d0 -0.76h) is tested 

experimentally so as to obtain the failure mode and load carrying capacity. Strains in the 

vicinity of the web openings are acquired, while `characteristic' yield, critical and ultimate 
load level points are recorded and used as a reference in the following parametric FE study. 
Also, tensile coupon tests are conducted to examine the physical material properties of the 

tested beam. Further, comparing the experimental with the FE load-deflection curves at the 

mid-span, it is observed that the FE models provide significant stiffness in the elastic 
region. However, the yielding and plasticity of the FE model with the nominal strength 
material properties adequately compare with the experimental test. 

Comprehensive FE investigation on perforated beams with circular and novel web opening 
shapes is carried out, while the typical FE model is validated against the experimental 
results presented in this chapter as well. The beam model examined in this optimization 
study is a mid-range thin and deep web steel beam with isolated large web openings, 
subjected under high shear forces and moments. 
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Some conclusions can be drawn as follows: 

" It is found that the perforated beams with circular web openings with diameter, do, 
equal to 0.76h and 0.8h have a significant load carrying capacity difference. 

" All perforated beams with novel elliptical web openings (do=0.8h), present increased 
stiffness, mainly in the plastic region. Their mid-span vertical deflections at the 
`characteristic' load levels are even lower than the perforated beams with circular web 
openings with smaller diameter equal to 0.76h. 

" Stresses in the vicinity of the web openings are affected by both THETA and R of the 
elliptical web opening shapes. However, deflections of the perforated beams are only 
affected by the radius, R, because it is the main parameter, which determines the web 
opening area and the critical opening length, c, at the top and bottom tee-sections. 

" Changing the parameter THETA, the Von-Mises stresses are dramatically varied in the 
vicinity of vertical elliptical web openings, whereas slightly varied in the vicinity of 
inclined elliptical web openings. 

" Perforated beams with novel elliptical web openings of radius RO. 3, behave similarly to 
perforated beams with circular web openings with diameter equal to 0.76h. 

"A local FE analysis is also conducted for perforated beams with filleted circular web 
openings. As it is shown the load-deflection relationships are identical to the perforated 
beams with circular web openings of the same diameter (do=0.8h). 

" However, from local FE analysis it is found that stresses are concentrated at the sharp- 
tip point where the top and bottom fillets are connected. 

" The critical distance of 15mm is determined by the stress concentration criterion, where 
the stresses at the sharp-tip points are dramatically decreased. 

" Among perforated beams with filleted circular web openings, the ones with radius of 
fillet, r, 15 to 35mm should only be utilised in common applications as they do not 
provide critical stresses at the sharp-tip points and their further examination is not 
necessary. 

4.6 RECOMMENDATIONS AND LIMITATIONS 

The study of crack propagation is of particular importance for the fatigue design of 
perforated beams manufactured by profile cutting and then welding the top and bottom tee- 
sections. Large heavy structures such as highway or railway bridges and marine structures 
(e. g. tankers) are subjected to repeated loading conditions and the effect of fatigue on them 
should be seriously considered. 

Further investigation is needed for larger-range of I-sections with various sizes of web 
openings subjected to different loading cases. In Chapter 5, the experimental and FE web- 
post buckling study of perforated beams with selected novel web openings is established. 
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CHAPTER 5 

WEB-POST STUDY OF 

NON-COMPOSITE PERFORATED BEAMS 

5.1 INTRODUCTION 

Perforated beams are widely used and with the popularity of architectural emphasis on 
exposed structures, typical circular, hexagonal and elongated web openings are common 
practice. Often, perforated beams have webs penetrated by large closely spaced web 
openings over almost the full span. Although such beams are usually utilised for long spans 
that have to carry a light uniform load, some heavy-mass structures such as bridges are 
constructed using perforated beams at full span. 

The standard European sections of the 1960s and 1970s had web slenderness of lesser 

magnitudes. For this reason, it was common practice to fill in the panels in high shear 
regions in order to avoid the principal concern with web-post buckling between web 
openings. Generally web-post buckling results from the horizontal shear generated in the 

web-post, under global bending action. In the case where the advantage of automation is to 
be fully exploited, such special details (i. e. fill) must be minimized. It is therefore 

considered necessary to review existing information on web-post buckling and to examine 
this mode of behaviour in light perforated beams, with closely spaced web openings of 
various novel shapes. 

Based on the results of the previous parametric FE study of perforated beams with optimum 
novel web opening shapes (Chapter 4), a further programme of experimental and FE work 
is conducted to investigate the web-post behaviour of perforated beams with closely spaced 
novel web openings. The FE model used for the web-post buckling study is initially 

validated with experimental work conducted in this research programme. This chapter 
consists of the following three parts: 
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1. Experimental work: 

Experimental work is conducted on seven short span deep perforated universal beams. The 

purpose of this test is to visualize the stresses, web-post buckling modes and vertical as 
well as out-of-plane deflections of perforated beams with large web openings subjected to 
constant shear forces and moments. 

2. Validation of the FE model with the experimental work: 

An analytical comparison between the experimental test and the new FE models is made, to 

validate the FE model for this complex failure mode. A further local parametric FE study of 
the web-post buckling model, with novel web opening shapes, is conducted. Loads, vertical 
and out-of-plane deflections and yield patterns are mainly compared. 

3. Parametric local FE studyofsub-models with novel web opening shapes: 

A general approach of the FE model with nominal material properties is used to conduct 
the local parametric FE study. An extensive investigation on stresses of the sub-models 
with novel web opening shapes is considered. Study of the geometric parameters is 

conducted on five certain selected novel web opening shapes from Chapter 4. A proposed 
simple design method is then developed for practical design of steel perforated beams with 
the above new web opening shapes. 

5.2 EXPERIMENTAL WORK ON WEB-POST BUCKLING 

5.2.1 Test specimens 

For simplicity, it is decided to examine only one web-post (i. e. two adjacent web openings) 
symmetrically located to the mid-span. Web post-buckling is usually taking place at deep 

perforated beams with large web openings located adjacent to each other. Preliminary FE 

study was taking place in order to avoid failure of the perforated section due to Vierendecl 

mechanism (shear mechanism), but to be able to record the web-post buckling effects and 
the double web curvature and out-of-plane displacements follow the plastic hinges 
formation. Therefore, a preferably large web opening depth is adopted (dam 0.7h) with the 

web openings located relatively close (S, equal to 1.2d0 and 1.3d0). The above beam 

configurations are considered designing the experimental test specimens. However, in the 
FE study the spacing of the web openings is varying and it is under investigation, as the 

structural performance of the web-posts when various web openings shapes are utilised, is 

thoroughly examined. 

UB457x152x52 (S355) is chosen for the ease of comparison to the other chapters of this 
research thesis. Seven beams with spans of 1.7m have been experimentally tested. Two 
different sets of tests have been investigated and categorized as follows: 
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" The first category consists of three specimens. One perforated beam with circular web 
openings and two beams with filleted circular web openings of 25mm and 45mm of 
fillet radius (Figure 5.1). The web opening spacing is kept constant (S=1.3do). Hence 
the critical web-post width is decreased as the fillet radius, r, is increased. It is 

aforementioned that, in case the advantage of profile cutting is used, the bigger the 
fillet radius, the greater the depth of the final section and consequently the moment of 
inertia. 

" In the second category four specimens with different web opening shapes are 
examined. One perforated beam with circular web openings, two beams with novel 
vertical elliptical web openings and one beam with novel inclined elliptical web 
openings (Figure 5.2). The critical web-post width is kept constant (S=1.2d0), while 
the comparison of the horizontal shear capacity at the web-posts is made possible. 

For all seven beams the position of the web-post is constant in relation to the load 

application point and the supports. The beams are symmetrical to the mid-span. Hence, 

constant vertical shear forces are generated at the web-posts. Appendix 10 provides the 
technical engineering drawings for all seven specimens, including dimensioning details. 
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5.2.2 Test setup 

To ensure load distribution across the beams and to prevent failure by LTB and buckling 
due to compression, thick bearing plates and a loading plate are utilised at mid-span. The 
thickness of the bearing plates at the supports is similar to that of the flange (i. e. 
tjý10.9mm), while the thickness of the bearing plates at mid-span is equal to 20mm. The 
loading plate has a thickness of 10mm. The same loading system as previously used, is 

employed herein (Figure 5.3). 

5.2.3 Test procedure 

The beam is designed as simply supported and the load is applied at mid-span through a 
hydraulic jack. The load application is applied using a low displacement rate and the load is 

applied stepwise. By holding the displacements at every step, it is possible to record the 
load relaxation and buckling (i. e. deformation) effects. The tests are performed until a 
sufficient branch of the descending load deformation (i. e. post-elastic) curve is recorded, 
following the maximum load carrying capacity. At the end of the tests, full unloading is 

performed to obtain the plastic effect and permanent deformation of the beams. The 

extensive description of each test is separately presented in sub-chapter 5.2.5. 
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5.2.4 Measurement devices 

In an attempt to identify a primary mode of failure that is either a web-post buckling; 
formation of a yield mechanism with plastic hinges, or a flange local buckling, heavily 
instrumentation is used. These measures included the asymptotes of maximum web strains, 
web strain differences, flange strains, vertical beam deflections and out-of-plane web 
displacements. It should be noted that all data are acquired simultaneously at every load 
step. 

Instrumentation shown in Figure 5.1 and 5.2 consists of. 

" Strain measurements (Rosettes) placed on the compressed inclined edge of the web 
openings adjacent to the load point and on the mid-distance of the critical web-post 
width. 

" Strain measurements (Rectangular gauges) placed on the top of the compression steel 
flange and the bottom of the tension steel flange are also used. These are also aligned 
on the centre-line of the web-posts similarly to the dial gauges. 

" Vertical beam deflections (Dial gauges) and out-of-plane web displacements (Dial 
gauges) placed on the centre-line of the web posts are also applied to visualise the 
failure mode shape. 

5.2.4.1 Position of strain gauges 

Rosettes are attached in the same position on both sides of the web to evaluate membrane 
strains. It is intended to gain the most exact overview of the strain distribution in the web as 
verification to the finite element analyses. Rosettes are used to measure the compressive 
and tensile surface strains of the beams in the vicinity of the web openings, which is 
necessary to determine the yielding, web buckling and highly stressed positions of the steel 
beams. Rectangular strain gauges are applied along the length of the compression and 
tension flanges, so as to obtain primarily bending stresses. 

The rosettes are placed in the same position on all specimens in both categories. For the 
first category which consists of three perforated beams with circular web openings, the 
rosettes are positioned on the compressed inclined edge of the web opening adjacent to the 
point load at an angle of 45° to the centre-line of the web opening. Hence, they are located 
at a distance of 111.4mm from the mid-depth of the beam. The rosettes are not rotated 
around the gauge axis and positioned as close as possible to the edge of the web openings. 
In the second category which consists of four perforated beams with novel elliptical web 
openings the rosettes are located at a standard distance of 111.4mm from the mid-depth of 
the beam. Since, the web opening shapes are different; the rosettes are not necessarily at an 
angle of 45°. Finally, the rectangular strain gauges placed at the compression and tension 
steel flanges, as well as rosettes placed at the mid-distance of the critical web-post at the 
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mid-depth of the beams and they are adjacent to the centre-line of each web-post. In Figure 
5.1 and 5.2, the rosettes are indicated as circles with three lines (0°-45°-90°) and the 
rectangular strain gauges as solid rectangles. The numbering of the strain gauges at the 
front side is provided for identification in the following graphs. Strains found at the back 

side (Figure 5.1) compared well with the ones found at the front side and it is considered 
unnecessary to present them in the thesis (Appendix 11). 

5.2.4.2 Position of dial gauges 

To measure the vertical deflection of the beams, three dial gauges are placed under the 
tension steel flange. One is placed at mid-span, while the other two are placed adjacent to 
the centre-line of the web-posts. A further six dial gauges are positioned transverse to the 
web at the front side only, to record the out-of-plane displacements. The gauges placed at 
the top and bottom tee-sections are located at a distance of 111.4mm from the mid-depth of 
the beam, similar to the rosettes (Figure 5.1 and 5.2). The dial gauges are indicated as 
vertical arrows (vertical dial gauges) and black solid dots (transverse to the web dial 
gauges). The numbering of all dial gauges is provided (Figure 5.2) for identification in the 
following graphs. 

5.2.5 Experimental results 

The key features of each specimen are discussed separately. The results from vertical 
deflections (dial gauge 3,4 and 5) and transverse to the web displacements (dial gauges 1, 
2,6,7,8 and 9) are presented. Web strains only from rosettes positioned at the front side of 
the beams are presented as the results from the back side are similar. Results from both 
sides could be used in order to investigate the drift at each position and the local buckling 
of the web due to membrane strains. The latter test data is tabulated and provided in 
Appendix 11. Similarly to Chapter 4 (Figure 4.9 to 4.13), the effects of local flexural 
stresses resulting from buckling show, in some cases, considerable lack of symmetry (e. g. 
Table 5.1 and 5.2). In addition to this, in some specimens it is observed that the left and 
right web-posts are buckled differently and especially at different load levels. This is 
mainly a result of either the test setup, imperfections of the specimens or due to the 
resultant force applied on the rotated compression flange while the applied load is always 
vertical. However, the general buckling form is the same and as it is seen later on in this 
thesis, it is well compared to the FE analyses. Flange strains are also presented, to 
demonstrate the steel yielding point and the load at which high deflections are induced. In 
the analysis of the test results critical load, Pc,.., defined as the load point at which the first 
visible web-post buckling or rupture is occurred, and it should be higher than yield load, Py. 
Ultimate load carrying capacity, P11., is the ultimate load point recorded in the test; usually 
a sudden drop of load is following. At the end of this sub-chapter, a summary of the results 
shows these overall comparisons. 
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Specimen A-1 

Specimen A-1 is similar to Specimen B-l, where the only difference is their web opening 
spacing. In Specimen A-1, very small out-of-plane web movement is observed up to the 
yield load, as the tee-sections are symmetrically moved to opposite sides (i. e. double 
curvature). The first visible web movement is located at the left half span of the beam, at a 
load of approximately 257kN (i. e. Pc,; ). At the left half span side, as the web-post is 
buckled and the specimen is loaded the steel begins to distort greatly while at the right half 
span, no web-post buckling is observed at this point. Dial gauges show that both sides 
experience high yielding and web-post buckling at the end of the experiment (Figure 5.4). 
By observing the load-deflection curves and the flange strains, they confirm that both sides 
have similar stiffness. The ultimate load carrying capacity, P,, 1., is around 289kN, where the 
beam starts to behave plastically with strain hardening up to a deflection at almost of 
65mm. Figure 5.5 shows the yielding of the compression area; the yielding of top portion 
of the flange and the yielding of the web extending into the flange. This represents the 
secondary effects of shear. 

Vertical deflections recorded from dial gauges, flange strains obtained from the rectangular 
strain gauges and transverse displacements of out-of-plane movement are presented in 
Figure 5.6 and 5.7. Also, horizontal, diagonal and vertical strains obtained from the 

rosettes are presented in Figure 5.8 and 5.9. Indicated maximum strains observed at the 
critical load, Pcr., and ultimate load, P�tr., at the flanges and the front side of the beam are 
presented in Table 5.1. 

Characteristic Loading Level Points 
P 

.. 
® pul. @ Per. @ Pu/,. Per. @, Pu,,. @. Pr,. (u; Pult 

Rectangular 26 ( µs) 27 ( pc) 28 ( µe) 29 ( µs) 
Stain Gauges -355 -665 256 155 225 221 -329 -434 

2D Strain Rt ( µs) R2 ( tic) R3 ( µE) R4 ( µE) 
ex -1122 -6364 1825 3288 -1002 -1135 1758 4080 
By -769 11010 -1287 -2627 -364 -109 -1065 -1950 

Shear, E, 1866 -5156 7716 13851 1289 1183 3813 15169 

Table 5.1: Indicated strains at PP, and P�g,. 
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Figure 5.4: 11 igh ) iclcling anJ ý%ch-pu, t buck IIng at both ýIdk:, 

Figure 5.5: Yielding of compression area (Spccinnen ; A- I) 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Specimen A-2 

Very small out-of-plane web movement is observed up to the yield load, as the tee-sections 
are symmetrically moved to opposite sides. The first visible web movement is located at 
the left half span of the beam at a load of approximately 267kN (i. e. Pc,, ). The dial gauges 
show that both sides experience high yielding and web-post buckling at the end of the 
experiment (Figure 5.10). Also, the load-deflection curves produced confirm that the left 
web-post is slightly less stiff than the right web-post of the beam. Following the full 

yielding at 295kN, which is also the ultimate load carrying capacity, P�it,, a sudden drop of 
load is observed. However, plastic behaviour is observed with strain hardening to a 
deflection at almost 50mm. Figure 5.11 shows the yielding of the compression area; the 
yielding of top portion of the flange and the yielding of the web extending into the flange. 

No evidence of high local stresses was found at the positions of the fillets. The web-posts 
buckle normally while the radius of fillet, r, equal to 25mm does not influence the failure 

mode, although the web-post width is very narrow. 

The vertical deflections recorded by the dial gauges, flange strains obtained from the 
rectangular strain gauges and transverse displacements of out-of-plane movement are 
presented in Figure 5.12 and 5.13. Also, horizontal, diagonal and vertical strains obtained 
from the rosettes are presented in Figure 5.14 and 5.15. The indicated maximum strains 
observed at the critical load, Pcr., and ultimate load, P�I1., at the flanges and the front side of 
the beam are also presented in Table 5.2. 

Loading Level Points 
at P". at P�« at P., at Pat at PP, at P�t1. at & at Purr. 

Rectangular 26 (u) 27 (µs) 28 (sw) 29 (µE) 
Stain Gauges -370 -435 218 240 198 207 -388 -443 

2D Strain R1 (µE) R2 (u) R3 (µs) R4 (µc) 
ex -936 -1068 4853 7652 -853 -757 2515 2719 
e,, -562 -389 -7518 -11109 -905 -1153 -1543 -533 

Shear, e, 1476 1453 15881 24468 1599 1777 14136 20906 

Table 5.2: Indicated strains at PL,, and Pa,,. 
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Figure 5.10: 1 ligh yielding and web-post buckling at both sides ( pecin1un i\-') 

Figure 5.11: High yielding of conipression area (Specimen A-2) 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Specimen A-3 

From the first load steps, an out-of-plane web movement is observed and a web-post 
buckling profile is recorded from transverse to the web dial gauges. At a load of 
approximately 80kN, a second buckling failure mode is taking place and the web is 
laterally moved to the opposite side. Invisible web-post buckling is considered in this case, 
as the right web-post is suddenly ruptured at a load of approximately 164kN (i. e. Pc, ) 
(Figure 5.16). From flange strains it is observed that the right web-post is less stiff. 
Following a sudden loss of load and two load steps later, the left web-post is ruptured as 
well at a lower load of 156kN. The plastic behaviour is followed with strain hardening to a 
deflection of almost 50mm. After both web-posts are ruptured, a slight increase of strain 
hardening is recorded with an ultimate load carrying capacity, P�l1., of 186kN. This 
occurred as initially the top and bottom tee-sections moved together in-plane (Figure 5.17). 
High deformation caused the decrease of the load carrying capacity and the permanent 
distortion of the beam (Figure 5.18). 

Vertical deflections recorded by the dial gauges, flange strains obtained from the 
rectangular strain gauges and transverse displacements of out-of-plane movement are 
presented in Figure 5.19 and 5.20. Also, horizontal, diagonal and vertical strains obtained 
from the rosettes are presented in Figure 5.21 and 5.22. Indicated maximum strains 
observed at the critical load, Pcr., and ultimate load, Pa,,., at the flanges and the front side of 
the beam are presented in Table 5.3. 

Loading Level Points 
at P". at A& at P, at P�� at P, at P,, 

It at P, at Pall 

Rectangular 26 (µE) 27 (µE) 28 (µs) 29 (pu) 
Stain Gauges 161 207 -275 -288 176 249 -255 -279 

2D Strain R1 (µs) R2 (µ. £) R3 (pz) R4 (µs) 
Ex -58 -29 5193 4705 115 249 -110 -204 
Sy -50 -96 -10966 -8928 162 127 -690 -695 

Shear, e, 100 114 3388 3704 -233 -310 -658 -735 
Table 5.3: Indicated strains at P, and Pa,,. 
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Figure 5.16: Rupture of the "right" web-post (Specimen A-3) 

Figure 5.17: Tee-sections moved together in-plaice (Specinicn A--; ) 

Figure 5.18: 1 igh deflection at failure load (Specimen A-3) 



- ------------ - - 1 1II1) Q) I Q) 1V 

bA CU CU OA 
1 IIIIc 0 1'3 I '3 

ý (17 

1 111 LM Iý IL+ 
( 

1. 

_ 

r.. 1 1_ r- 

_ 

1 
1 

1 

_I_/ 

r 
'. 

1 IIII 

M 43) cc "o 0 14 
cq rtl rT l . Tý rtý 

7 
ý {F I 
I I 

1- 
_ ' 

- i, 

_I _ 

i.. _ . 1- _ 

M I III 

Q (N)I) Pgo 7 PaiiddV 
Z 

q 1 111I1II 

ýJ 1 I11 

- 11 1 
1I 

--. 
I COIL 

- 
1/ýI 

r -r 0-I-ýr- 
r- 

1.. 14 _ J_ I 1 
1 11 

- - 
1ý 

1 1 I L7 1 L1 ý ý I 
l 1. `1.! ýr, 

N ý/1 
t-+ ý9 

A '. /11 

.11. 
I. 

1__ 
-ý -- I 

-j r 

f"' 
1.. !. .IL. 

ö C) 0 
00 ý°o 

°v °ö 
00 

°°o0 

(N'I) Pgo1 paijddV 

O O 

O O 

O 
u 
6 

O JE 

L 

bD 

o 4- 
O 

O 
O 

O 

O 
h 

8 

a 0 
V 

Oý 

Cd 
u 

ot Ny 

0 

0 

En 9 

cl 

0 

m 
U, 

on 

on 

.n 0 
ou 

II 

Fr 

OA 

w 

I. !l1. J. i 00 
ýiC'1 OY 

I 11I d) IV1 

1. 1 ýj I"ý I ", 
I- 1--y-. fl- -1-( J-w-_ 

Vh /ti 
ý"J 

I 

L J- . . I I 

L 

I_r. 

1 

, II1 1 
I I.. I 1 
__1... 1 

1- - l- 1 I- 1I1 "ý. 

11 11 11 I-'T#r '. 

mW mº mºS3 e- s- 
fr7 

O 

111I 11 

11111 
t 

'I 11'T'_l"-1 1 

111I I- 1I1 
_F. 

11IIIII 

1IIIII11 
III11 

1' -I1 I' 

1. III 1_ 1 
1IIIII11 
1III1 1-- I- 

1- I1I1I1-l 
1II11111 

1__I__1_J__ 

ýNýI) PKOI Pa! lddV 

1ö ööööööööö 
O 00 OYMO 00 ýD v CO 

I1I1I11 
/I11I 

11111 

1IIIII111 

1- 
11Il1. . 

{. 

\ý ý1 

111V1 
jýýf V11 

.4 W1111 

L -- -1 11 ýI 
Aý 11-1 

111C1 ýI 
111 

(DI II. 

11Im aj I1 

Al 

I 
1.. I. ... 

11 

._1. 1. I- 

1I 
1_ 

__{_ 1- -- 
t 

Lý1 l-Iýtl-1- 
1. 

(N)I) Pe07 Pa! Iddd 

N 

In 

CQ 

O Q+ 

Od 

C7 
L 

I 

0 

In 

O 
1E 

Vl 

O +' 
Q 

vý co 

O 
12. 

Q 

H 

V'1 

N 

tr 

a 
CA w 

an 

b 
03 03 

aý 
4 

c 
v 
E 
v U 
cd 
Cl. 

b 
N 

y 

cd 

N 

3 
ö N 

ý. 0 au 
.ý w 

rn 



ti 
i 

ti 
4ý 

I--, 

-------------- 
1I1III ý_ 

11I1I11k 
1. I_ r .I_ 1- 1Iw, - 

11II1 1N I (ý 
tr- 

1- i 
1- 

- 

1' 

, 

1. 
-1 

- 

I 

.1 

I 

1 

' 

f' -- 1- 1- l- " 

-7 

11111 
- I- 1ý i- 11I 

, 

_1I111 
1.1 I1II1 
I_.. 

.It1II1 11I11I1 
L_J__L_JL_J__L_J__LJ... _" 

(M'i) pt o7 pagddd 

11II111 

II1I1111 

II11f. 

I1I1I1I1, 

II 

O 
O 
O 
O 

O 
O 
O 

OC 

OR 
OV 

O 
O 
O 
O 

O 
O 
O 

1 1 I 

dMm 00 qD 

- -- - 

- -- 1 I I 1 

j 1 X ý_ 

1 I 

. I In/ w/1 
11+ 1 Wl 

1. 
. .1 r 1 11 

1. 
_ 

1. l 

ý 
yl I1I1I 

11 T 11i111 
1 J. L 11I11 

ý 
1 11 11I11 

(N i) P '7 Pa. I V 

L_ 

0 N 

Oy 
LL 
6 

Oi 
o .. N C/1 

O 
C 

0 
0 

-- ` 

c 

Cd 

N 

N 

b_D 
G4 

------------------------- I1.1I11.1I 
IIIIIIIIII 

1I 
kH4 

11 ý1 

m 00 00 14D M 
(1ý . -M . ý1+ 

1. 

1. J. 
_. 

1ý f 1'- " 

1. .I1. 1- L 1, .. 

x 
1 T1 1- _ ý -ý ý ýAi W 

1 I1 1ý 
1 

1 

I1 

11 

1. 
.I __ _1 

OJ 

1 

(MI) pRo7 paiiddV 

------------------------ 
I1I I1. 

III (M"1 MM 

1I1 

1I1 I_ 

I.... 7 

I--r- --r r-I--r- rr 

I-. r. i. r .. 1ý r 

1 I 1I1 
_ 

m co vMm a4 110 v 
'7'I T ýT'1 

f( 

- -_ 1 I 

l_ 
_ 

1_ 

I. J__ 

1. 1.. 
.... 

(N't) pico i pagddV 

O 
L 

O3 

O 
O 

0 O 

O 
O 
Izt 

0 0 N 

0 

ä 
I- L 
ýr 
0O 
L 
u E 

a 
L 

r+ 

3 

0 N 

C) 
0 v 

a 
5, 
cqj 

bn 

cl 
I 

N 

If) 

bD 

O 
to 



Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Specimen B-1 

Very small out-of-plane web movement is observed up to the yield load, as the tee-sections 
are symmetrically moved to opposite sides. The first visible yield is located at the right half 
span of the beam and at a load of approximately 220kN (i. e. Pc,., ). The dial gauges show 
that both sides experience high yielding and web-post buckling at the end of the experiment 
(Figure 5.23). Also, the load-deflection curves produced confirm that the right side is less 
stiff than the left side of the beam. As the specimen is loaded more, the web-post begins to 
distort greatly. The ultimate load carrying capacity, P�11., of the specimen is 256kN, and 
then the beam behaves plastically with strain hardening up to a deflection at almost of 
27mm. Figure 5.24 shows the yielding of the compression area; the yielding of top portion 
of the flange and the yielding of the web extending into the flange. 

Vertical deflections recorded by the dial gauges and transverse displacements of out-of- 
plane movement are presented in Figure 5.25 and 5.26. Herein, it is necessary to mention 
that the results from the rectangular strain gauges applied on the flanges are not recorded 
for this particular specimen, due to a technical problem the day of the test. The horizontal, 
diagonal and vertical strains obtained from the rosettes are presented in Figure 5.27 and 
5.28. Indicated maximum strains observed at the critical load, Pc,,, and ultimate load, P�1I., 
at the flanges and the front side of the beam are presented in Table 5.4. 

Loading Level Points 
at P.. at Pu1t at PCr at Pul,. at P,, at Pu1L at P, at Patt 

Rectangular 26 (µE) 27 (RE) 28 (µE) 29 (µs) 
Stain Gauges N. A. N. A. N. A. N. A. N. A. N. A. N. A. N. A. 

2D Strain R1 (µE) R2 (µs) R3 (µE) R4 (µE) 
Ex -1214 1976 -796 -151 -1398 2382.2003 1589 
ey -1521 -8277 85 1057 -1521 -8277 -1317 686 

Shear, e,,, 1157 4879 2867 16999 1658 5442 12879 15868 
Table 5.4: Indicated strains at P, and P�, r, 
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Figure 5.23: Web-post buckling at both sides (Specimen 13-I ) 

Figure 5.24: Yielding of compression area (Specimen B- I) 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Specimen B-2 

Out-of-plane web movement is observed from the first load steps, while invisible web-post 
buckling at the right half span is recorded from the dial gauges. The first visible web-post 
buckling is observed at a load of approximately 387kN (i. e. Pc,. ) and is highly yielded up to 
the ultimate load carrying capacity of 402kN (i. e. P�, 1. ). A significant sudden loss of 
strength and a post-elastic curve is then observed. Dial gauges attached to the web show 
that only the right side of the beam experiences web-post buckling up to the end of the 
experiment (Figure 5.29). Out-of-plane web movement demonstrates that the web-post 
buckling failure mode is changed at the post-elastic region, as the web-post is moved in the 
opposite direction. The experiment is stopped when the right web-post is dramatically 
distorted with a maximum mid-span deflection of 55.5mm. Figure 5.30 shows the yielding 
of the compression area; the yielding of top portion of the flange and the yielding of the 
web extending into the flange. 

Vertical deflections recorded from dial gauges, flange strains obtained from the rectangular 
strain gauges and transverse displacements of out-of-plane movement are presented in 
Figure 5.31 and 5.32. Also, horizontal, diagonal and vertical strains obtained from the 
rosettes are presented in Figure 5.33 and 5.34. Indicated maximum strains observed at the 
critical load, Pcr, and ultimate load, P�i1., at the flanges and the front side of the beam are 
presented in Table 5.5. 

at Per. at Pall at P, 
Loading Level Points 

at Pul,. at p". at P,, 11. at P, at P,,,,. 
Rectangular 26 ( µs) 27 (µs) 28 (µ s) 29 ( µ£) Stain Gauges -544 -565 348 353 334 370 -583 -616 2D Strain R1 ( µs) R2 (its) R3 (p c) R4 ( µs) 

Ex 579 616 1386 3765 -349 -330 4733 2675 
Ey -6950 -9869 1548 785 -2846 -3527 -1195 744 

Shear, ex, 5712 9295 24963 18406 2885 3723 26320 8703 

Table 5.5: Indicated strains at P, and P�r,. 
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Figure 5.29: High yielding and web-post buckling at the "right" side (Specimen I3-2) 

Figure 5.30: Yielding of compression area (Specimen B-2) 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Specimen B-3 

Out-of-plane web movement is recorded from the first load step at both sides, while the 
web buckling is invisible. The first visible web-post buckling is observed at the left side 
and at a load of approximately 387kN (i. e. Pc,. ). The web-post is highly yielded up to the 
ultimate load carrying capacity of 416kN, P�I1.. Figure 5.35 and 5.36 show that only the 
right span of the beam experiences high web-post buckling at the end of the experiment. 
Out-of-plane web movement demonstrates that the web-post buckling failure mode at the 
right half span is moved in the opposite direction in the post-elastic region (Figure 5.38). 
The experiment is stopped when the left web-post is dramatically distorted with a 
maximum mid-span deflection of 36.5mm. Figure 5.36 shows the yielding of the 
compression area; the yielding of top portion of the flange and the yielding of the web 
extending into the flange. 

Vertical deflections recorded by the dial gauges, flange strains obtained from the 
rectangular strain gauges and transverse displacements of out-of-plane movement are 
presented in Figure 5.37 and 5.38. Also, horizontal, diagonal and vertical strains obtained 
from the rosettes are presented in Figure 5.39 and 5.40. Indicated maximum strains 
observed at the critical load, Pcr,, and ultimate load, P�1t,, at the flanges and the front side of 
the beam are presented in Table 5.6. 

at p". at Pr, at P, 
Loading Level Points 

at P�,, at P, at P8,, at P, at P,,,, 
Rectangular 26 ( µE) 27 (µ£) 28 (µ E) 29 ( µe) 
Stain Gauges -556 -824 549 493 526 597 -592 -639 

2D Strain R1( µ£) R2 (uE) R3 (u c) R4 ( us) 
Ex 701 1227 -104 -213 7315 13881 -178 -223 
Ey -3461 -9152 60 372 -14018 -25278 186 264 

Shear, c.,, 2143 14443 1059 845 3182 6159 1049 1094 
Table 5.6: Indicated strains at P., and P�,,. 

189 



Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

190 

Figure 5.35: High yielding and web-post buckling at the "left" side (Specimen 13-3) 

Figure 5.36: High yielding of compression area (Specimen B-3) 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Specimen B-4 

Specimen B-4 behaves similarly to Specimen B-3. The web opening area is slightly larger 
and the web opening is inclined. Hence, similar characteristics and strains are expected to 
be obtained. Insignificantly out-of-plane web movement is observed at both web-posts up 
to the yield load. The first visible yield is located at the left half span of the beam, at a load 
of approximately 280kN (i. e. Pcr. ). At the left side, as the web-post is buckled and the 
specimen is loaded, the steel begins to distort greatly whereas at the right half span no web- 
post buckling is observed at this point. The ultimate load carrying capacity, Put., is around 
346kN. Once P. has been reached, there is some loss of capacity and then the beam 
behaves plastically with strain hardening up to a deflection at almost of 40mm. The dial 
gauges show that only the left side experiences high yielding and web-post buckling at the 
end of the experiment (Figure 5.41). Also, by observing the load-deflection curves and the 
flange strains, it is confirmed that both sides have similar stiffness. Figure 5.42 shows the 
yielding of the compression area; the yielding of top portion of the flange and the yielding 
of the web extending into the flange. 

Vertical deflections recorded by the dial gauges, flange strains obtained from the 
rectangular strain gauges and transverse displacements of out-of-plane movement are 
presented in Figure 5.43 and 5.44. Also, horizontal, diagonal and vertical strains obtained 
from the rosettes are presented in Figure 5.45 and 5.46. Indicated maximum strains 
observed at the critical load, Pc,, and ultimate load, Pu11., at the flanges and the front side of 
the beam are presented in Table 5.7. 

at & at Pali at & 
Loading Level Points 

at Pult at F, at Pulp at Per, at Pul, 
Rectangular 26 ( µs) 27 (µE) 28 (µ 

. E) 29 ( µE) 
Stain Gauges -306 -450 322 406 301 334 -274 -413 

2D Strain R1 (µE) R2 (µ. E) R3 (µ E) R4 (ps) 
ex 2441 2022 92 264 1403 -140 78 172 
Ey -7227 -12088 -25 -323 -5878 -8895 -87 -199 Shear, c,, 3299 12344 1099 1127 3042 14661 922 894 

Table 5.7: Indicated strains at Pa, and Pa,,. 
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Figure 5.41: 1 ligh yielýlinb and wcb-post buckling at the "ieI side ýtil>cciniýn li l 

Figure 5.42: High yielding of compression area (Specimen 13-4) 
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5.2.6 Summary of test results 

Table 5.8 below summarizes some of the results presented above. Direct comparisons are 
hard to make as few geometric parameters vary. However, some conclusions can be 

obtained from the general overview of these seven experimental tests. 

*WPB: Web-post buckling 
Specimen 

Criteria A-1 A-2 A-3 B-1 B-2 B-3 B-4 
P, (kN) 267 298 161 203 375 370 290 
PW« (kN) 289 298 187 255 403 415 351 

1'` Buckle Side left left left right right left left 
Primary Failure *WPB *WPB Rupture *WPB *WPB *WPB *WPB 

Mode (1 side) (1 side) (1 side) 
Max. 6 at P' 5.69 7.09 8.54 6.55 10.15 6.92 5.99 (mm) 

Actual Web-post 95 48 15 63 63 63 63 Width, so (mm) 
Web Opening 

2 77931 78361 79129 77931 56452 32138 45383 ) Area (mm 

Table 5.8: Summary of the main characteristics 

First category: In Chapter 4 it was concluded that perforated beams with filleted circular 
web openings with a 45mm fillet radius, presents very high stress concentration at the 
sharp-tip point of the fillet. From further studies, which are not presented in this research 
thesis, it was confirmed that such perforated beams should not be used, as they can initiate 

crack propagation and finally rupture of the web-post. Particularly in Specimen A-3, where 
the web opening spacing, S, is 1.3d0, web-post rupture is obtained at a relatively low load 
level before any web-post buckling is observed. Finite element analysis is carried out, as 
follows in this chapter, to accurately set the spacing limits of such web openings (sub- 

chapter 5.4). Inversely, when perforated beams with filleted circular web openings with a 
25mm fillet radius are considered, similar results to the perforated beams with typical 

circular web openings are obtained. Although the minimum web-post width of Specimen 
A-2 (so=48mm) is only half the web-post width of the Specimen A-1 (so=95mm), their 

structural behaviour is similar. In particular, the capacity of Specimen A-2 is slightly 
higher, whereas the stiffness and the post-elastic strength are the same. 

Second category: A remarkable comparison is made between the perforated beam with 
circular web openings (Specimen B-1) and the perforated beam with vertical elliptical web 
openings (Specimen B-2). The second one has approximately 70% of the first's web 
opening area, while its load carrying capacity is 1.6 times higher than the first's one. 
Therefore, although the minimum web-post width is the same (so=63mm), the angle of the 
strut line (i. e. buckling line) is rotated towards the horizontal direction in the Specimen B- 
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2, because of the new shape of the web-post and thus it gains stiffness. Similarly in 
Specimen B-3 and B-4, the strut line is rotated dependent on the position of the sharp 
corners at the edge of the web openings (Figure 5.48). It should be remarked, that all 
perforated beams with the novel elliptical web openings behave asymmetrically to the mid- 
span, with only one side to be fully distorted by web-post buckling. The reason for this 
behaviour is the enhanced stiffness of the new web-posts between elliptical web openings, 
as buckling is now taking place at high load level points. Hence, as the beam is loaded and 
deflected, the load is not applied perfectly transverse to the top flange, by the time of 
buckling occurs. Therefore, when one web-post loses its stiffness, it is more vulnerable and 
begins to distort dramatically, while the other side is not yet affected. 
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Figure 5.47: Strut buckling lines of the web-posts for perforated beams with novel filleted circular 
web openings 

openings 
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5.2.7 Discussion of test results 

The tests described, provide information on the elastic and plastic behaviour of perforated 
beams with various selected novel web opening shapes introduced in Chapter 4. Although 

a limited experimental programme is undertaken involving a single standard UB section 
and beam configuration, it is possible to draw a few preliminary conclusions. 

Extensive yielding occurs at the web-post of all specimens. Web-post buckling occurs at a 
load slightly in excess of that at which gross deformations are initially observed. Finally, 
testing is stopped when the beam either is unable to withstand extra loading or it is 

considered dangerous as the beam is dramatically distorted. 

In conclusion, it is demonstrated that similar behaviour occurs for perforated beams with 
specific novel web opening shapes. The present experimental programme is only a 
preliminary comprehensive investigation, and should be considered as such. A global and 
local FE study is further carried out, to acquire a more complete view of the complex web- 
post buckling behaviour for perforated beams with the specific novel web opening shapes, 
providing different web opening spacing. 

5.2.8 Test results of coupon tests 

To determine the physical strength of the steel used in the experimental work, tensile 
coupon tests are carried according to the specifications and guidelines stated in the code of 
practices (BS EN 10002-1). Coupons are taken from two un-yielded locations (one flange 

and one web) of four already tested steel beams. Eight tensile coupons are cut in total from 
the tested steel beams to compare the results. The samples are taken from the overhang part 
of the web, which is not stressed because of the bearing plate existence at the supports. 
Also, samples are taken from the un-yielded compression flange close to the mid-span. The 

yield and the ultimate stresses are determined by averaging the results obtained from the 
coupons. 

Similar to Chapter 4, the shape and dimensions of coupons and the tensile testing machine 
are used. In Figure 5.49 the load against extension curves for all the coupons are presented. 
and Table 5.9 synopsizes the physical properties obtained from tension tests. 
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Figure 5.49: Load-extension curves for steel coupons 

Yield Tensile Average Average 
Tested Part Coupon from Strength Strength Yield Tensile 
of the Beam Specimen f (MPa) f�k (MPa) Strength Strength 

(MPa) %,,, (MPa) 
1 383.9 491.1 
2 395.9 516.3 

Web 3 361.2 480.1 375.3 492.7 

4 360.0 483.4 
1 358.1 481.0 

Flange and 2 361.8 481.8 
Bearing Plate 3 355.8 477.8 359.7 480.9 

4 363.0 483.1 

Table 5.9: Measured material physical properties 
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5.3 VALIDATION OF THE FE MODEL WITH THE EXPERIMENTAL WORK 

5.3.1 Buckling analysis in ANSYS v11.0 

The techniques available in ANSYS to predict the buckling load and buckling mode shape 
of a structure are the eigenvalue (or linear) buckling analysis and the non-linear buckling 

analysis. 

The eigenvalue buckling analysis predicts the theoretical buckling strength of an ideal 

elastic structure. It computes the structural eigenvalues for the given system loading and 
constraints. This is known as "classical Euler buckling analysis". However, in real-life, 
structural geometric imperfections and non-linearities prevent most real world structures 
from reaching their eigenvalue predicted buckling strength (i. e. it over-predicts the 
expected buckling loads). Therefore, this method is not recommended for accurate, real- 
world buckling prediction analysis. 

The non-linear buckling analysis is more accurate than eigcnvalue buckling analysis 
because it employs non-linear, large-deflection, static analysis to predict buckling loads. Its 

mode of operation is very simple: it gradually increases the applied load until a load level is 
found whereby the structure becomes unstable (i. e. suddenly a very small increase in the 
load will cause very large deflections). The true non-linear nature of this analysis thus 

permits the modelling of geometric imperfections, load perturbations, material 
nonlinearities and gaps. For this type of analysis, note that small eccentric loads arc 
necessary to initiate the desired buckling mode. 

According to Figure 5.50, the buckling load calculated from an eigenvalue buckling 

analysis is higher than the actual buckling load (blue line in Figure 5.50). The simple non- 
linear buckling analysis provides a better estimation of the real behaviour of the beam, 

when the load is applied correctly (black line in Figure 5.50). For better understanding of 
this method of analysis a preliminary FE step-by-step buckling study simulating an 
experiment, is provided in Appendix 12. 

F 

9"c4d" LMoM PNM 

Peab AN 

Figure 5.50: Eigenvalue against non-linear analysis (Beck and Depaillet, 2008) 
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In this research programme, perfect FE models are utilised, thus both the above FEA 
buckling methodologies needed to be carried out in order to obtain accurate, real-world 
results. The outcome of this research study is compared to the experimental work 
conducted before, and the measurements are used as a reference for future studies. The 

methodology simulating the real buckling behaviour of perforated beams is described as 
follows: 

Initially, a static linear buckling analysis is performed, then an eigenvaluc buckling analysis 
is conducted and finally a more reliable non-linear buckling analysis is implemented by 

using the scaled results from the previous eigenvalue buckling analysis. Eigenvalue 
buckling provides a "classical" solution to a buckling problem, but the critical load 
determined is un-conservative. However, an estimation of the critical load to induce 
buckling, as well as various buckling mode shapes can be obtained as they are of interest. 
In the eigenvalue buckling analysis settings, four buckling mode shapes are chosen to 

verify whether or not there is a possibility of multiple buckling mode shapes being 

triggered (e. g. Figure 2 in Appendix 12). Thereafter, the lowest buckling mode shape is 

extrapolated to vector-loads, scaled (the same scale factor is always used), and applied on 
the highly stressed nodes (e. g. Figure 3 in Appendix 12) to generate the initial out-of- 
plane web movement in the following non-linear buckling analysis. It should be noted that 

when the model is non-converged, near the point of geometric instability, ANSYS bisects 

the solution until the maximum number of sub-steps is reached and the solution is 

converged. 

As the post-buckling behaviour is also of interest, one of the following different techniques 

should be used. If the loading is not displacement-controlled, calculating the response past 
the buckling point is typically not a problem. Hence, a quasi-static analysis by including 
inertial effects (i. e. transient analysis), an arc-length method (Figure 5.51) or the non-linear 
stabilization technique introduced in ANSYS v 11.0 should be implemented. The arc-length 
method is found to be the most suitable and used for this web-post buckling study. 

Figure 5.51: Arc-length method (Shahzad et al., 2007) 
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5.3.2 Theory of linear (eigenvalue) buckling analysis followed by ANSYS 

A linear buckling analysis is an eigenvalue problem and is formulated as follows: 

([K] + lcr[Kg])(d) = {0} 

Where: 
" [K] is the stiffness matrix 
" I, is the eigenvalue for buckling mode. 
" [Kg] is the stress stiffness matrix. This matrix includes the effects of the membrane loads 
on the stiffness of the structure. The stress stiffening matrix is assembled based on the 
results of a previous linear static analysis. 
" {d) is the displacement vector corresponding to the buckling mode shape. 

The eigenvalue solution uses an iterative algorithm that extracts firstly the eigenvalues (1c, ) 
and secondly the displacements that define the corresponding mode shape ({d)). One set of 
these is extracted for each of the buckling modes of the structure (up to the user specified 
limit). It should be noted that the displacements given by the solution are not real 
displacements in the normal sense. They are simply a set of scaled values used solely for 
display purposes. The eigenvalue represents the ratio between the applied loads and the 
buckling loads. This can be expressed as follows: 

1c, = Buckling Load/Applied Load 

The ANSYS postprocessor gives the buckling load as buckling load factor. For 
convenience sake, pressure load with unit intensity is applied. The result would then 
indicate the buckling load multiplied by unity. (Naeem-ur-Rehman and Muhammad 
Tanweer Khan, 2008) 

5.3.3 FE model 

A FE model, similar to that presented in Appendix 12, is used to simulate the experimental 
work conducted on the perforated beams with selected novel web opening shapes. The 
same methodology is followed to obtain a realistic buckling behaviour. 

The seven experimental steel beams are separately modelled. It should be noted that the 
specimens used in the experimental work have some imperfections in their geometry, 
which can possibly cause a change to the buckling mode. However, perfect models based 
on the nominal section sizes are developed for the FE analyses. SHELL181 plastic 
elements used with an average size of 20mm in the vicinity of the web openings. 
Particularly in Specimen A-2 and A-3, significantly smaller triangular elements are 
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incorporated in the vicinity of the fillets for the ease of meshing, providing better stress 
distribution. 

In case only the Newton-Raphson method is used, the tangent stiffness matrix becomes 

singular (or non-unique), causing severe convergence problems. For such cases, the arc- 
length method is activated to help avoid bifurcation points and track unloading (Figure 
5.50 and 5.51). The load is applied directly to the compression flange through seven point 
loads on nodes. It is ensured from the experimental work that the load is transferred only 

via the bearing plate at the web, as an eccentric load could cause local buckling at the edges 
of the web openings close to the point load. 

`Block Lanczos' extraction method is selected with four extracted modes for the eigenvalue 
buckling analyses. The `Block Lanczos' method is used for large symmetric eigenvalue 
problems and it uses the sparse matrix solver. This method tends to converge fast, however 
in more complex analyses the `Block Lanczos' method may not be adequate and the 
`Subspace' method would have to be used. Furthermore, updating the geometry by some 
percentage of strain after the eigenvalue buckling analysis, the initial vector-loads with 
maximum amplitude of t�1200= 7.6/200=0.038 are taken into account. 

5.3.4 Model correlation 

A non-linear (material and geometric) elasto-plastic analysis is conducted to compare and 
validate the FE model of the steel beam with the experimental test conducted earlier. The 
FE models are constructed similarly to those in Chapter 3 and 4. The key-points are 
summarized as follows: 

" Linear elastic properties of the steel are assumed as 200GPa and 0.3 for Young's 
Modulus and Poisson's Ratio, respectively. 

" Modelling the plastic properties, the averaged values taken from coupon tests (Table 
5.9) are used such as Multi-linear Isotropic Model (MISO) with two branches (i. e. fy 

and f, &. ). In addition to that, the nominal material properties are used (i. e. fy=355MPa) 

and comparison is made possible. 

" When nominal (idealized curve) and physical (actual curve) properties are used, 
various Tangent Modulus values are also examined in order to obtain different possible 
behaviour at the post-elastic region and to cover a range of potential ET values that 
could have been evaluated from each particular specimen. Tangent Modulus is taken 
either as 2,580 or 2000MPa. The comparison between the actual and the idealized 

stress-strain curves is depicted in Figure 5.52. 

" The nominal dimensions of the beam taken from Corus are used, while the real 
dimensions of the UB section are found to be slightly different when measured in the 
laboratory before the test. 
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Figure 5.52: Idealized bi-linear stress-strain curves of the steel material used in ANSYS 

5.3.5 FE results 

The loads against the mid-span defections are separately presented for every perforated 
beam. Maximum out-of-plane web displacements at the positions of the dial gauges (i. e. 
maximum displacements between the left and right side), out-or-plane web displacement 

profiles for yield and ultimate load level points as well as Von-Mises stress distribution 

with the failure mode shapes are also presented in sequence. In order to minimize the 
amount of data presented and for the ease of comparison, the FE model with nominal 
properties and a Tangent Modulus, E,,, equal to 580Mpa, is used as a reference model as it 

seems that better simulates the real behaviour in overall, and its results are presented in 
detail. 
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Specimen A-1 

Most of the FE models present a post-elastic gradually descending curve after reaching the 

ultimate load carrying capacity, similar to the experimental tests. The stiffness of the FE 

models is higher than the experimental one, as well as higher ultimate load carrying 

capacity obtained from the FE approaches. 

Insignificant buckling is observed up to the yield load level in both Figure 5.54 and 5.55. 

Very small web movement is found at the yield point in Figure 5.55 with a single 

curvature profile and a maximum out-of-plane displacement at mid-depth of the web. 
Figure 5.55 and 5.56 show that both sides of the beam are significantly yielded at the 

ultimate load level point. In addition, Figure 5.56 shows the yielding of the compression 
area; the yielding of top portion of the flange and the yielding of the web extending into the 
flange, representing the secondary effects of shear. 
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1 
NODAL SOLUTION 
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Figure 5.56(b): Von-Mises stresses in the Specimen A-I 
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Specimen A-2 

Most of the FE models are diverged at a slightly higher load, compared to the experimental 
one (Figure 5.57). As it is shown in the experimental load-deflection curve, the load is 
suddenly dropped. Similar behaviour is observed from the FE models, as most of them 
suddenly stop after reaching the ultimate load level point, being unable to draw the post- 
elastic descending curve with the given input data. It was considerate as worthless to track 
the post-elastic curve in this case, as the sudden failure results to ultimate load carrying 
capacities. Again, the stiffness of the FE models is higher than the experimental one. 

Figure 5.58 and 5.59 show insignificant buckling up to the yield load level. Small web 
movement is found at the yield point in Figure 5.59, while both sides of the beam are 
moved symmetrically but with different magnitudes. Also, the failure mode profile is the 
same at the two load levels (Py and P�, 1. ). The yielding of the top flange and the web are 
also shown in Figure 5.60. Slightly higher stresses are concentrated at the sharp-tip points 
of the fillets. However, the failure mode and the load carrying capacity are not affected. 
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Figure 5.60(a): Web-post buckling shape of the Specimen A-2 
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Specimen A-3 

Modelling the structural behaviour of such a specimen is a challenging issue. The very 
narrow web-post due to large fillets (so=lSmm) can be examined in different ways such as: 
fracture study, use of contact elements between the top and the bottom tee and simple FEA 

with very small elements in the vicinity of the fillets. In order to obtain some out-of-plane 
movement the last option is used and the beam is modelled similarly to the other FE 

models. 

It is observed that the ultimate load carrying capacities of the FE models are dramatically 
higher than the experimental one. The FE models suddenly fail after a high load carrying 
capacity, while the load is gradually increasing with some plasticity in the strain hardening 

region. Then, the FE models are suddenly diverged and the FE solution stopped. The post- 
failure curves are not developed, as the top and bottom tee-sections are highly stressed and 
moved apart (Figure 5.64). 

Figure 5.62 shows how small out-of plane web displacement is formed prior to the rupture 
of that web-post. Small web movement is found at the yield point in Figure 5.63, while 
both sides of the beam are moved symmetrically but with different magnitudes. Also, the 
failure mode profile is the same at the two load levels (Py and Pat). The yielding of the top 
flange and the web are also shown in Figure 5.64. Moreover, the latter figure shows that 
the top and bottom tee-sections moved together in-plane providing some stiffness, up to the 
point of high beam deflection and divergence of the FE solution. 
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Figure 5.64(a): Web-post buckling shape of the Specimen A-3 
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Specimen B-1 

Most of the FE models present a post-elastic curve with strain hardening after reaching the 
ultimate load carrying capacity, similar to the experimental tests. The stiffness of the FE 

models is higher than the experimental one, as well as slightly higher ultimate load carrying 
capacity obtained from the FE approaches. In addition to that, the yield load levels obtained 
from all FE analyses are similar to the experimental one. 

Insignificant buckling is observed up to the yield load level from Figure 5.66 and 5.67. 
Small web movement is found at the yield point in Figure 5.67, while both sides of the 
beam are moved symmetrically but with different magnitudes. Also, the failure mode 
profile is the same at the two load levels (Py and Pa,,. ). The yielding of top flange and the 
web are also shown in Figure 5.67. A comparison between Specimen B-1 and A-I gives an 
idea of how the web-post width affects the load carrying capacity of such perforated beams. 
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Figure 5.68(a): Web-post buckling shape of the Specimen B-I 
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Specimen B-2 

Most of the FE models are diverged at a slightly higher load compared to the experimental 
one (Figure 5.69). As it is shown from the experimental load-deflection curve, the load is 
suddenly dropped. Similar behaviour is observed from the FE models where most of them 
suddenly stopped after reaching the ultimate load level point, being unable to draw the 
post-elastic descending curve. The stiffness of the FE models is higher than the 
experimental one. 

Insignificant buckling is observed up to the yield load level in Figure 5.70 and 5.71. Small 
web movement is found at the yield point in Figure 5.71, when both sides of the beam are 
moved symmetrically but with different magnitudes. At the ultimate load level point, only 
one side of the beam is highly yielded, while the failure mode profile is the same at the two 
load levels (Py and P�Il. ). Slightly higher stresses are concentrated at the sharp-tip points at 
the mid-depth of the web-post (Figure 5.72) of the vertical elliptical web openings. 
However, the failure mode shape remains the same. In addition, Figure 5.72 shows the 
yielding of the compression area; the yielding of top portion of the flange and the yielding 
of the web extending into the flange, representing the secondary effects of shear. 
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Figure 5.72(a): Web-post buckling shape of the Specimen 13-2 
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Figure 5.72(b): Von-Mises stresses in the Specimen B-2 
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Specimen B-3 

It is observed that all FE models have very similar behaviour at the elastic as well as the 

plastic region (Figure 5.73). Most of the FE models present a post-elastic gradually 
descending curve after reaching the ultimate load carrying capacity, similar to the 
experimental tests. The stiffness of the FE models is higher than the experimental one 
while the ultimate load carrying capacities are almost similar. Also, in most cases the 
beams are significantly deflected before the models are diverged and the FE solution stops. 
The latter shows that the stresses are well distributed in the particular novel web-posts. 

Insignificant buckling is observed up to the yield load level in Figure 5.74 and 5.75, in 

contrast to the experimental records. Figure 5.75 and 5.76 show that only one side of the 
beam is highly yielded at the ultimate load level point, while the failure mode profile is the 
same at the two load levels (Py and P�i, ). Finally, it is worth noting that in contrast with 
Specimen B-2, and despite the fact that the web-post width at the mid-depth is identical 
(so=0.2do=63mm), very low stresses are observed mainly at the mid-depth of the web-post 
(Figure 5.75). Moreover, the plastic hinges are formed away from the narrow critical web- 
post width area, at the top and bottom tee-sections (Figure 5.75). Hence, the shape of the 

web-post leads to different results. The latter behaviour is discussed in more detail later on 
in this chapter, when local FE analysis is conducted. In addition, Figure 5.75 shows the 

yielding of the compression area; the yielding of top portion of the flange and the yielding 
of the web extending into the flange, representing the secondary effects of shear. 
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Figure 5.76(b): Von-Mises stresses in the Specimen B-3 
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Specimen B-4 

Specimen B-4 is similar to Specimen B-3 in terms of the web opening shape, but the web 
opening area is now larger and is slightly inclined, with the top tee-section closer to the 
side of the support. Therefore, the main characteristics are expected to be similar to 
Specimen B-3. Most of the FE models present some strain hardening in the plastic region 
and a post-elastic gradually descending curve after reaching the ultimate load carrying 
capacity, similar to the experimental tests. The stiffness and ultimate load carrying 
capacities of the FE models are higher than the experimental one. Also in most cases, the 
beams are significantly deflected before the models are diverged and the FE solution stops. 
The latter shows that the stresses are well distributed in the particular novel web-posts. 

Almost no web movement is observed up to the yield load level in Figure 5.78 and 5.79, in 
contrast to the experimental records. Figure 5.79 shows that only one side of the beam is 
highly yielded at the ultimate load level point, while the failure mode profile is different at 
the two load levels (Py and P�jr. ). At the yield load level, an uneven out-of-plane web 
displacement is obtained, while at the ultimate load level the common double curvature 
movement is drawn. Similar to the Specimen B-3, the plastic hinges are formed way from 
the narrow critical web-post width area, at the top and the bottom tee-sections (Figure 
5.80). The latter behaviour is discussed in more detail later on in this chapter, when local 
FE analysis is conducted. Also, Figure 5.80 shows the yielding of the compression area; 
the yielding of top portion of the flange and the yielding of the web extending into the 
flange, representing the secondary effects of shear. It should be mentioned that, when such 
inclined web openings are considered, the web-post movement is much smaller compared 
to the web-post formed between vertical elliptical web openings (Figure 5.70,5.74 and 
5.78). 
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Figure 5.80(a): Web-post buckling shape of the Specimen B-4 
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Figure 5.80(b): Von-Mises stresses in the Specimen B-4 
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5.3.6 Discussion of the FE and experimental results 

All specimens failed in a combination of local buckling and web-post buckling, while the 
web movement profile is related to the web opening shape. As these two buckling modes 
occurred almost simultaneously, it was impossible to determine the dominant failure mode 
from the experimental study. Consequently, a FE study was conducted and made possible 
to determine the interaction between the two buckling modes and differentiate the area 
which determines the failure of the beam (this is mainly shown from stress contour plots). 

Comparing the experimental load-deflection curve at the mid-span with the FE curves, it is 
observed that the FE models provide significant stiffness in the elastic region. This is an 
overestimation of the FE model due to the limited number of the nodes on each clement 
(i. e. only four nodes), as well as the `reduced integration points' function which is used to 
avoid numerical problems such as shear locking on shell elements. Similar to Chapter 4, it 
has been found that the stiffness of the steel coupons is very low. Therefore, the nominal 
Young's Modulus (E=200GPa) is again used in FEM. 

Furthermore, the analytical FE models accurately simulate the failure modes similar to the 
real tests. Particularly, perforated beams with narrow web-posts and sharp-tip points, such 
as Specimen A-2, A-3 and B-2. These are unable to redistribute the stresses and so high 
stresses are concentrated at these points. It is worth noting that the out-of-plane web 
movement at the yield load level point is negligible in FE analyses in relation to the 
experimental results. 

Table 5.10 summarizes the main test and FE results for the yielding, buckling (or critical) 
and ultimate loads for the ease of comparison. It should be aforementioned that the 
reference FE model with f equal to 355MPa and Tangent Modulus, ET, equal to 580MPa is 
used to generalize the results. The buckling load is obtained by careful consideration of the 
out-of-plane web displacements and the stress concentrations. 

P. P., All, Web- woh 

Spec. FE TEST FE TEST FE TEST Post Web Opening Opening 

(kN) (kN) (kN) (kN) (kN) (kN) 
Width, Shape Area 

2 S"_(mm) mm 
A-1 265 250 327 257 342 289 94.5 Circular 77931 

A-2 204 185 300 267 325 295 48 Circular with 78361Nw 
r=25mm 

A-3 148 132 274 164 365 186 15 Circular with 79129 
r=45mm 

B-1 204 186 219 220 275 256 63 Circular 77931 
B-2 281 276 363 387 420 402 63 Vertical Ellipse 56452 
B-3 362 354 378 387 426 416 63 Vertical Ellipse 32138 
B-4 270 250 354 280 422 346 63 Inclined Ellipse 45383 

Table 5.10: Summary of the test and the predicted (FE) loads 
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More analytically, Figure 5.81 depicts the variations between the test to predict (FE) load 
ratios and the web opening areas as well as the web-post widths. For all seven examined 
perforated beams the mean value of the test to predicted yielding, buckling and ultimate 
load ratios are 0.934,0.880 and 0.849, respectively. The corresponding coefficients of 
variation (COV) are 0.107,0.114 and 0.118. These results confirm that a satisfactory 
prediction with low variability is provided by the particular FE approach, mainly at the 
yield load level. Especially Py but also P, u,, are satisfactorily predicted by FEM as shown in 
Figure 5.81. Perforated beams with small web opening areas and/or large web-post widths, 
mainly show good correlation between experimental and FE results. The test to predict 
buckling load ratio is independent of the web opening area and the web-post width. This is 

shown as there is a significant variation of some P, ratios while the web opening area or 
web-post width remains the same. 
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Figure 5.82 illustrates the variations of the buckling (critical) to yield load ratios for both 
tests and FE approaches. It is found that generally buckling to yield load ratio of both tests 
and FE models is independent of the web opening area and the web-post width. In both 
tests and FE approaches, the Per, is higher than Py. 

5.3.7 Uncertainties 

Geometric imperfections created by manufacturing procedures cause deviations of the 

critical buckling loads between the experimental and FE approaches. Regarding the 

particular specimens, a number of manufacturing geometric imperfections arc found prior 
to the tests, especially in the perforated beams with the novel web opening shapes, due to 
lack of manufacturing capabilities at the present. 

Other factors responsible for the deviation of the experimental and FE results are as 
follows: 

" Nominal Dimensions: The dimensions used for modelling the specimens in the FE 
software are the nominal ones (taken from Corus). It is found that the tested beams have 

small tolerances on the dimensions, mainly on the thicknesses. 

" Material Properties: Nominal and averages physical material properties are used to 

model the perforated beams, while the Young's Modulus, E, is always assumed as 
200GPa. 

" Scale Factor in Eigen Buckling Analysis: The non-linear buckling analysis is performed 
on the updated geometry by some percentage of strain after the eigenvalue buckling 

analysis. The initial vector-loads with maximum amplitude of t�1,200= 7.6/200=0.038 

are assumed. 
" Instrumental Errors: The possibility of human and instrumental errors during the 

experimental work is also a dominant factor. Although the dial gauges, applied 
transverse to the web, are restrained at a point, it is observed that they are slightly 
moved offset when the web is significantly moved out-of-plane. 

5.4 PARAMETRIC LOCAL FE STUDY OF WEB-POSTS 

5.4.1 Method of study 

The ultimate strength of the web-post is governed by one of two modes: (i) Flexural failure 

caused by the development of a plastic hinge in the web-post, or (ii) Buckling failure of the 

web-post. 

The mode of failure is depended on the geometry of the web-post (i. e. web opening shape). 
The behaviour of the web-posts, with closely and regularly spaced circular and novel web 
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openings of fabricated steel beams, is investigated using a FE analysis. The FEA is carried 
out for a range of parameters, including the web slenderness. 

The FEA included material non-linearity (i. e. plastic behaviour) and geometrical non- 
linearity (i. e. buckling). The model used in FEA is considered to be of a short section of 
beam between the centre-line of two adjacent web openings (Figure 5.83). The analyses 
are carried out for non-composite beams as this would give conservative results for 

composite beams. The main area of interest is the stability of the web-post under the 
combined effect of shear and compression, especially at the edge of the web openings, 
where the stabilizing effect of tension field action is less than at the centre of the web-post. 

The main objective is to revise the design model of circular web openings for this complex 
web-post buckling failure mode, and establish new ones for the other five novel web 
openings. The design model developed is based on a strut analogy in which the stability of 
the web is checked using buckling curves from BS 5950-1. This strut analogy is presented 
in terms of the effective width, be, and effective length, le, of the strut, which are derived 
from the current FE study to give the best fit over the range of web opening parameters. 

Vv/2 r 

VV/2 
t 

I Vv/2 

ive Strut Action 

I Vv/2 

Figure 5.83: Strut model of web-post buckling (Fabsec Ltd. ) 

5.4.2 FE model 

Basis of the model 

The design model is based on buckling over an effective length, le, of web depending on 
the spacing of the web openings. 

Two design cases may be investigated: 

" Closely spaced web openings, where the proximity of the web openings causes an 
increase in stress acting on the web-post. 
Widely spaced web openings, where there is no interaction between the web openings. 
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The analysis for various web openings differs only in the effective length, le, of the web- 
post in compression. The transition from widely spaced to closely spaced openings is 
empirically taken to occur at an edge to edge spacing equal to the opening length (i. e. so = 
do or lo). 

FE model parameters 

Again the UB457x152x52 is used, for the ease of comparison and the conformity of the 
results. The web to flange fillet is not modelled, while the web thickness varies in order to 
accomplish the parametric study. Using the basic model, a model with 449.8mm depth and 
a web opening diameter, do, equal to 0.7h, is considered and has a web opening diameter is 

of 315mm. The web thickness and the spacing of the web openings are only varied to 
assess the effect on web-post capacity. A parametric study is conducted to investigate the 
effect of S/do ratio on the resistance of the web-post (S is the centre to centre spacing of the 
web openings). Eight S/do ratios in the range 1.1 to 1.8 are studied with five web 
thicknesses of 3.9mm, 5.0mm, 6.0mm, 7.6mm (nominal thickness of this section) and 
10.5mm (maximum possible thickness of this section), giving do/t" ratios which vary from 
30 to 80.8. As previously mentioned, the model is extended to examine all the novel web 
opening shapes of depth da, as investigated previously in this chapter, both experimentally 
and numerically. 

It should be mentioned that the smallest web opening spacing, S, for Specimen A-2 and A- 
3 is 1.2d0 and 1.3d0, respectively. This is a result of the fillet existence at the mid-height of 
the web-post. From the combination of the above parameters, 225 FE models are 
developed, as presented in Table 5.11 for the ease of identification. 
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S cimen A-1 & B-1 S cime n B-2 

S Width WEB Tf//CKNE, SS ,f (mm) 
s WTd1b WER Tf/1CKNESS f (mm) 

(mm) 3.9 5 6 7.6 10.5 (mm) 3.9 S 6 7.6 10.5 
1. ld 31.5 1 2 3 4 5 0.931d 31.5 106 107 108 109 110 
/. 3d 63 6 7 8 9 10 1.031A 63 111 112 113 114 115 
1.3d 94.1 it 12 13 14 15 1.137d 94.5 116 117 118 119 120 
1.44 126 16 17 IS 19 20 1.2314 126 121 122 123 124 125 
1.54 157.1 21 22 23 24 25 1.9314 117.1 126 127 128 129 130 
1.64 189 26 27 28 29 30 1.4314 189 131 2 133 134 135 
1.7d 220.5 31 32 33 34 35 1.1114 220.1 136 137 138 139 140 
l. 8d 252 36 37 38 39 40 1.6314 252 141 142 143 144 145 

'Specimen A-2 Specime B-3 

s Width WEB THICKNESS f (mm) 
s {{? dfh WEB T1f1CKNE. 48, f (mm# 

(mm) 3.9 5 6 7.6 10.5 (mm) 3.9 5 6 7.6 10. $ 
0.1234 31.5 146 147 148 149 150 

7.24 63 71 72 73 74 75 0.623d 63 151 152 153 154 155 
1.3d 94.5 76 77 78 79 80 0.7234 94.5 156 157 158 159 160 
1.44 126 81 82 83 84 85 0.8234 116 161 162 163 164 165 
1.54 157.5 86 87 88 89 90 0.9234 117.1 166 167 168 169 170 
1.64 169 91 92 93 94 95 1.0134 189 171 172 173 174 175 
1.74 220.5 96 97 98 99 100 1.1234 220.1 176 177 178 179 180 
/. Bd 252 101 102 103 104 105 1.22.: 4 252 181 182 181 184 185 

Specimen A-3 
--- - 

Specimen B-4 
Width WEB TH/CKNEM f (mm) 

S 117dlh "TH 711ICKNE. I: S I (mm) S 
(mm) 3.9 S 6 7.6 10.5 (mm) 3.9 S 6 7.6 10.5 
- - -" 

_ 
0.654 31.5 186 187 188 189 190 
0.754 63 191 192 193 194 195 

1.34 94.5 41 42 43 44 45 0.85d 94.5 196 197 log 09 200 
1.44 126 46 47 48 49 50 126 201 202 203 204 205 
1. Sd 157.5 51 52 53 54 55 1.05d 157.5 206 207 208 209 210 
1.64 189 56 57 58 59 60 

_ 
1.154 189 211 212 213 214 215 

1.74 220.5 61 62 63 64 65 1.214 220.5 216 217 218 219 220 
1.84 252 66 67 68 69 70 1.354 252 221 222 223 224 225 

T able 5.11: Number of every FE model with corresnondinlLy charact eriqtinc 

Shell elements (SHELL181) with 6 degrees of freedom at each node are used to model the 
web-post. Depending on the S/do ratio and the web opening shape, refined FE meshes are 
implemented to model the web-posts. As the width of the web-post increases, the number 
of elements used to model its width also increases in order to maintain the element size. 
Table 5.12 shows the range of S/do ratios for each mesh. 

S/do Spec. A-1 & B-1 
Number of Elements at Mid-depth of the Web-post 

Spec. A-2 Spec. A-3 Spec. B-2 Spec. B-3 Spec. B-4 
1.1 to 1.2 10 10 ----- 10 10 10 

1.3 13 14 10 13 13 13 
1.4 16 20 16 16 16 16 
1.5 18 22 18 18 18 18 
1.6 20 24 20 20 20 20 
1.7 22 26 22 22 22 22 
1.8 24 28 24 24 24 24 

Table 5.12: Number of elements used to model web-posts depending on the S/do ratio 

The FE model developed in sub-chapter 5.2 is also used for this extensive parametric local 
study on web-posts. The three steps of linear, eigen buckling and non-linear analyses are 
conducted here as well, in order to initiate the out-of-plane movement of the web-post. 
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Linear elastic properties of the material are assumed as E=200GPa and v=0.3. Plastic 

properties of the material are assumed as fy=355MPa and Er=580MPa. The material model 
uses the Von-Mises criterion with bi-linear isotropic hardening plasticity, which is suitable 
for most metals, including steel. Arc-length method is not used herein, as it is found 

unnecessary. Vertical shear load is applied on the top and bottom web-flange tees at the 
right hand side of the FE model. The load is applied in 100 sub-steps, while its size is 

automatically controlled in order to achieve convergence as the solution approaching the 
failure load. 

The boundary conditions used in the model are shown in Figure 5.84 and Table 5.13. The 

web-flange connection is assumed to be pinned as a safe lower bound. In practice, some 
degree of fixity would exist, which increases the web buckling resistance. 

ELEMENTS 

F 

Flee: . 'b 

AN 
OCT 12 2009 

CIS»-ý_ i ": si: z3 

Figure 5.84: Applied loads and boundary conditions on a typical FE model 

Location UX UY UZ ROT X ROT Y ROT Z 
Flange FIXED FREE FIXED FIXED FREE FIXED (LHS) 
Web FIXED FIXED FIXED FIXED FIXED FREE (LHS) 

Flange FREE FREE FIXED FIXED FIXED FIXED 
(RHS) 
Web FREE LOAD FIXED FREE FIXED FIXED 

(RHS) 

Table 5.13: Applied boundary conditions used in the FE Model 
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5.4.3 FE results 

The results of this parametric local FE study are thoroughly presented for Specimen A-I 

and B-l. All data are graphically presented and tabulated with the same sequence for the 

rest of the specimens. 

Compressive and tensile forces act across the web-post on opposite diagonals, as illustrated 
in Figure 5.85. Failure occurred when a local web buckle formed adjacent to the web 
opening as shown by the shaded areas in Figure 5.85. 

Vv/21 Vv/2 
I COmpre 

Tension 

Buckling deformation 

Buckling deformation 

Vv/21 

Tension 
n 

1 Vv/2 
Figure 5.85: Typical web-post behaviour 

The strut model is the basis of the already established method for circular web openings, in 
which the effective width, be, and effective length, le, of the strut are determined. The 
compressive stress acting on the strut is calculated using the force in the upper tee-section, 
or half the applied vertical shear force for a symmetrically placed web opening. The 
effective width of the web-post resisting compression is always taken as half the total width 
of the web-post (i. e. bep = s0/2). Therefore, the compressive stress acting on the strut is as 
follows: 

vv 
- 

vv 

2(SO12)tw S°tw 
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Specimen A-1 & B-1 

The applied vertical shear forces at failure obtained from the FE analyses of the web-posts 
are graphically represented in Figure 5.86. Improved design formulas are developed which 
cover the range of 1.1 < S/do < 1.8 as shown in Table 5.14. 
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Figure 5.86: Applied vertical applied shear force (kN) at failure according to FE Model 

3.9 80.77 V, = - 207.3 (S/do)2 + 692.4 (S/do) - 462 
5.0 63 V,. = - 180.8 (S/do)2 + 619.7 (S/do) - 392.6 
6.0 52.5 V� = - 262.8 (S/do)2 + 896.5 (S/do) - 580 
7.6 41.44 V, = - 471.7 (S/do)2 + 1569 (, 5/do) - 1053 
10.5 30 V�= -6/7.5 (S/do)2 +2066(. 5/do)-1371 

Table 5.14: Design formulas for Specimen A-I & B-1 

Basic design model or web post between regularly spaced web openings 

The design model derived from the finite element analyses is based on a simple strut 
model. The strut is considered to act diagonally across the member as shown before in 

Figure 5.83. The effective width, be, of the strut is always taken as half the width of the 

web-post for use in determining the compressive stresses. 

be = 0.5so (5.2) 
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The effective length, I,, of the strut is calculated as the diagonal distance across the web- 
post using an effective length factor of 0.5 as assumed in the literature (1e=0.7 is assumed 
for square web openings), as follows: 

le = 0.5 saz + doe (5.3) 

The slenderness, A, of the web-post as a strut is then calculated as: 

le 12 
A= 

tW 
(5.4) 

This value of slenderness is used to obtain the compressive strength, p,, from buckling 
curve `c' of BS 5950-1, which is appropriate for fabricated sections. The UB457x152x52 is 
studied as if it is a fabricated section, as the web-flange fillets are not inserted in the FE 
model and the web thickness is varied. 

Lower bound to web post buckling and Vierendeel bending 

Figure 5.87 shows the compressive strength calculated using the established design model 
for all dot,, ratios (solid lines) plotted against the failure stress obtained from the finite 
element analyses (points). The stress on the strut corresponding to the limiting vertical 
shear force determined from the maximum Vierendeel moment capacity of the tee-section 
is also plotted (dotty lines). 

The limiting vertical shear force resulting from Vierendeel bending of the top tee-section is 
calculated by converting the circular web opening into an equivalent rectangular web 
opening with a width of O. 5do (equal to 1.0do for square web opening) and depth do, as 
shown in Figure 3.40. This conversion is based on the position of the plastic hinges when 
the web opening is subjected to high shear forces. The limiting vertical shear force in the 
top tee-section is given as follows: 

vv 
- 

MPt (5.5) 2 0.25do 

Where Mpr is the plastic moment capacity of the top tee-section and calculated as follows: 

Mpt (plastic) = 
Ateeý2 (ý 

+ zZ) pY 

and 

Atee = (btf) + (dTtw) 
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The centroids for equal areas are estimated from: 

Atee 
xl 2b 

and 

b (T - xl)2 /2 + dTtW 
[(T 

- xi) + 
dT/2 

x2 Atee/2 

Where: T= tf - zl 

However, when d7/t,, for the web of the tee-section exceeds the limit 9c for a compact 
section (BS 5950-1), the moment capacity, Mp1, is calculated using elastic properties of the 

section, where dT is the depth of the stem of the tee-section and E= 275/py. 

The FE analyses show that yielding rather than buckling occurs for stockier webs. This 
means that web-post buckling does not occur and the Vierendeel bending capacity is the 
governed design check rather than web-post buckling. Figure 5.87 shows that the 
Vierendeel moment check is critical for dJty equal to 41.44 and 30 for S/do larger than 1.3 
and 1.2, respectively. 
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Figure 5.87: Compressive strength of the strut predicted by the design model and compared to FE 
failure stress and Vierendeel stress 

Comparison with FEA 

The vertical shear resistance, Vv, due to web-post buckling is calculated as follows: 

Vv = 2bepctw = Pcsotw 

Table 5.15 shows the vertical shear resistances calculated by using p, derived from the 

effective slenderness of the web. Table 5.16 represents the comparison of the vertical shear 
forces evaluated by the basic design model found in the literature (i. e. assuming 1e 0.5) and 
the FE model. There is conservatism up to approximately 80% for narrow and thin web- 
posts, but the level of conservatism is reduced for wider web-posts with greater web 
thicknesses. The shaded area indicates where the Vierendeel bending rather than the web- 
post buckling controls according to Figure 5.87. The un-conservative stresses resulting 
from the basic design model are not leading to unsafe design for this web slenderness, as 
the Vierendeel bending resistance is checked separately. 
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S/do 
Width, 

s0 
(mm) 

tw (mm) 
3.9 

d ltw 
80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 

1.1 31.5 10.07 19.22 30.24 50.51 89.30 
1.2 63 19.53 37.80 59.35 99.59 177.28 
1.3 94.5 28.01 54.34 85.62 145. -14 261.95 
1.4 126 35.87 66.78 109.62 187.69 341.33 
1.5 157.5 41.77 82.69 128.52 225.04 416.75 
1.6 189 46.44 91.19 146.29 255.68 490.17 
1.7 220.5 49.88 98.12 158.76 281,53 548.71 
1.8 252 51.11 103.32 167.83 302.60 603.29 

Table 5.15: Calculated values of vertical shear resistance (kN) using the basic design model (the 
shaded area of the table indicates that Vierendeel bending is critical) 

S/d., 
Width, 

(Ms; M) (mm) 

tW (mm) 
3.9 

/tW 
80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 
1.1 31.5 0.21 0.27 0.34 0.50 0.64 
1.2 63 0.29 0.45 0.53 0.67 0.7 ý 
1.3 94.5 0.34 0.47 0.60 0.72 0.94 
1.4 126 0.33 0.51 0.64 0.90 1.10 
1.5 157.5 0.36 0.69 0.76 0.95 1.23 
1.6 189 0.45 0.68 0.83 1.03 1.46 
1.7 220.5 0.44 0.73 0.86 1.10 1.53 
1.8 252 0.44 0.73 0.91 1.25 1.70 

Table 5.16: Ratio of vertical shear forces from the basic design model in literature and FE analyses 
(the shaded area of the table indicates that Vierendeel bending is critical) 

Figure 5.88 demonstrates the minimum compressive strength as it is found for a web-post 
of any web thickness and a specific web opening spacing. 't'his is an empirical method, 
evaluating the compressive stress at a web-post considering both the FV results and the 
theoretical evaluations based on plastic moment capacity of the top tee-section. A design 
formula is developed and shown below which covers the range of 1.1 <S/d,, <1.8. 

Compression Stress = 659.4 
(S)z 

- 2276 
S) 

+ 2043 (5.6) 
do do 

It is inevitable that by using this method some overestimation is considered for certain 
models. Moreover the new proposed effective length factors, producing the above 
compression stresses, are also presented in Table 5.17 to illustrate the stiffening effect of 
the web above and below the web opening. Conservative but also economic results for 

web-posts under buckling and shear provisions are achieved. It is recommended that the 
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above models, those that are critical in Vierendeel, should be also separately checked for 
Vierendeel bending capacity. 
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Figure 5.88: Empirical design model for compressive strength of the strut compared to FE failure 
stress and Vierendeel stress 

Width, tW (mm) 

S/do so 
3.9 5.0 6.0 7.6 10.5 

(mm) 
d It 

80.77 63 52.5 41.44 30 
1.1 31.5 0.05 0.07 0.08 0.10 0.14 
1.2 63 0.22 0.28 0.34 0.43 0.59 
1.3 94.5 0.26 0.34 0.41 0.51 0.71 
1.4 126 0.32 0.41 0.49 0.62 0.86 
1.5 157.5 0.36 0.46 0.55 0.70 0.96 
1.6 189 0.39 0.50 0.59 0.75 1.04 
1.7 220.5 0.40 0.52 0.62 0.78 1.08 
1.8 252 0.42 0.54 0.64 0.82 1.13 

Table 5.17: Proposed effective length factors 
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Basic design model for web-post. between widely spaced web openings 

For widely spaced web openings of any shape, the shear resistance obtained using 
S/do=2.0, is used as a cut-off in this analysis. In this limiting case: 

be=0.5so 

le = 0.5 dal + doe = 0.5Ido 0.7do (5.7) 

(and le = 0.7 doe + doe = 0.7Ido do for square web opening) 

Uv = 2bePctw = Pcsotw < 0.6py 

In all cases, the shear resistance should not exceed that given by a stress of 0.6py acting on 
the web-post. This also applies to single circular web openings. 
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Specimen A-2 

The applied vertical shear forces at failure obtained from the FE analyses of the web-posts 
are graphically represented in Figure 5.89. Improved design formulas are developed, which 
cover the range of 1.1 < S/do < 1.8 as shown in Table 5.18. The effective width, be, of the 

strut is taken as half the width of the web-post for use in determining the compressive 
stresses, similar to the web-post width of the circular web openings (Formula 5.2). This 

assumption provides some conservatism and simplifies the calculations. In such a way, 
there is no need to estimate the exact web-post width including the fillets. 
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Figure 5.89: Applied vertical applied shear force (kN) at failure according to FE Model 

t� (mm) dJt,, Formula 
3.9 80.77 V. 181.1 (S/do) + 633.4 (S/do) - 422.4 
5.0 63 V. 245 (S/do)2 + 802.8 (S/do) - 556.2 
6.0 52.5 V. 320.3 (S/do) 2+ 1104 (S/do) - 766.8 
7.6 41.44 V� = - 517 (S/d0) + 1768 (S/do) - 1255 
10.5 30 VV = - 683.3 (S/do) 2+ 2285 (S/do) - 1560 

Table 5.18: Design formulas for Specimen A-2 
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Lower Bound to Web-Post Buckling and Vierendeel bending 

Figure 5.90 shows that the Vierendeel moment check is critical for do/t,, equal to 52.5, 
41.44 and 30 for S/do larger than 1.6,1.3 and 1.2, respectively. 
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Figu re 5. 90: Compressive strength of the strut predicted by the design model a nd compared to FE 
failure stress and Vierendeel stress 
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Comparison with FEA 

There is conservatism by up to approximately 65% for narrow and thin web-posts. 

S/do 

Ideal 
Width, 

S, 
(mm) 

t�, (mm) 
3.9 

d, /tw 
80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 

1.1 31.5 ----- ----- ----- ----- 
1.2 63 19.53 37.80 59.35 99.59 177.28 
1.3 94.5 28.01 54.34 85.62 1115.4 $ 261.95 
1.4 126 35.87 68.67 109.62 187.69 341.33 
1.5 157.5 41.77 82.69 128.52 225.04 416.75 
1.6 189 46.44 91.19 1 10.29 255.68 490.17 
1.7 220.5 49.88 98.12 158.76 281.53 548.71 
1.8 252 52.09 103.32 167.83 302.60 603.29 

Table 5.19: Calculated values of vertical shear resistance (kN) using the basic design model (the 
shaded area of the table indicates that Vierendeel bending is critical) 

S/d� 

Ideal 
Width, 

S" 
(mm) 

tW (mm) 
3.9 

d ltW 
80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 
1.1 31.5 ----- ----- ----- ----- 
1.2 63 0.346 0.524 0.632 0.952 0.87O 
1.3 94.5 0.375 0.523 0.652 0.81S 1.049 
1.4 126 0.448 0.638 0.716 0.904 1.136 
1.5 157.5 0.464 0.705 0.756 0.971 1.267 
1.6 189 0.473 0.723 0.829 1.029 1.399 
1.7 220.5 0.405 0.745 0.873 1.106 1.562 
1.8 252 0.641 0.785 0.902 1.185 1.790 

Table 5.20: Ratio of vertical shear forces from the basic design nmdIcl in literature and FtF, analyses 
(the shaded area of the table indicates that Vicrendeel bending is critical) 

A design formula is developed and shown below which covers the range of 1.2-S/d,, < 1.8. 

SS 
Compression Stress = 230.2 (-)z 

- 920.5 (-) 
+ 983.3 (5.8) 

do do 
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Figure 5.91: Empirical design model for compressive strength of the strut compared to FE failure 
stress and Vierendeel stress 

Ideal (mm) 

S/do 
Width, 3.9 5.0 6.0 7.6 10.5 

S, d, /t�. 
(mm) 80.77 63 52.5 41.44 30 

1.1 31.5 
1.2 63 0.26 0.33 0.40 0.50 0.69 
1.3 94.5 0.28 0.36 0.43 0.55 0.76 
1.4 126 0.32 0.41 0.50 0.63 0.87 
1.5 157.5 0.36 0.46 0.55 0.70 0.96 
1.6 189 0.39 0.50 0.59 0.75 1.04 
1.7 220.5 0.40 0.52 0.62 0.79 1.09 
1.8 252 0.42 0.54 0.64 0.82 1.13 

Table 5.21: Proposed effective length factors 
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Specimen A-3 

The applied vertical shear forces at failure obtained from the FE analyses of the web-posts 
are graphically represented in Figure 5.92. Improved design formulas are developed which 
cover the range of 1.1 < S/do < 1.8 as shown in Table 5.22. The effective width, be, of the 
strut is taken as half the width of the web-post for use in determining the compressive 
stresses, similar to the web-post width of the circular web openings (Formula 5.2). This 

assumption provides some conservatism and simplifies the calculations. Therefore, there is 

no need to estimate the exact web-post width including the fillets. 
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Figure 5.92: Applied vertical applied shear force (kN) at failure according to FE Model 

3.9 80.77 V, = - 57.25 (S/do)2 + 240 (S/do) - 160.4 
5.0 63 V, = - 180.3 (S/d0)2 + 657.9(S/do) -465.5 
6.0 52.5 V, = - 379.4 (S/dd 2+ 1312 (S/d) - 950.5 
7.6 41.44 V� = - 420.4 (S/do)2 + 1505 (S/do) - 1097 
10.5 30 V,, = - 847.3 (S/do)2 + 2885 (S/do) - 2118 

Table 5.22: Design formulas for Specimen A-3 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Lower Bound to Web-Post Buckling and Vierendeel bending 

Figure 5.93 shows that the Vierendeel moment check is critical for do/t,, equal to 52.5, 
41.44 and 30 for S/do larger than 1.6,1.3 and 1.2, respectively. 
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Figure 5 . 93: Compressive strength of the strut predicted by the design model and compared to FE 
failure stress and Vierendeel stress 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Comparison with FEA 

There is conservatism by up to approximately 50% for narrow and thin web-posts. 

S/d� 

Ideal 
Width, 

s� 
(mm) 

t� (mm) 
3.9 

d ltW 
80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 
1.1 31.5 ----- ----- ----- ----- ----- 
1.2 63 ----- ----- ----- ----- 
1.3 94.5 28.01 54.34 85.62 1 15.1' 1 261.95 
1.4 126 35.87 68.67 109.62 187.69 341.33 
1.5 157.5 41.77 82.69 128.52 225.04 416.75 
1.6 189 46.44 91.19 1,16.21) 255.68 490.17 
1.7 220.5 49.88 98.12 158.76 281.53 548.71 
1.8 252 51.11 103.32 167.83 302.60 603.29 

Table 5.23: Calculated values of vertical shear resistance (kN) using the basic design model (the 
shaded area of the table indicates that Vierendeel bending is critical) 

S/d� 

Ideal 
Width, 

s', 
(MM) 

rW (mm) 
3.9 

dJ,,., 
80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 
1.1 31.5 ----- ----- ----- ----- 
1.2 63 ----- ----- ----- ----- 
1.3 94.5 0.498 0.656 0.763 1.036 1.367 
1.4 126 0.566 0.632 0.732 0.925 1.221 
1.5 157.5 0.606 0.760 0.808 1.072 1.421 
1.6 189 0.675 0.705 0.822 1.099 1.482 
1.7 220.5 0.512 0.755 0.854 1.173 1.661 
1.8 252 0.642 0.76,1 0.921 1.186 1.803 

Table 5.24: Ratio of vertical shear forces from the basic design model in literature and Ft: analyses 
(the shaded area of the table indicates that Vierendeel bending is critical) 

A design formula is developed and shown below which covers the range of 1.3<S'/d,, <1.8. 

2 
Compression Stress = 204.4 - 757.6 (s 

-) + 776.3 (5.9) 
(a-) 

do 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 
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Figure 5.94: Empirical design model for compressive strength of the strut compared to FE failure 
stress and Vierendeel stress 

Sidd 

Ideal 
Width, 

so 
(mm) 

(mm) 
3.9 

d/t�, 
80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 
1.1 31.5 ----- ----- ----- ----- 

63 ----- ----- ----- 
1.3 94.5 0.35 0.44 0.53 0.67 0.93 
1.4 126 0.38 0.48 0.58 0.73 1.01 
1.5 157.5 0.39 0.51 0.61 0.77 1.06 
1.6 189 0.42 0.54 0.65 0.83 1.14 
1.7 220.5 0.41 0.52 0.63 0.79 1.10 
1.8 252 0.42 0.53 0.64 0.81 1.12 

Table 5.25: Proposed effective length factors 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Specimen B-2 

The applied vertical shear forces at failure obtained from the FE analyses of the web-posts 
are graphically represented in Figure 5.95. Improved design formulas are developed which 
cover the range of 0.931 < S/do < 1.631 as shown in Table 5.26. The effective width, be, of 
the strut is taken as half the width of the web-post for use in determining the compressive 
stresses, similar to the web-post width of the circular web openings (Formula 5.2). This 

assumption provides some conservatism and simplifies the calculations. 
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Figure 5.95: Applied vertical applied shear force (kN) at failure according to FE Model 

(mm) d�/t�, Formula 

3.9 80.77 V,. 160.2 (S/dod + 474 (S/do) - 208.2 
5.0 63 VV = - 96.46 (S/d) 2+ 316.8 (S/do0 - 94.19 
6.0 52.5 V� = - 172.4 (S/do)2 + 525 (S/do) - 186.6 
7.6 41.44 V, = - 379.6 (S/do)2 +1099(5/do)-505.6 

10.5 30 V. 477.8 (S/do)2 + 1390 (S/do) - 594 
Table 5.26: Design formulas for Specimen B-2 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Lower Bound to Web-Post Buckling and Vierendeel bending 

Figure 5.96 shows that the Vierendeel moment check is critical for d ltv equal to 41.44 and 
30 for S/do larger than 1.231 and 1.131, respectively. 
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Figure 5.96: Compressive strength of the strut predicted by the design model and compared to FE 
failure stress and Vierendeel stress 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Comparison with FEA 

There is conservatism by up to approximately 90% for narrow and thin web-posts. 

S/d� 
Width, 

S� 
(m m) 

t�, (mm) 
3.9 

dJtti, 
80.77 

5.0 

63 

6.0 

S2.5 

7.6 

41.44 

10.5 

30 

0.931 31.5 10.07 19.22 30.24 50.51 89.30 
1.031 63 19.53 37.80 59.35 99.59 177.28 
1.131 94.5 28.01 54.34 85.62 145.44 261.95 
1.231 126 35.87 68.67 109.62 187.69 341.33 
1.331 157.5 41.77 82.69 128.52 225.04 416.75 
1.431 189 46.44 91.19 146.29 255.68 490.17 
1.531 220.5 49.88 98.12 158.76 281.53 548.71 
1.631 252 52.09 103.32 167.83 , 302.60 603.29 

Table 5.27: Calculated values of vertical shear resistance (kN) using the basic design model (the 
shaded area of the table indicates that Vierendeel bending is critical) 

S/d0 
Width, 

s� 
(mm) 

t,,, (m m) 
3.9 

d, /tW 
80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 

0.931 31.5 0.105 0.166 0.198 0.285 0.321 
1.031 63 0.177 0.293 0.347 0.422 0.524 
1.131 94.5 0.236 0.361 0.461 0.562 0.70 2 
1.231 126 0.283 0.482 0.556 0.67'. 0.855 
1.331 157.5 0.279 0.549 0.604 0.824 1.018 
1.431 189 0.308 0.553 0.687 0.870 1.205 
1.531 220.5 0.404 0.576 0.786 1.044 1.341 
1.631 252 0.358 0.635 0.776 1.040 1.464 

Table 5.28: Ratio of vertical shear forces from the basic design model in literature and Ff? analyses 
(the shaded area of the table indicates that Vierendeel bending is critical) 

A design formula is developed and shown below which covers the range of 
0.931 <S/do< 1.63 /. 

Compression Stress = 1664 
(S)2 

- 4938 (-S )+ 
3759 (5.10) dod0 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 
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Figure 5.97: Empirical design model for compressive strength of the strut com pared to FE failure 
stress and Vierendeel stress 

S/do 
Width, 

s� 
(mm) 

t,.. (mm) 
3.9 

d JIW 
80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 
0.931 31.5 0.05 0.07 0.08 0.10 0.14 
1.031 63 0.05 0.07 0.08 0.10 0.14 
1.131 94.5 0.17 0.22 0.27 0.34 0.47 
1.231 126 0.25 0.31 0.38 0.48 0.66 
1.331 157.5 0.29 0.37 0.44 0.56 0.77 
1.431 189 0.31 0.40 0.48 0.61 0.84 
1.531 220.5 0.33 0.42 0.51 0.64 0.89 
1.631 252 0.34 0.44 0.53 0.67 0.92 

Table 5.29: Proposed effective length factors 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Specimen B-3 

The applied vertical shear forces at failure obtained from the FE analyses of the web-posts 
are graphically represented in Figure 5.98. Improved design formulas are developed which 
cover the range of 0.523 < S/do < 1.223 as shown in Table 5.30. The effective width, be, of 
the strut is taken as half the width of the web-post for use in determining the compressive 
stresses, similar to the web-post width of the circular web openings (Formula 5.2). This 

assumption provides some conservatism and simplifies the calculations. 
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Figure 5.98: Applied vertical applied shear force (kN) at failure according to FE Model 

t� (mm) dJt�, Formula 

3.9 80.77 V, = - 63.8 (S/do-)'7 + 129.8 (S/do) - 52.63 
5.0 63 V,. = - 17.66 (S/do) 2+ 99.06 (S/do) - 95.2 
6.0 52.5 V,. = - 227.9 (S/do)2 + 509.2 (S/do) - 36.82 
7.6 41.44 V,, = - 279.5 (S/d, )2 +630.4(S/do)-47.62 
10.5 30 V. = - 498.8 (S/do)2 + 1070 (S/do) - 125.5 

Table 5.30: Design formulas for Specimen B-3 

262 



Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Lower Bound to Web-Post Buckling and Vierendeel bending 

Figure 5.99 shows that the Vierendeel moment check is not critical for any do/tw and S/do. 
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Figure 5.99: Compressive strength of the strut predicted by the design model and compared to FE 
failure stress and Vierendeel stress 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Comparison with FEA 

There is conservatism by up to approximately 90% for narrow and thin web-posts. 

S/do 
Width, 

so 
(mm) 

tw (mm) 
3.9 

do44 
80.77 

5.0 

63 

60 

52.5 

7.6 

41.44 

10.5 

30 
0.523 31.5 10.07 19.22 30.24 50.51 89.30 
0.623 63 19.53 37.80 59.35 99.59 177.28 
0.723 94.5 28.01 54.34 85.62 145.44 261.95 
0.823 126 35.87 68.67 109.62 187.69 341.33 
0.923 157.5 41.77 82.69 128.52 225.04 416.75 
1.023 189 46.44 91.19 146.29 255.68 490.17 
1.123 220.5 49.88 98.12 158.76 281.53 548.71 
1.223 252 52.09 103.32 167.83 302.60 603.29 

Table 5.31: Calculated values of vertical shear resistance (kN) using the basic design model (the 
shaded area of the table indicates that Vierendeel bending is critical) 

SM. 
Width, 

so 
(mm) 

tw (mm) 
3.9 

d Jtw 
80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 
0.523 31.5 0.102 0.136 0.170 0.230 0.292 
0.623 63 0.170 0.257 0.322 0.447 0.503 
0.723 94.5 0.249 0.324 0.415 0.575 0.712 
0.823 126 0.293 0.430 0.509 0.653 0.845 
0.923 157.5 0.380 0.485 0.534 0.810 0.940 
1.023 189 0.412 0.527 0.562 0.790 1.053 
1.123 220.5 0.390 0.514 0.603 0.851 1.192 
1.223 252 0.459 0.550 0.735 1.063 1.435 

Table 5.32: Ratio of vertical shear forces from the basic design model in literature and FE analyses 
(the shaded area of the table indicates that Vierendeel bending is critical) 

A design formula is developed and shown below which covers the range of 
0.523<S/do<1.223. 

2 

Compression Stress = 1901(S) - 4051(5) + 2263 (5.11) do do 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 
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Figure 5.100: Empirical design model for compressive strength of the strut compared to FE failure 
stress and Vierendeel stress 

S/do 
Width, 

so 
(mm) 

(m m) 
3.9 

dJt,,, 
80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 
0.523 31.5 0.05 0.07 0.08 0.10 0.14 
0.623 63 0.05 0.07 0.08 0.10 0.14 
0.723 94.5 0.17 0.22 0.26 0.33 0.46 
0.823 126 0.22 0.28 0.34 0.43 0.59 
0.923 157.5 0.29 0.37 0.45 0.57 0.78 
1.023 189 0.31 0.40 0.48 0.60 0.83 
1.123 220.5 0.27 0.35 0.42 0.53 0.73 
1.223 252 0.34 0.43 0.52 0.66 0.91 

Table 5.33: Proposed effective length factors 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Specimen B-4 

The applied vertical shear forces at failure obtained from the FE analyses of the web-posts 
are graphically represented in Figure 5.101. Improved design formulas are developed 

which cover the range of 0.65 < S/do < 1.35 as shown in Table 6.45. The effective width, 
be, of the strut is taken as half the width of the web-post for use in determining the 
compressive stresses, similar to the web-post width of the circular web openings (Formula 
5.2). This assumption provides some conservatism and simplifies the calculations. 
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Figure 5.101: Applied vertical applied shear force (kN) at failure according to FE Model 

t� (mm) dJt,., Formula 

3.9 80.77 V,. 143.2 (S/dod + 327.2 (S/do) - 77.12 
5.0 63 V,, 9.958 (S/do) 2 + 99.88 (S/do) - 44.59 
6.0 52.5 V,. = - 81.88(S/do)2 +285.8(S/do) -22.31 
7.6 41.44 V� = - 202.2 (S/do)2 + 620.4 (S/do) - 164.3 
10.5 30 V, = - 454.1 (S/do)2 + 1147 (S/do) - 333.2 

Table 5.34: Design formulas for Specimen B-4 
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Chapter 5 Web-Post Study of Non-Composite Perforated Beams 

Lower Bound to Web-Post Buckling and Vierendeel bending 

Figure 5.102 shows that the Vierendeel moment check is critical for do/tw equal to 41.44 

and 30 for S/do larger than 1.05 and 0.85, respectively. 
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Figure 5.102: Compressive strength of the strut predicted by the design model and compared to FE 
failure stress and Vierendeel stress 
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Comparison with FEA 

There is conservatism by up to approximately 85% for narrow and thin web-posts. 

S/dp 
Width, 

S° 

(mm) 

tW (mm) 
3.9 

dI/1M' 

80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 

0.65 31.5 10.07 19.22 30.24 50.51 89.30 
0.75 63 19.53 37.80 59.35 99.59 177.28 
0.85 94.5 28.01 54.34 85.62 145.44 201. O. S 
0.95 126 35.87 68.67 109.62 187.61) 341.33 
1.05 157.5 41.77 82.69 128.52 225.0,1 416.75 
1.15 189 46.44 91.19 146.29 255.68 490.17 
1.25 220.5 49.88 98.12 158.76 281.53 548.71 
1.35 252 52.09 103.32 167.83 302.60 603.29 

Table 5.35: Calculated values of vertical shear resistance (kN) using the basic design model (tie 
shaded area of the table indicates that Vierendeel bending is critical) 

S/d� 
Width, 

S0 
(mm) 

(mm) 
3.9 

d /tW 80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 
0.65 31.5 0.139 0.176 0.233 0.337 0.383 
0.75 63 0.211 0.338 0.414 0.520 0.669 
0.85 94.5 0.277 0.467 0.524 0.652 0,88 
0.95 126 0.357 0.540 0.628 0.806 1.010 
1.05 157.5 0.409 0.570 0.676 0.8119 1.095 
1.15 189 0.430 0.611 0.754 0.907 1.214 
1.25 220.5 0.408 0.635 0.755 0.946 1.398 
1.35 252 0.537 0.653 0.786 0.997 1.599 

Table 5.36: Ratio of vertical shear forces from the basic design model in literature and FF: analyses 
(the shaded area of the table indicates that Vierendeel bending is critical) 

A design formula is developed and shown below which covers the range of' 
0.65<S/do< 1.35. 

SzS 
Compression Stress = 1227 

(do )- 
2965 

(-) 
+ 1894 (5.12) 

do 
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Figure 5.103: Empirical design model for compressive strength of the strut compared to FE failure 
stress and Vierendeel stress 

S/d� 
Width, 

so 
(mm) 

t, (mm) 
3.9 

dJt�. 
80.77 

5.0 

63 

6.0 

52.5 

7.6 

41.44 

10.5 

30 
0.65 31.5 0.05 0.07 0.08 0.10 0.14 
0.75 63 0.11 0.14 0.17 0.22 0.30 
0.85 94.5 0.23 0.30 0.36 0.46 0.63 
0.95 126 0.27 0.35 0.42 0.53 0.74 
1.05 157.5 0.29 0.37 0.44 0.56 0.77 
1.15 189 0.31 0.40 0.48 0.61 0.84 
1.25 220.5 0.33 0.42 0.51 0.64 0.89 
1.35 252 0.34 0.44 0.53 0.67 0.92 

Table 5.37: Proposed effective length factors 
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5.4.4 Observations on FE results 

Specimen A-1 & B-1: Four typical plastic hinges are formed with a range of angles as 
shown in Table 5.38. Highly yielded web-post is observed for models with web thickness 
range of 3.9mm<tv<6mm and spacing 1.1<S/do<1.2. Out-of-plane web-post movement 
with double opposite curvature of the top and bottom tee-sections is formed and represent 
the failure mode. It is worth mentioning that the FE analysis of such models is simple. 

Specimen A-2: High shear stresses are observed at the models with thin webs and closely 
spaced web openings. Plastic hinges are formed in the vicinity of the web openings. 
Furthermore, web-post models with web thickness range of 3.9mm< t�, <6mm and spacing 
1.2<S/d,, <1.5, are failed by low horizontal shear resistance. Out-of-plane web-post 
movement with double opposite curvature of the top and bottom tee-sections is also 
formed. The analysis of such models is complex due to the fillet existence, as it is a non- 
standard geometrical shape, and hence a very fine mesh is implemented. 

Specimen A-3: Similarly, high shear stresses are observed for the models with thin webs 
and closely spaced web openings. Mainly plastic hinges are formed, as well as high stress 
concentration at the sharp-tip points formed by the fillets existence. In more detail, web- 
post models with web thickness range of 3.9mm<tw<6mm and spacing I. 3<S/do<l. 5, are 
failed by low horizontal shear resistance. Out-of-plane web-post movement is observed, 
while a sudden change of moving direction is drawn and the web-post is suddenly failed, 
due to high shear forces applied on the sharp-tip points formed by the fillets existence. 
Similar to Specimen A-2, the analysis of such models is very complex. 

Specimen B-2: it is found that the sharp edges at the mid-depth of such web openings cause 
stress concentration. Mainly, plastic hinges are observed at the vertical centre-line of the 
web openings in the top and bottom tee-sections. Web-post models with closely spaced 
web openings, also present some stress concentration and at the sharp edge points of the top 
and bottom tees. In general, web-post models with any web thickness and web opening 
spacing 0.931<S/do<1.131 are highly stressed. Oppositely, web-posts with widely spaced 
web openings failed completely under Vierendeel bending moments. Out-of-plane web- 
post movement with double opposite curvature of the top and bottom tee-sections is formed 
representing the failure mode. Low to medium displacements are recorded, as the new web- 
posts are stiffer. Once the mesh of this novel web opening configuration is worked out, the 
analysis is relatively uncomplicated. 

Specimen B-3: Such web-post models do not experience high shear stresses. It is observed 
that there is a smooth transition of the stresses in the web-posts along the strut line. Mainly, 

plastic hinges are observed at the vertical centre-line of the web openings in the top and 
bottom tee-sections. Also, four plastic hinges are formed in web-post models with any web 
thickness and web opening spacing 0.623<S/do<1.223, and are moving between the vertical 
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centre-line of the web opening and the sharp edge points at the top and bottom tees. Out-of- 

plane web-post movement with double opposite curvature of the top and bottom tee- 
sections is formed and represent the failure mode. Low displacements are recorded, as the 
new web-posts are much stiffer. Again, once the mesh of this novel web opening 
configuration is worked out, the analysis is relatively uncomplicated. 

Specimen B-4: Similar to Specimen B-3, such web-post models do not experience high 

shear stresses. However, it is observed that there is an unequal transition of the stresses in 
the web-posts along the strut line, as the HMS and LMS of the web openings experience 
difference stresses, due to their asymmetry in relation to the centre-line of the web opening. 
Moreover, plastic hinges are observed at the vertical centre-line of the web openings in the 
top and bottom tee-sections. Furthermore, plastic hinges are formed in web-post models 
with web thickness range of 7.6mm<tw<l0.5mm and spacing 0.75<S/do<1.35, and are 
moving between the vertical centre-line of the web opening and the sharp edge points at the 
top and bottom tees. Out-of-plane web-post movement with double opposite curvature of 
the top and bottom tee-sections is formed representing the failure mode. Low to medium 
displacements are recorded, as the new web-posts are stiffer. Once the mesh of this novel 
web opening configuration is worked out, the analysis is not too complex. 

5.4.5 Position of plastic hinges and effective widths of the web openings 

In Table 3.10, Figure 3.36 and Figure 3.37, approximation of the plastic hinges positions 
at the top tee-sections and LMS for the non-standard web openings A to K was presented. 
At this stage, the position of the plastic hinges in the novel elliptical web openings are 
assumed similar to the ones found from the normal elliptical web openings in Chapter 3. 
The positions of the plastic hinges are not considered from the web-post buckling study, as 
the existence of two web openings closely spaced dramatically affects the results. The 

stress concentration points are shifted, as a combination of forces acting on the web-post 
simultaneously. It is noted that the plastic hinges positions, from the novel elliptical web 
openings given in Table 5.38, are unique and taken from the particular web opening shape 
with a certain angle, THETA, and radius, R. 

Elliptical web openings have narrow top and bottom tee-sections, hence the opening length, 

c, is not critical. The angle, (p, defines the position of the plastic hinge at the top tee-section 
at LMS in relation to the centre-line of the web opening. The projection of this point, taken 
from the angle (p, to the horizontal centre-line of the web opening, defines the equivalent 
effective width of the web opening as shown in Figure 5.104. The latter one is the factor 

which determines the limiting vertical shear force, resulting from Vierendeel bending of the 
top tee-section at LMS, as defined by Formula 5.5. The smaller the effective width, the 
greater is the vertical shear force and so the load carrying capacity. 
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Analytically, the stress concentration points and the schematic representation of the strut 
model for all examined web opening shapes are shown in Figure 5.104. Table 5.38 
summarizes all the results, providing the evaluation of the effective width used in this 
chapter, in order to estimate the limiting vertical shear force resulting from Vierendeel 
bending in the top tee-section (i. e. it is used in the denominator of Formula 5.5). 

*For closely spaced web openings 
d_! Weh nneninQ death 

ýp range due Under Vierendeel Under Web-Post 
Act ion Bucklin g Action Max. 

Specimen to 
mobilization V 

Effective 
9 

Effective used (p 
(degrees) (degrees) Opening (degrees) Opening (degrees) 

Width Width 
A-1/2/3 & B-1 20-29 28 0.25d0 28 0.25d0 28 (CIRCULAR) 

B-2 
THETA30, R0.6 

13-22 22 0.18d0 17 0.14d, ) 22 

B-3 
THETA10 R0.3 12-22* 12 0.1d0 12-14 0.1-0.13d0 12 

B-4 
THETA10, R0.5 

15-30 21 0.18d0 17-45 0.15-0.28d0 21 

Table 5.38: Summarize of equivalent effective widths for novel web openings 
(schematic detail in Figure 2.18 and 3.40) 
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ELEMENT SOLUTION 
AN 

, JUL 13 2010 STEP=1 
SUB -17 21: 36: 06 

TIRE 248.593 
SB(7V (POAVG) 
DNX -20.532 
SNN =10.832 
SXX -406.583 

i 

Specimen A-1/2/3, B-1 
t,,. = 7.6mm 

0.25d, S=1.6d, 

10.832 98.777 186.721 274.666 362.611 
54.804 142.749 230.694 318.638 406.583 

File: 189 

AN 
ELEMENT SOLUTION 

STEP -1 
JUL 13 2010 

SUB '25 
21: 36: 52 

TIME=291.104 
SEQV (NOAVG) 1_ J lý 

DNX -33.858 
SW =9.769 
S1SS -468.253 

j 
1 "r .t T- - 
1 t 1 

Specimen B-2 
t 

H r=: ' t�=7.6mm 
0.184 S=1.631d. 

fTF 

9.769 111.654 213.54 315.425 417.31 
60.712 162.597 264.482 366.368 468.253 

File: 252 

Figure 5.104(a): Stress concentration points and schematic representation of the strut model 
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1 AN 

ELL1RNI SOLUTICN 
JUL 13 2010 

STEP=1 21: 37: 32 
SUB =13 
TIME-443.289 
SEQV (NOAVG) 717 r 

T 

DEX =25.887 
SNN =31.921 

4, 

SEX '455.598 

Specimen B-3 
10.5mm 

S=0.923d 
0.1d, 

LIMI 

11111 
L. 1 LI-L 

, 

31.921 126.071 220.221 314.372 408.522 
78.996 173.146 267.297 361.447 455.598 

File: 157.5 

i 
ELEMENT SOLUTION 

STEP=1 
SUB -12 
TIME-333.269 
SEQ/ (NOAVG) 
DXX =7.377 
SJ =14.839 
SM X =412.818 

Jt7L 13 2010 
21: 34: 56 

Specimen B-3 
t,,. =10.5mm 
S=0.723d, 

14.839 103.279 191.718 280.158 368.598 
59.059 147.499 235.938 324.378 412.818 

File: 94.5 

Figure 5.104(b): Stress concentration points and schematic representation of the strut model 
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I 
EL£HIIJT SOLUTIW 

SUB 
JUL 13 2010 

SUB =22 
21: 38: 34 

TIME-377.2 68 
SEQV (NOAVG) 
DNX =23.386 
S14d =6.543 
SEX =442.871 f 

4+ 

O. lddo 
H 

-1- 1 
Ll 

Specimen B-4 
t,. =10.5mm 

., S=1.35d, 

6.543 103.505 200.467 297.428 394.39 
55.024 151.986 246 . 947 345.909 442.871 

File: 252 

1 
ELENDJT SOLVCION 

STEP-1 
SUB -14 
TIEE=232.924 
SE¢7 (NOAVG) 
DNX °8.956 
SAN -10.673 
SIIX =409.16 

JUL 13 2010 
21: 39: 18 

Specimen B-4 
t,,. = 7.6mm 

IS=0.9Sd, 

10.673 99.226 187.778 276.331 364.883 
54.949 143.502 232.054 320.607 409.16 

File: 126 

Figure 5.104(c): Stress concentration points and schematic representation of the strut model 
(the maximum angle ýp is recorded) 
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5.4.6 Limiting horizontal shear stress 

From equilibrium (Figure 5.105), the horizontal shear force on the web-post can be 
determined as follows: 

S 
Vh=h-V� (5.13) 

Where h is the beam depth or more accurately is the depth between the ccntroids of the tee- 

sections. 

The horizontal stress, ah., acting on the web-post is then given by: 

O-hs = 
Vh 

-+ for closely spaced web openings (5.14(a)) 
so tW 

and 

zv 
Chs = --ý for widely spaced web openings (5.14(b) 

ots, 

Usually the horizontal stress is multiplied by the shape factor of `0.9' in retained for a plate, 
because of the non-uniform shear flow existing in the web-post. Comparing the results with 
the FE ones, this shape factor can be adjusted when different web opening configurations 
are considered. 

The maximum shear stress is given by: 

ubs = 0.6fy (5.15) 

The horizontal shear resistance of the web-post is given by: 

Vh, Rd = Sotw 
fyd/ýr3 

(5.16) 

Where: fyd/V is the design shear strength of the web (px, in BS 5950 Part 1) 
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Tj ------ 

V'"12 A! 2 

0. - Tj JV, 
12 

Figure 5.105: Forces acting on top tee-section of the web-post (Fabsec Ltd. ) 

Figure 5.106 below represents the stress variation estimated by using: 

0 The maximum nodal shear stresses at the mid-depth of the web-post as obtained from 
FEA. 

" The vertical shear force obtained from FEA and inserted in Formula 5.14. 
The theoretical approach of the shear stress resistance as estimated by Formula 5.16. 

" The vertical shear force obtained from the new design model (Formula 5.8 to 5.12) 

and inserted in Formula 5.14. 

The following conclusions are drawn. 

" Maximum nodal shear stresses adopted from FE models are relatively low due to better 
distribution, particularly for Specimen B-3 and B-4 with any web opening spacing, and 
Specimen B-2 with web opening spacing greater than 1.131d0. The above stresses are 
found to be lower than the theoretical horizontal shear stress resistance. 

" It is shown again that Specimen A-2 and A-3 present high nodal shear stresses at the 
mid-depth of the web-post due to the fillet existence and especially for web-post 
models with spacing of 1.3d0 and 1.2d0, respectively. Also, Specimen B-I presents 
relatively high nodal shear stresses at the mid-depth of the web-post. It is observed that 
when the spacing of the web openings is increased, the maximum nodal shear stresses 
are moved from the mid-depth of the web-post towards the centroids of the axial 
forces; closer to the flanges. 

" The horizontal stresses, Qh, SFEA, (red triangles points [A] in Figure 5.106) are evaluated 
by using the maximum vertical shear force, Vv, (i. e. shear capacity) from FEA. 
Therefore, high uh are observed in the novel elliptical web openings. 

" The horizontal stresses, 6hsDesg�, (red dashed line in Figure 5.106) evaluated by using 
the vertical shear force, Vi,, (i. e. design shear capacity) obtained by the new design 
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model, are also depicted. Significant underestimation of compression stresses is 
achieved, especially for web-posts with filleted circular web openings and web-posts 
with closely spaced elliptical web openings, for conservative design. 
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5.4.7 Shear buckling 

When shear buckling governs the resistance of the un-perforated web (EN 1993-1-1, 
6.2.6(6) and EN 1993-1-5,5) the resistance of a web with an isolated web opening should 
be verified. In these circumstances, the shear buckling resistance is given by: 

Vbw, Rd = 0.9Vb, Rd 1- 
hýlý (5.17) 

Where Vb, nd is the shear buckling resistance according to EN 1993-1-5,5.2 (note this 
resistance is determined using the partial factor yMI, which is recommended as 1.1). 

It should be noted that Formula 5.17 is based on models on tension field action, and is 
therefore only appropriate for isolated web openings. When the web opening is at least 0.8h 
from the end of the beam, Vbw, Rd may be taken as that for a rigid end post, as defined in EN 
1993-1-5, irrespective of the actual end post. (Lawson and Flicks, 2006) 

5.5 OVERALL COMPARISONS AND RESULTS 

Using the FE results on steel beams with novel web opening shapes, a design model is 
developed for web-post buckling. The design model is based on a strut analogy to web-post 
behaviour and is slightly modified to also consider the Vierendeel bending capacities for 
closely spaced web openings. The design methodology is kept the same for all web opening 
shapes, apart from the value of effective width of the web openings which is used to 
determine the compressive strength and it is found from study of the Vierendeel 
mechanism. When different web opening shapes are considered, the position of the plastic 
hinges and so the effective width of the web openings arc changed (Table 5.38 and Figure 
5.104). 

" The shear capacities of web-post models with web thickness range of 
3.9mm<tw<7.6mm are linearly increased. However, when web thickness of 10.5mm is 
used, there is a rapid increase of the capacity as well as a change of the failure mode in 
most cases, according to FE results. 
Vierendeel bending governs all specimens, apart from Specimen B-3, especially when 
the web thickness is between 7.6mm<tw<10.5mm and the web-post width is between 
63mm<so<252mm. When novel elliptical web openings are considered, the opening 
length, c, is not critical and the Vierendeel capacity is high. 

" Comparing the examined FE web-post models with different shapes, it is found that 
Specimen B-3 has the maximum shear capacity, independent of the web thickness and 
web opening spacing. This arrangement is agreed with the experimental results and the 
results from the global FE study. 
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" Comparing the FE predictions with the theoretical evaluations for web-post buckling, 
using the typical effective length factor, le, equal to 0.5, a range of conservatism from 
50% to 90% is found. Higher conservatism is obtained from FEA when perforated 
beams with closely spaced circular and elliptical web openings and thin webs are 
considered. Whereas lower conservatism is obtained when filleted circular web 
openings are considered. This is an effect of the fillets existence, and the decrease in the 
vertical shear forces due to difficulty in converging from the FE software. 

" Specimen A-2 and A-3 behave similarly for regularly and widely spaced web openings, 
as a better stress distribution is achieved and the horizontal shear failure is avoided. 
Hence, the existence of fillets at the mid-depth of the web opening with different 

radiuses, does not really affect the vertical shear capacity of the web-posts, when do not 
jeopardize the shape of the circular web openings and so the web-post. The web 
opening spacing is the most critical parameter for such novel perforated beams. 

5.6 RECOMMENDATIONS AND LIMITATIONS 

Web-post buckling is a complex phenomenon and is dependent on the: 

" Shape of the web opening. 
" Slenderness of the web. 
" Thickness of the tee-sections. 

" Asymmetric shape of the web opening. 
" Asymmetry of web opening positions (is not considered in the current research study). 

The boundary conditions are very carefully applied on the local FE models, regarding the 
results from the global FE study. It is possible that the FE boundary conditions may have 
greater influence in the case of the slender web-posts, resulting in inflated buckling load 
predictions. The new design model provides some conservatism without further refinement. 
It is attempted to develop a consistent design model without numerous factors that will lead 
to complex usage. 

There is only a finite amount of work that could be completed within the scope of this 
research thesis and the following limitations are applied: 

1. This study is limited to a UB I-section. Extension of this study to other UB as well as to 
fabricated (plate welded) I-sections could be established. 

2. In the present study the web opening depth size is not considered, as a constant depth, 
do, equal to 0.7h is used. 
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CHAPTER 6 

STUDY OF VIERENDEEL MECHANISM 

OF PARTIALLY ENCASED PERFORATED BEAMS 

6.1 INTRODUCTION 

In modem building construction floor spans are becoming longer and one way of achieving 
this is to use composite beams. In order to minimize the structural depth of the composite 
(steel-concrete) beams, steel perforated beams are designed to act compositely with the 
floor slab. These new beams are known as Ultra Shallow Floor Beams (USFB). In the 
USFB, the concrete slab cast within the steel flanges and is connected through the web 
openings, providing enhanced longitudinal and vertical shear resistance. In real-life 
application the steel deck used in conventional composite beams sits on the bottom flange 

of an asymmetric perforated I-section and the slab is cast and it is allowed to pass through 
the web openings. Mechanical shear connectors such as: shear studs, reinforcement re-bars 
and ducting pass through the web openings to provide longitudinal shear strength tying up 
the concrete in both sides of the web. For service integration, some web openings (usually 

one every other) are not in-filled with concrete. Usually, the web openings follow the U- 
shaped steel deck form (Figure 2.10). 

The aim of this study is to investigate the contribution of concrete in perforated steel beams 
in resisting the vertical shear when the concrete is cast between the flanges of the steel 
beam (Figure 6.1). It should be noted that this experimental programme is not simulating 
the real structural form of the USFB; however the percentage of the steel enhancement and 
its additional shear capacity is examined when the web openings are in-filled with pure 
concrete. It is expected that the concrete between the flanges will provide the load path to 
transfer the vertical shear force while the position of the concrete cracks as well as the load 

carrying capacity is under investigation. Consequently, following the Vierendecl study of 
the non-composite steel beam in Chapter 4, a similar study is established to investigate the 
composite behaviour of the USFB and the contact behaviour between the steel and the 
concrete. The structural and loading arrangement of the USFBs (Figure 6.1) arc identical 
to Chapter 4 (Figure 4.1 and 4.4). This chapter consists of the following two parts: 
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1. Experimental work: 

Experiments are carried out on composite sections, under high static load. Four USFBs are 
tested in this research programme. These are directly compared with the experimental work 
conducted in Chapter 4. Similarly, the web opening diameter, do, is equal to 0.76h. For 
small web opening diameters, for instance 30% of the beams depth, it is easy to claim that 
a load path of 45° between flanges transfer the load across the web opening. However, for 
larger web openings the load path is not so clear. 

2. Sensitivity FE study of the USFBs with circular web openings. 

For the computational approach to the problem, a three-dimensional FE model is 
developed, in which contact elements are implemented at the interface of the concrete and 
steel. Several material model parameters are varied, such as the steel and concrete strength, 
the constitutive relationships which model the materials, as well as the steel and concrete 
contact strength. Therefore, the parameters that possess the beams' capacity and their 
sensitivity to these changes are examined. 

6.2 OBJECTIVES FOR STUDY OF COMPOSITE USFBs 

The objective of this work is to investigate the enhanced vertical load shear capacity of 
composite perforated beams when compared to bare perforated steel beams. Also, the 
failure mechanism of USFBs is examined. When observing the load-deflection relationship 
as well as the steel stresses and concrete cracks, the main task is to validate the new 
approach. 

Hence, the sub-objectives of this research study are listed as follows: 

" To demonstrate significant shear enhancement because of the concrete infill. 
" To provide a minimum concrete vertical shear contribution that can be applied in all 

cases of USFBs based on the concrete encasement and the contact behaviour between 
the steel and the concrete. 

" To establish FE models, which are capable of predicting the structural behaviour of 
simply supported USFBs with large isolated circular web openings. 

" To examine both the load carrying capacities and the failure modes of the USFBs. Also, 
to study the steel buckles, the concrete internal stresses (cracks), as well as the angles 
of the concrete cracks, by both experimental and FE means. 

" To perform a sensitivity FE study based on both concrete and steel material properties 
and their constitutive relationships. 
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The further scope of this study is to update and validate some approximate formulas 

existing in the CELLBEAM-USFB v1.0 software package developed by ASD Westok Ltd. 
manufacturers. 

6.3 EXPERIMENTAL WORK 

6.3.1 Test specimen 

The same test configuration described in Chapter 4 is used in this study. The advantage of 
this selection is that high shear forces are going to be generated in the area of the web 
openings and so the existence of the concrete will dramatically affect the results. A 
UB305x165x40 with material physical properties shown in Table 6.1 is used. The web 
openings' diameter, do, is equal to 0.76h, the spacing between the web openings and the 

support is equal to 1.3d0 and the beam is symmetrical to the mid-span. Assuming that the 

partial steel encasement with the concrete in-fill has 100% increase in Vierendeel bending 

and shear capacity, a failure load of approximately 600kN was anticipated. 

Previous experience from coupon tests has shown that beams of steel grade S275 behave 

approximately as beams of steel grade S355 (Table 4.1), whilst beams of steel grade S355 
behave approximately as beams of steel grade S450. This phenomenon is based on the 
underestimation of the steel material properties mainly for conservative reasons. The 

results of this behaviour are clearly shown in Table 6.3. For precautionary reasons, it is 
decided to test all the beams at the 14`h day of curing, aiming for 25 to 30MPa (to be no 
greater that 35MPa) concrete strength at the day of the test. 
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Figure 6.1: Experimental test beam configuration 
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6.3.2 Rig setup and measurement devices 

A three-point bending load arrangement, with simply supported ends, results in a pure 
bending moment distribution over the mid-span of the beams. The load was applied 
through two hydraulic jacks and a spreader plate. The applied load and bending moments 
were obtained from the load cells connected to the jacks. The rig setup and test 
arrangement is shown in Figure 4.2. 

To measure vertical deflection, three dial gauges were placed under the tension steel flange 

and aligned with the edge of the hole. Two dial gauges are applied at the high moment side 
(HMS) of each web opening (Dial Gauge I and 3) and one dial gauge at the mid-span of 
the test beams (Dial Gauge 2) similarly to Figure 4.5. No strain gauges are attached on the 
USFBs. The rig setup and test arrangement are shown in detail in Figure 4.4. 

6.3.3 Test cubes procedure 

Concrete is the most important construction material which is manufactured at the site. It is 
usually made outdoors under conditions not conductive to production if a uniform material. 
Quality control falls logically into two phases, namely, laboratory tests of ingredients 
sampled at the source and field control tests during and shortly after making the concrete. 
Quality of concrete is commonly stated in terms of the desired minimum compressive 
ultimate strength at 28 days. However, it this research programme a desirable maximum 
compressive strength was required for precautionary reasons (i. e. 35MPa), while the 
concrete will not be fully dried at the 14'h day of curing having the minimum possible 
compressive strength used by the standards (i. e. 25MPa). 

Hence, there are many occasions, on which it is necessary or desirable to go through the 
process of mix design, where the type of concrete required or the particular criteria 
specified necessitate careful selection and proportioning of ingredients. 

Even when all precautions are taken to test all ingredients inserted into the concrete, in 
spite the mixing, transporting and placing being properly carried through, follow-up tests 
are generally considered necessary to determine with certainty the quality of the finished 
product. These compression tests undertaken on samples, are removed from the forms and 
allowed to sit for some predetermined period such as 3,7 and 14 days. The concrete 
strength tests are standardized and the method of making compressive specimens in the 
field is covered under BS EN 197: Part 1. 

6.3.4 Parameters affecting the concrete design 

The concrete mix is designed considering the date of the test after the casting (i. e. 14th day), 
the concrete strength limits (i. e. 25 to 30MPa) and the workability of the concrete, in order 
to avoid any casting problems (i. e. coarse aggregate of 10mm size). The composite beams 
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are going to be air-cured in a similar manner to in-situ casting. Although the mixes are 
designed using a well established method (BRE, 1988), it is found necessary to conduct a 
trial mix study, as is presented in Appendix 13. Based on the guidelines of BRE, the 
fourteen days compressive strength is equal to 85% of the twenty-eight days compressive 
strength. Moreover, thirteen days of air-cured concrete compressive strength is equal to 
70% of the thirteen days water-cured concrete compressive strength. 

From the trial mix design in Appendix 13 it is shown that Mix4 with w/c ratio equal to 
0.61, conforms to the requirements and this is used for casting the composite beams. 

6.3.5 Casting the USFBs 

Four composite specimens are produced for testing purposes. The specimens are produced 
using Lafarge Blue Circle OPC CEM-I 42.5 N conforming to BS EN 197: Part 1. Sharp 
sand with a maximum size of 5mm is used as the fine aggregate. River gravel with a 
maximum size of 10mm is used as the coarse aggregate to overcome the problems 
associated with having to cast the specimen on one side (Figure 6.2). Twenty-four hours (f 
4 hours) later, the specimens are de-moulded and left to air-cure in a storage room covered 
in sheeting for thirteen days. The storage room's temperature was 19 to 23°C at 50% to 
60% relative humidity. 

The casting of the composite beams is not a routine procedure because the bearing plates at 
the supports and the web openings make the whole procedure more difficult. This is 
accomplished by casting the beams as they are lying on the floor, and pouring the concrete 
through the web openings (Figure 6.2). Vibrators are used to ensure that the concrete is 
well compacted. The compaction of the concrete is also enhanced by the high water-cement 
ratio (0.61). Also, silicon is used to avoid water leakage between the steel and the 
framework. In Figure 6.2 the casting setup used for the composite beams is shown. 

r_ ~d 

t 

-ilk 

Figure 6.2: Casting procedure of USf Bs (i. e. USFU No. l) 
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6.3.6 USFB with lower grade concrete 

Three USFBs are cast with w/c ratio equal to 0.61. Taking into consideration the usual 
uncertainties caused by human or climate interferences, which occur when the beams are 
cast in situ, another composite section is also cast with extra water and so lower grade 
concrete (i. e. higher w/c ratio). Segregation phenomenon is observed when the concrete 
cubes of the latter specimen are tested. An additional aim of this test is to verify the 

percentage of the shear improvement and the failure mode due to concrete infill (i. e. 
concrete is a path to the load), and to clarify whether it is the concrete strength or the 

concrete itself that provides the enhancement to the perforated steel beam. 

The compressive cube strength of the USFB No. 4 is also shown in Figure 6.3 (Mix7). The 

particular specimen is tested after 52 days of curing, as it needed more time to gain strength 
and reach the required concrete strength limits (25-30MPa). Appendix 13 also provides the 

experimental results for all four final mixes. 
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Figure 6.3: Concrete cube compressive strength 

6.3.7 Test procedure 

After a preloading stage, the load is applied in steps at a low displacement rate, and held at 
each step to allow load relaxation. All test specimens are loaded past the ultimate load to 
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obtain a significant part of the post-failure curve. Concrete crack patterns are recorded 
throughout the tests. Initially the beams are loaded with approximately IOkN and the dial 
gauges are zeroed. The load is then released and reloaded gradually in 40 to 5OkN 
increments. The loading increments are reduced, after the first diagonal cracking, to 
approximately 20 to 30kN, up to the point of the beams' ultimate load carrying capacity 
and then, a further reduction leads the increment to approximately 5 to l OkN per step in the 
post-elastic region. The tests are performed not only until the maximum load is reached, 
but also until a sufficient branch of the descending post-failure load deformation curve is 

recorded. The general test-procedure is summarised in the following four steps: i) 

preloading, ii) monotonic loading, iii) gradual loading and relaxation and iv) unloading. 

6.3.8 Material physical properties 

The material properties for the steel coupon tensile tests from Chapter 4 and concrete cube 
compressive tests are summarized in Table 6.1. 

Average Steel Yield Average Steel 14-Day Cube 
Specimen Stress Tensile Strength Compressive 

fy (MPa) f, (MPa) Strength of Concrete, 
J,, (M la) 

USFB No.! 27.91 
USFB No. 2 318.25 430.75 26.77 
USFB No. 3 25.33 
USFB No. 4 25.60 (at 52"d Day) 

Table 6.1: Material physical properties 

6.3.9 Load-deflection relationships 

The load against the deflection curves for all three dial gauges (Figure 4.7) arc shown in 
Figure 6.4,6.5 and 6.6 presenting the vertical deflections at left ICMS, mid-span and right 
HMS respectively, of both perforated steel beams and USFBs. 
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Figure 6.5: Load-deflection curves for non-composite and composite beams for (Dial Gauge 2) 
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Figure 6.6: Load-deflection curves for non-composite and composite beams (Dial Gauge 3) 

Almost linear behaviour is observed in all tests until around 500kN (point C), which is at 
89% of the ultimate load carrying capacity of the composite beams. The ultimate load is 

attained at around 600kN, after which unloading occurred. Failure occurred around 75%, 

67%, 70% and 71% of the maximum load for USFB No. 1, USFB No. 2, USFB No. 3 and 
USFB No. 4, respectively. Generally, in the post-elastic behaviour a significant and sudden 
drop of load occurred directly after reaching the ultimate load capacity. This is a result of 
large concrete cracks that occurred in the vicinity of the web openings and their rapid 
propagation which is due to the steel yielding. The deflections are found to be higher in 

USFB No. 1, where the post-elastic behaviour is more gradual than the other tests. Finally, 

unloading procedure is conducted to all composite tests in order to record the plastic- 

permanent deformation. It should be noted that all USFBs have the same stiffness, while 
one end of the beam is always stiffer because of the very few cracks formed, in comparison 
to the other end of the beam, which is totally crushed. Similarly to the experimental work 
in Chapter 4 and 5, asymmetrical behaviour is observed between the left and right side. 

6.3.10 Failure mechanism 

Diagonal tension cracks occurred at around 250 to 300kN. Point A indicates the load that 
the latter diagonal cracking is heard and point B the load that this cracking is seen (e. g. 
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Figure 6.6). The latter cracks are fully extended between the load spreader and the 
supports (e. g. Figure 6.7 and 6.8). Also, at this point, a few vertical flexural cracks (green 
lines in Figure 6.7 and 6.8) are propagated in the region of maximum moments, starting 
from the tension face and extending upwards to the mid-depth of the beams. At around 
550kN (point C) the plasticity of the USFBs commences (e. g. Figure 6.7 and 6.8). Full 
development of diagonal cracks ensues at this point in all composite beams. Eventually, 
crushing of the concrete (point D) occurs in the vicinity of the web openings (e. g. Figure 
6.9 and 6.10). From the first load steps and during testing, micro-cracking is heard, 

especially for the USFB No. 4 with the lower grade concrete, as the chemical bond of the 
concrete materials is very low with a high w/c ratio. The position of the principle diagonal 

cracks is not identical for all the USFBs. There is a slight variation of the angle of the 
cracks, however the failure mechanism is the same. Around 600kN the ultimate load 
carrying capacity is achieved, and then a post-elastic descending curve shows a 
considerable decrease of the load carrying capacity. This is accompanied by large cracks in 
the vicinity of the web openings and concrete bursting. This can be seen in Figure 6.11 to 
6.14 for the right half span of the USFBs, for both front and back side. Following the 
formation of the large cracks, there is some residual strength in the concrete and the load 
carrying capacity is somewhat higher than that of the non-composite steel beam. 

Essentially, USFBs fail due to concrete crushing in the compression zone. Complete 
composite action up to the ultimate load carrying capacity, is found. Therefore, the 
proposed system enables the development of sufficient strength and consequently, effective 
composite behaviour, without causing serviceability problems. Moreover, the longitudinal 
shear strength of the proposed system consists of the frictional force and the shear-bond 
strength between the steel and the concrete as well as of the bearing strength of the web 
opening area. However, in this experimental study the concrete is partially encased since 
the bearing plates at the supports restrain the longitudinal movement of the concrete. In real 
life construction the end plate connections will play the same role. Also, it is observed that 
the plastic behaviour of the composite sections is mainly due to the steel beam's low 
stiffness and high deformation. In general, the concrete provides a load path from the top to 
the bottom steel flange; as well as a restraint to the steel web. 
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Figure 6.8: USFB No. 3 
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Figure 6.11: USFB No. I vv ith concrete bursting 
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Figure 6.13: USFB No. 3 with concrete bursting 
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6.3.11 Composite action due to partial encasement 

The effect of partial encasement on overall flexural action is dependent on the mechanism 
of shear transfer and the relative slip between the steel section and the concrete. These tests 
failed by Vierendeel bending at the web openings, as shown in Figure 6.15 and 6.16. 
However, it is apparent that considerable `arching' action occurred through the concrete 
encasement, which is resisted by the bearing plates at the supports of the relatively short 
span beams. Hence, the contribution of the trapped concrete between the steel flanges in 

resisting vertical shear is achieved. 

Following the completion of the composite tests the crushed concrete is removed from the 
area around the web openings. Removal occurs only in the web opening, where the 
concrete is catastrophically crushed, in order to look at the steel yielding. Figure 6.15 and 
6.16 show the steel web after the concrete is removed for USFB No. 1 and USFB No. 2, 

respectively. It is worth to mention that the concrete is removed only by using a hammer 

and man force; no heavy equipment was used in trying to remove only the crushed concrete 
in order not to harm the concrete which is not crushed. This helps to visualize the size of 
the concrete area around the web opening that is strongly affected by the web opening 
existence. 
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Figure 6.14: USFB No. 4 with concrete bursting 
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Z*o 

::.. 4ll 

The steel beam is slightly deformed compared to the non-composite beam, while local web 
buckling is faintly shown on the diagonal line connecting the load spreader to the supports 
(red arrows shown in Figure 6.15 and 6.16). This implies due to transfer of shear forces 

across the web openings after the concrete crushed while loading was applied in the post- 
elastic region. The transfer of shear forces causes local bending moments and therefore 
local web buckling. 

At a web opening, the concrete encasement acts as a strut in compression, which is 

confined between the flanges and inclined diagonally across the web opening, as illustrated 
in Figure 6.17. The magnitude of this strut action depends on the ability of the flanges to 

resist the local compression forces by transverse bending. The dimensions of the flanges 

significantly contribute to the bending and shear resistances of USFBs. The transverse 
bending moment when the bearing force applies on the flange is drawn in Figure 6.18. The 
horizontal forces act on the bottom flange with a combination of friction, due to the strut 
force and the shear-bond. The lower bound of the shear-bond strength with the partially 
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Figure 6.16: USFB No. 2 alter concrete is removed 

Figure 6.15: USFB No. 1 after concrete is removed 
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encased flange is given as 0.2MPa in BS EN1994 1-1. A coefficient of friction of 0.6 for 

concrete on steel may be assumed for the local strut action, as in BS EN 1992-1-1. 

Cross section of a 
USFB at the web 

Opening 

Stmt 
action 

Flexural action of 
flanges of USFU 

Big 
pressure on 

flange 

Local loadng 
from slab 

Figure 6.18: Strut action in concrete causing flexural bending 

6.4 SENSITIVITY FE STUDY OF THE USFBS 

6.4.1 Introduction 

A FE model is developed to predict the load-deflection behaviour and failure modes of the 
composite Ultra Shallow Floor Beams. Due to the introduction of concrete in the FE 

H 
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models a more complex non-linear analysis is developed. A detailed description of the 
techniques and tools used to apply the boundary conditions and the material properties is 

also made. Apart from the geometrical and material non-linearity, the contact surface 
between the steel and the concrete takes a decisive role in modelling the friction between 
these two materials when no mechanical connectors are provided. A parametric study is 
implemented in order to compare the experimental results and examine the sensitivity of 
these parameters. Interesting observations are made by changing the material properties of 
both steel and concrete. The characteristics of concrete cracks and contact elements are 
determined individually by cube compressive tests, and shear-bond tests (i. e. push-out 
tests) between the steel and concrete, conducted at City University's laboratories. By using 
FE analysis, it is possible to represent the development of flexural and diagonal cracks and 
the decrease of USFBs' stiffness after cracking. It is also possible to clarify the shear 
resistance mechanism of USFBs without reinforcement. The shear resistance of such 
composite beams is consistent of contributions from the compressive concrete strength, the 
aggregate interlock and the concrete encasement between the steel flanges (i. e. frictional 
force and shear-bond resistance), as well as the steel strength. However, it is noteworthy 
that when deeper beams with a large contact surface are considered, there is a greater 
deviation between the predictions and test results, indicating that the problem is more 
complex. 

6.4.2 FE model and boundary conditions 

Since a principal objective of this effort is to predict a correct failure mode, it is important 
to develop a FE model as close to the physical system as possible. Therefore, a 3D model is 
developed. 

While considering symmetry, it is decided to develop the full model in terms of its length 
and the half model in terms of its width, in order to accurately apply the support conditions. 
It is found that this symmetry does not cause any deficiencies of the simulation of the 
USFBs. However, in case the symmetry is used at the mid-span, the FE results could be 
significantly affected, because of the symmetrical support conditions. Modelling of the 
boundary conditions is often the most critical aspect in achieving sensible, reliable data 
from a finite element model (Baglin and Scott, 2000). 

A 3D model is implemented with a fine mesh of 20mm element size consisting of 68,569 

elements (Figure 6.19). Regarding the concrete crack modelling with FE software, several 
researchers have studied the effect of the element size in the nonlinear analysis of 
reinforced concrete structures (Shayanfar et al., 1997; Choi and Kwak, 1990), and they 
have shown that the results are indeed dependent on the mesh. 

The load and the supports are directly applied on the steel beam and not on the concrete, in 
order to avoid early local concrete cracking. For better stress distribution, the load is 
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applied as a pressure on an area and the supports are modelled as restrictions to the degrees 
of freedom on areas. 

Figure 6.19: Symmetric FE model of the USFB 

6.4.3 Contact element and contact algorithm 

CONTA173 (Figure 6.20) is an 4-node element that is intended for flexible-to-flexible 
contact analysis. In flexible-to-flexible contact, both contact and target surfaces are 
associated with deformable bodies. CONTA 173 is also a surface-to-surface contact 
element. The contact detection points are the integration points and are located either at 
nodal points or Gauss points. The contact elements are constrained against penetration into 
the target surface, at its integration points. However, the target surface can, in principle, 
penetrate through the contact surface. Nodal contact points are not used, as when a uniform 
pressure is applied; the kinematical equivalent forces at the nodes are unrepresentative and 
indicate release at corners (ANSYS manual). 

A number of methods are available for modelling friction in contact analyses, however the 
most commonly used methods are based on a `Coulomb' friction model. In this model the 
two contacting surfaces are permitted to carry shear stresses across their interface, up to a 
defined value, before they begin sliding. The equivalent shear stress at which sliding begins 
is defined as: 

Tslide = PPcon + CSR (6.1) 

Contact elements offer two models for `Coulomb' friction: isotropic friction and 
orthotropic friction. The isotropic friction model is incorporated in this study as it uses a 
single coefficient of friction, based on the assumption of uniform stick-slip behaviour in all 
directions. When a penetrating node stays in contact with the target surface, it may either 
stick to the surface or slip along the surface. 
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Associated Target Surfaces 

r Contact Elements 

-OL 

'A_- 1i 
Z y0 : X 

YJ 
X Surface d SdidlShell Element 

R= Element z-axis for isotropic friction 

xo = Element axis for orthotropic friction if element coordinate system is not applied (parallel 
to global X-axis) 

x= Element axis for orthotropic friction if element coordinate system is supplied 

Figure 6.20: 3D model of the contact element CONTA 173 (ANSYS v11.0) 

6.4.4 Element types and material models 

Steel: Typical 8-node solid SOLID45 elements are used to model the steel perforated beam 

with circular web openings. Mainly nominal but also actual material properties are used to 
model the steel perforated beam. This is for precautionary reasons, as well as for the 
generalizations of the FE results; a similar methodology followed in the previous chapters. 
The bi-linear stress-strain curves with strain hardening used in the non-linear FE analyses 
before, show sufficient agreement with the experimental study of the non-composite steel 
beam. Hence, the steel material is modelled as an elasto-plastic material with strain 
hardening and an identical bi-linear stress-strain relationship for both compression and 
tension (Figure 6.21(a)). The Young's Modulus, E, and the Poisson's Ratio, v, of steel are 
taken as 200GPa and 0.3 respectively. The yield strength, fy, varies such as: 265,275,285 
and 355MPa as well as the ultimate strength, f�,,., varies such as: 318.25 (average fy from 

coupons), 350,410,500 and 530MPa. The variation of the material strength applies to the 
sensitivity study of the material properties. In most analyses, an ultimate strain of around 
0.25 is assumed for the structural steel (Liang et al., 2005), hence the Tangent Modulus, E7', 
is varied from 540 to 700MPa. It is worth to note that in Chapter 5, the Tangent Modulus, 
Er, equal to 580MPa is adequately representing the post-elastic behaviour of the steel 
perforated beams. For the ease of modelling, steel flanges, bearing plates and web consist 
of the same material properties. 

Concrete: 8-node solid iso-parametric SOLID65 elements with the integration points for 
the cracking and crushing checks are used to model the concrete in ANSYS. SOLID65 

299 



Chapter 6 Study of Vierendeel Mechanism of Partially Encased Perforated Beams 

models the non-linear response of brittle materials and is based on a constitutive model for 
the tri-axial behaviour of concrete after Williams and Warnke (1974). The element is 

capable of plastic deformation and cracking in three orthogonal directions. Once the 
principal stresses at the integration points reach the tensile and compressive strength, the 
cracking or crushing of concrete elements can be formed. These elements are also able to 
predict the non-linear behaviour of concrete materials using a smeared approach, which 
depends on five material parameters and has been adopted widely in recent years. A 

smeared crack analogy is incorporated for cracking in tension zones and a plasticity 
algorithm is introduced to take into account the concrete crushing in compression zones. 
Moreover, it allows the elasto-plastic response of the reinforcement to be included in 

simulation. In ANSYS values such as: Material Number, Volume Ratio and Orientation 
Angles can be entered to define the smeared model. The Material Number refers to the type 
of the material for the reinforcement. The Volume Ratio of the steel to concrete in the 
element and the Orientation Angles refer to the orientation of the reinforcement in the 
smeared model. ANSYS allows the user to enter three re-bar materials in the concrete. 
Each material corresponds to x, y and z directions in the element. The reinforcement has 
uni-axial stiffness and the directional orientation is defined by the user. As no 
reinforcement is provided of the actual experiment in this research programme, default 

values are kept for smeared reinforcement. 

Cracking and crushing are determined by a failure surface. The tensile strength, f, is 
typically 8-15% of the compressive strength, f, (Kachlakev, 2002). For research purposes, 
the ultimate concrete compressive and tensile strengths for every beam model are 
calculated using various constitutive relationships found in the literature. The concrete in 

compression is modelled as an elasto-plastic material (Figure 6.21(b)) either with or 
without strain softening. The `crushing' option is removed and the concrete plasticity 
(crushing) in the compression zone is modelled using the multi-linear option from ANSYS 
with Von-Mises plasticity. It is difficult to re-produce shear cracks after bending cracks 
while the solution diverged. Due to isotropy, the concrete model for tensile stresses is the 
same as that of the compressive one when this plastic model is adopted. However, as 
cracking capability has always been kept on, cracking in linear elastic phase should govern 
the tensile failure in all analyses (Barbosa and Ribeiro, 1998). 

Non-linear elastic behaviour of concrete is therefore defined by the multi-linear stress- 
strain relationships. The compressive cylinder strength, f, varies as such: 20,21.12 (the 

average cylinder strength from Figure 6.3 and Table 6.1), 26.7 and 32MPa, whereas the 
other parameters such as Young's Modulus, EE, and tensile strength of concrete, f, are 
treated as generic data and evaluated by the applying constitutive relationships (Table 6.2). 
In Table 6.2, f is the stress at any strain e, fj is the stress at strain el and eo is the strain at 
the ultimate concrete cylinder compressive strength f, (fý = 0.8fu). 
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Figure 6.21: (a) Steel material model (Liang and Uy, 2005) and (b) concrete material model 
(Kachlakev and Miller, 2001) 
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Shear Transfer Coefficient. B12: They are also known as "shear retention factors" and can 
vary between `0' for no aggregate interlock and 1.0 for full aggregate interlock. In opening 
ßl or closing ß2 are assumed to take a value of 0.25 and 0.7 respectively, for plain concrete 
of all grades having no fibres (Barzegor, 1988). Various shear transfer coefficients are used 
in this study for open cracks and closed cracks. High values entered for the closed crack 
(e. g. 0.9,1.0) so as to prevent possible fictitious crushing of the concrete before load 
transfer occurs through a closed crack. From Bangash (1989) and ACI 318-99 (1999), it is 
found that when the shear transfer coefficient representing conditions of the crack face, of 
reinforced concrete structures, varies between 0.05 and 0.25. Moreover, it is worth to note 
that the lost shear resistance of cracked and/or crushed elements cannot be transferred to 
the re-bar, which has no shear stiffness. In case the latter phenomenon occurs, care should 
be taken to apply the load slowly and hence analysis time will significantly increase. 
Consequently, as the shear capacity plays a significant role in this research study, the 
smeared approach is more suitable. 

Friction Coefficient, u: Various friction coefficients such as: 0,0.3,0.4,0.6,0.7,0.9 and 
1.0 are substituted in order to compare the results. By using a friction coefficient equal to 0 
or 0.4, a significant decrease of the ultimate load carrying capacity of the USFBs is 
observed. The results show an increase of the stiffness in the strain of the compressive top 
flange for beam with higher bond, but in the tensile flange the stiffness is nearly the same. 
One reason for this behaviour is the cracking of concrete in tensile zone, which starts from 
the first load steps. In the experiments the bond strength is also different in the compressive 
zone from the one is the tensile zone of the composite beam, and this is another reason for 
possible discrepancy between the experimental and the FE results. The local bond strength 
and the corresponding slip are almost linearly related to the tensile strength of concrete. 

Solution Method: The full Newton-Raphson procedure is used, even though this requires 
the stiffness of the structure to be re-calculated for every iteration. The automatic load 
control scheme is also employed. A large-displacement and static analysis is used with the 
maximum number of sub-steps in a load step being 1,000-10,000 in order to apply the load 
increments very smoothly where it is necessary. Sparse direct equation solvers are used and 
all values for the non-linear algorithm are set to ANSYS default. A small criterion is used 
to capture correct response. So, failure of the beam occurs when convergence fails, with a 
very small load increment. This method is comparable with the experimental data from 
Buckhouse (1997). The analysis is terminated due to cracking and/or crushing of the 
concrete through the section as it is expected, due to instability of the stiffness matrices. 
The vertical deflection at mid-span of the composite beams and the FE divergence load is 
always monitored. 
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6.4.5 FE results based on material strengths 

*MISO - Multi-linear Isotropic Hardening Plasticity is adopted 
**BISO - Bi-linear Isotropic Hardening Plasticity is adopted 

Steel Cont. Concrete Results Run 

fr (MPafwt ) or µ 2 ThRefer. eory 
f` ft 

v ßl 
FFEA Code 

(MPa) Er.,, , (MPa) (MPa) 
Based (kAq No. 

265* 410 1.0 26.70 1.86 0.20 0.3,1.0 t 627 59 
265* 410 1.0 26.70 1.86 0.17 0.3,1.0 t 617 3 
265* 410 0.8 26.70 1.86 0.17 0.3,1.0 t 611 7 
265* 410 0.3 26.70 1.86 0.17 0.3,1.0 t 548 8 
265* 410 1.0 26.70 1.86 0.15 0.3,1.0 t 547 58 
265* 410 1.0 26.70 1.86 0.15 0.6,0.6 j 555 16 
265* 410 1.0 26.70 1.86 0.15 0.1,0.9 t 607 18 
265* 410 1.0 26.70 1.86 0.15 1.0,1.0 j 635 19 
265* 410 1.0 26.70 1.86 0.00 1.0,1.0 t 648 20 
275** 

------------ 
Er, 

_=200-- - ------ - 
0_8- 

--- 
26.70-- 

--- 
1.86-- 

-- 
0.15- 

-0.1,0.9 
25 

355* 530 1.0 26.70 1.86 0.2-0 0.3,1.0 t 637 __ - 1- -1---- 
355* 530 1.0 26.70 1.86 0.17 0.3,1.0 t 633 12 
355* 530 0.0 26.70 1.86 0.17 0.3,1.0 1 470 13 
275* 410 0.9 20.00 2.786 0.2 0.3,1.0 ¥ 577 B5 

--- 
275*--- 

-- 
410 

-- --- -0-6 -- - 
20.00 2.786-- 

--0-2-- - 
0-3z1-ß 

-¥- --- 
563 B6 

55* 499 0.9 20.00 2.786 0.2 0.3,1.0 ¥ 730 --- ----- B2 
355* 530 0.9 20.00 2.786 0.2 0.3,1.0 ¥ 733 B4 

__ 
355**__ 

___Era�. 
=20 

__-____ 
0.9-- 

--20.00 _ 
2.786-- 

--0.2-_ _-0.3,1.0 -- -_ 
¥---- 734 

-- 
B3 

275* 410 1.0 21.12 2.863 0.2 0.3,1.0 ¥ --- --- 591 __ ---- Bll 
275* 410 0.9 21.12 2.863 0.2 0.3,1.0 1 584 1310 
275* 410 0.7 21.12 2.863 0.2 0.3,1.0 ¥ 578 B12 
275* 410 0.4 21.12 2.863 0.2 0.3,1.0 ¥ 508 C8 

---275*--- - 
410---------- 

-- 
1.0 21.12 

- - - - - --- 
2.863-- 

-- 
0-2-_ 

-1.0,1.0-_ __ 
¥_--_ 

-__- 
599 B13 

_ 
318.25-- 

- 
430---------- 

-- 
1.0 1.12 2 1 . 1 2 2.863- 

- -2 -321.0 - 
¥- ____ 

--- 
630 _ DI 

265 * 41 0 0.9 32.00 3.524 0.2 0.3,1.0 ¥ ---- ---- _ 
275* 410 0.9 32.00 3.524 0.2 0.3,1.0 ¥ 611 C4 
275* 410 0.6 32.00 3.524 0.2 0.3,1.0 ¥ 574 C14 

285** ET,,, =20 0.9 32.00 3.524 0.2 0.3,1.0 ¥ 622 C6 
285*____ 350 

____ _0.9__ _ 
32.00 3.524 0.2 0.311.0 

-- 
641 

---- 
CS 

355* 499 0.9 32.00 3.524 0.2 0.3,1.0 ¥ 742 111 
275* 

-- -- --- 
410 
---- -- 

0.9 
---- 

21.12 
------- 

1.839 
------ 

0.3 
---- 

0.3,1.0 
-------- 

# 
- 

545 
-------- 

B9 
* 10 0.9 32.00 2.260 0.3 0.3,1.0 # - 621 ----- C12 

275* 410 0.6 32.00 2.260 0.3 0.3,1.0 # 597 C13 
275* 410 0.7 21.12___ 2.505_ 0.15 0.3,1.0 §_____ 

___ 
571__ Cll 

265* 410 1.0 32.00 3.083 0.15 0.3,1.0 § 629 31 
265* 410 0.8 32.00 3.083 0.15 0.3,1.0 § 610 32 
265* 410 0.5 32.00 3.083 0.15 0.3,1.0 § 565 33 
275* 410 0.9 32.00 3.083 0.15 0.3,1.0 § 615 B14 
275* 410 0.9 32.00 3.083 0.15 0.0,1.0 § 243 B15 

Table 6.3: Results of the FE parametric study 
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Various combinations of all the parameters presented above are conducted, in order to 
visualize their sensitivity when USFBs are considered. The failure loads obtained from this 
study are summarised in Table 6.3 and categorized mainly according to the constitutive 
relationships used to model the material properties. Sub-categories are also indicated, based 
on both steel and concrete strength. 

The maximum load carrying capacities are reported as failure loads, in the last applied load 
step before the solution diverges due to numerous cracks and large deflections. Both steel 
and concrete strength affect the load carrying capacity of the USFBs. In general, it is 
observed that when the concrete strength is low, the steel strength governs the load carrying 
capacity of the USFBs. 

Various concrete compressive strengths are used in order to examine the percentage of 
shear enhancement of the USFBs. Also, the concrete tensile strength is varied taking into 
consideration the mesh size of the concrete elements and the value of fracture energy, Gf. It 
should be noted that the interfacial fracture energy is almost linearly related to the root of 
the tensile strength of concrete. Also, various evaluations of concrete Poisson's ratio, v, are 
examined, as they are related to the condition (i. e. quality) of concrete, while different 
values of it have been published by researchers. Moreover, it is observed that the numerical 
solutions are very sensitive to the steel strength in contrast to the concrete strength, and 
small changes lead to significantly different results. From FE results, it is found that the 
USFBs with steel yield strength of 265 to 285MPa compare well with the experimental 
behaviour; there is a reduction of 16.8 to 10.5% to the average steel yield strength (i. e. 
fy=318.25MPa), as obtained from the coupon tests. This applies to the increased stiffness of 
the 3D solid elements as well as the complex failure mechanism of the USFBs. Oppositely, 
in Chapter 4 where shell elements are used, the material model of fy=35SMPa accurately 
simulates the experimental behaviour. Eventually, it is verified that the ultimate load 
carrying capacity of the USFBs is governed by the steel strength, as it is also mentioned in 
the conclusions of the experimental work (sub-chapter 6.3.10 and 6.3.11). 

6.4.6 FE results based on the other parameters 

Most of the FE results are satisfactorily correlated with the experimental results, while up 
to the ultimate load level insignificant steel deflection occurs. Thereafter, the steel yields 
following the large concrete strains and the formation of large cracks, while the load 
capacity drops considerably. When the USFB with the lower concrete compressive strength 
is considered, more cracks are developed, even though the capacity of the USFB remains 
the same. In the experimental tests large steel deflections ensue in the post-elastic curve. 

Furthermore, it is apparent that apart from the steel and concrete strength, the shear transfer 
coefficients and the coefficient of friction play a significant role in modelling the 
experiment. It is found that the better applicable factors for opened and closed cracks, /31 
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andß2, are 0.3 and 1.0, respectively. Particularly, dramatic change of the divergence load is 
obtained when the coefficient of friction, p, is greatly reduced. Observing the real tests it is 
found that no slip between the steel and the concrete occurs up to the yield point. 
Subsequently, a value of 1.0 (i. e. perfect bonding) is mainly used at the contact surface 
modelled in ANSYS. In case / 1.0, a significant interlocking between the steel and the 
concrete exists after de-bonding, due to the non-uniform strain across the section of the 
member. 

6.4.7 Load-deflection relationships 

Various load-deflection curves at the mid-span are plotted against the experimental test of 
the USFB No. 1 for representation means (Figure 6.22(a) and (b)). Also, the load- 
deflection curve of the non-composite perforated beam is plotted for comparison. 

There are several effects that might cause the deviation of the stiffness between the FE and 
the experimental beams. One reason is the concrete micro-cracks in the experimental 
beams. due to drying shrinkage in the concrete. In addition to that, cracks generated from 
different elastic modulus of aggregate and cement, thermal coefficient, as well as human 
interference could cause reduction of the stiffness in the experimental beams. On the other 
hand, the FE models do not suffer from the above uncertainties and they are usually enough 
restrained to impose additional constraints on behaviour. 
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Figure 6.22(a): Load-deflection curves at mid-span against the experimental test (USFB No. 1) 
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6.4.8 Post-elastic behaviour of the USFB 

The maximum load is recorded following the divergence of the FE analysis. The problem 
of implicit solvers is the sudden loss of stiffness if the material failure is taken into account 
(Rust, 2003). The last descending branch of the load-deflection curve corresponds to the 
composite beam behaviour as a `mechanism'. The load which the system can carry 
gradually decreases with increasing deflection, while at some point no more loads can be 
resisted and the beam ̀ fails'. In the experimental work, the failure was accompanied by 
appearance of wide intensive diagonal concrete crushing. In the finite element analysis, 
post-peak softening usually means a localization of failure. Hence, some special techniques 
such as non-local mode, gradient or time dependent formulations (explicit solvers) need to 
be employed. As some cracks need to open more and some should unload, convergence is 
very difficult to reach. However, sometimes it helps to continue with the analysis even 
though the convergence criteria may not be satisfied, while in later steps the FEA may find 
a converged solution. 

The Newton-Raphson method used here proves to be generally economical because much 
larger incremental steps are possible. However, in the regions of peak loads on the load- 
deflection response, numerical difficulties sometimes occurred and it is necessary to use the 
modified Newton-Raphson iteration scheme under which the stiffness of the structure is 
calculated only at the beginning of the increment, or the modified Riks (Arc-length) 
method in order to prevent local instabilities due to large amounts of cracking. 

To trace a post-peak response, either a quasi-static (transient), a stabilization solver usually 
with an energy dissipation factor, an arc-length method or a displacement load control is 
necessary. The most widely utilised is the arc-length method in ANSYS, which controls the 
load level together with the length of the displacement increment. This method permits to 
compute the post-critical load-deflection path. 

Moreover, the post-critical behaviour could be studied in case a further advantage of 
dynamic analysis is considered. In such case, in the vicinity of a critical point, the inertia 
forces would stabilize the system motion in the post-critical range, where the load, which 
the system can carry, decreases with increasing deflection. Hence, the post-critical 
behaviour after reaching the limit load is usually highly dynamic. This is closer to reality 
than any static post-critical equilibrium path, because failure process usually happens 
suddenly. However, the post-elastic descending curve is not modelled here, as the above 
methods need significant computational effort and it is beyond the scope of this research 
study. 
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6.4.9 Concrete crack patterns and failure mode 

Thirty-nine numerical tests are presented simulating the particular USFB configuration 
using different constitutive relationships and parameters. It can be seen that in all cases the 
flexural and the diagonal cracks are generated. Characteristic results of concrete cracks, 
slippage profiles and steel stresses at the contact surface between the steel and the concrete 
are plotted. By examining the stress distribution, it is revealed that failure occurred due to 
heavy steel yielding, combined with concrete crushing. 

In Figure 6.23 the crack development is shown at four ideal load steps. Numerous cracks 
occurred at the mid-span, whereas there are no compressive cracks underneath the loading 
area. It is now clear that the flexural and shear crack development is of paramount 
importance for the load carrying capacity and the failure mode of the USFBs. 

Nonlinear numerical solutions are capable of replicating the full range cracks including the 
pure flexural, flexural shear and the critical shear crack. Smeared cracks are spread over the 
high shear stress region and occur mostly at the ends of the beam between the support and 
loading area. The path of shear cracks follows the trajectory of the principal stresses and 
can also be seen in the experimental study. Depending on the geometric as well as the 
material properties of the USFB, the critical crack might extend to the top of the 
compression concrete fibres and then stabilize, as it is shown in Figure 6.23(d). At the 
ultimate load carrying capacity the vertical beam deflections are not very large. 

Analytically, diagonal shear failure begins with the development of a few vertical flexural 
cracks at the mid-span, followed by a destruction of the bond between the bottom steel 
flange and the concrete. A critical shear diagonal crack develops in the vicinity of the web 
openings of the steel perforated beam. Very small flexural cracks appear from the 
beginning of the test, while shear diagonal cracks are not developed up to the load level of 
approximately 400kN. Similar behaviour is observed at around 250 to 300kN, when the 
experimental tests are conducted. By looking the inside view of the FE model, it is found 
that the cracks begin at the mid-width of the beam section, where the concrete passes 
through the web openings, and more specific cracks are initiated as the steel web tends to 
deflect (Figure 6.24). These cracks are fully developed in the vicinity of the web openings 
at approximately 450kN, while cracks move outwards (i. e. transverse to the web). In more 
detail, the positions of the first cracks are generated where the stress concentration areas in 
the perforated section (i. e. plastic hinges) are formed. The propagation of such cracks and 
the high stress in the steel are shown for four ideal load steps in Figure 6.24. 
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b. Flexural shear 
cracks (=290M 

Figure 6.23: Bending and shear crack development at the front side of the beam; (a) Purely flexural 
(bending) vertical cracks, no yielding in steel, no concrete plasticity (b) Developed flexural cracks, 
developed flexural/shear cracks, just before initiation of the critical shear cracks (c) Critical shear 

diagonal cracks are clearly identified and (d) Full cracking state, yielding in steel, concrete 
plasticity, big displacements increment just before divergence of the FE model, there are splitting 

cracks at the upper part of the beam due to compression 
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With regards to the extent of the concrete cracks in such composite beams, a close study of 
the FE results is carried out. The major parameter that determines the number of cracks is 
the yield strength of the steel. Higher steel grade results in greater loads and so the concrete 
is fully cracked following the steel deformation. The friction coefficients slightly affect the 
cracking of the FE models, as the concrete is partially confined and the concrete movement 
is relatively small. However, the shear transfer coefficients, and especially the open shear 
crack transfer, could dramatically affect the cracking model. 
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Figure 6.24: Shear crack development (left) and Von-Miles stresses of the steel (right); in the 
vicinity of the right web opening and mid-width of the USFB 
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A characteristic slip between the steel and the concrete, when using a friction coefficient, , u, 
equal to 0.9, is obtained (Figure 6.25), together with the stresses in the contact surface and 
the contact surface condition for the particular USFB FE model after loading the beam 
(Figure 6.26). The Von-Mises steel stresses are also presented in Figure 6.27, while a 
USFB model is highly loaded. Each integration point of a concrete element (SOLID65) can 
crack in up to three different planes. The first crack at an integration point is shown with a 
red outline, the second crack with a green outline, and the third crack with a blue outline. In 
Figure 6.28 the first and second crack points of such USFB are drawn. 

Figure 6.26: Contact stresses (left) and contact surface condition (right) ot'the USF! 3 
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Figure 6.25: Element ý, Iip bct%ýcen the steel and the concrete 
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0.37315 62.902 125.767 188.632 251.497 
31.47 94.335 157.199 220.064 282.929 

Figure 6.27: Von-Mises stresses in the steel 

Figure 6.28: First cracks (left) and second cracks (right) at the integration points 

6.5 PROPOSED DESIGN METHOD FOR VERTICAL SHEAR STRENGTH 

Experiments and non-linear FE analyses show that the concrete in-fill in the perforated 
sections and the composite action enhance the vertical shear strength of the USFB. Liang et 
al. (2005) proposed a design method for the vertical shear strength of simply supported un- 
perforated composite beams (where the concrete slab sits on top of the plain steel beam) 

with any degree of shear connection. This method is presented herein and adjusted in order 
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to accommodate the USFB design. Then, comparison is made among different approaches 
for the evaluation of the vertical shear strength of the perforated sections, as shown below. 

The composite action as it is presented by Liang et al. (2005) is as follows: 

Vuo = Vo (1 + 1.295 (0 <ß< 1) (6.2) 

When ß>1, the vertical shear strength is not affected by the degree of shear connection 
and this indicates that the composite beam exhibits full shear connection. According to BS 
5950 and Eurocode 3 for symmetric beams with spans up to 6m and 5m respectively, the 
minimum degree of shear connection is 0.4. When no mechanical shear connection (i. e. 
reinforcement tie-bars, studs, ducting, etc. ) is provided between the steel beam and the 
concrete slab, the two components work independently to resist vertical shear. However in 
this particular FE study, the degree of shear connection is assumed equal to the friction 
coefficient between the steel and the concrete, simulating the frictional force and shear- 
bond, since no mechanical shear connection is provided. 

Hence, the vertical shear strength of such a beam is expressed by: 

Vo = Vc + Vs (6.3) 

The contribution of the concrete is now taken as the shear strength of the concrete infill and 
it is proposed as: 

Vc = 1.16(fc)1/3Aec (6.4) 

The effective shear area of concrete and it is evaluated as: 

Aec = (bf - tw)(h - 2tf) - 0.86r2 (6.5) 

It should be mentioned, that the concrete in the web opening, as well as the effect of 
longitudinal steel reinforcement in the concrete slab are not considered in the above 
equation. 

The shear capacity of the steel beam is evaluated with various approaches so as to better 
correlate the theoretical approach with FE analyses and experiments. 

1. The basic shear capacity from Chapter 3 (Chung et al., 2002) is as follows: 

VS = Vo, Rd = °"577 Y Khtw + 2(0.75tf2)) - dot,, (6.6) Ymo 

2. Another approach for the shear resistance for perforated beams (Lawson and Hicks, 
2006) is shown below: 
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do twfydl 
Vo, 

P1, Rd - 
[Vpl, 

Rd -J (6.7) 

Where the shear resistance, VplRd, for un-perforated beams (EC3: EN1993-1-5) is limited 
by either the plastic shear resistance: 

Vpl, Rd = 
,Y Mo 

(6.8(a)) 

or the shear buckling resistance: 

Vb, Rd = 
rI fywh w (6.8(b)) 

YM1 ýJ 

Where Av is taken as A� =A- 2bftf + (t, + r)tf < rlhwtw, according to EN 1993-1-5 
and the value of yMo is equal to 1 and yMl is equal to 1.1, as well as the value of r1 is taken 
as 1.2. It should be noted that, the shear buckling resistance for un-perforated beams with 
un-stiffened web is considered only if. h, A, /tw >_ 52 e/rj. 

3. Moreover, when shear buckling governs the resistance of an un-perforated web, the 
approach below should be followed for the shear buckling of a perforated beam 
(Lawson and Hicks, 2006): 

Vbw, Rd = 0.9Vb, Rd 1 
h(6.9) w 

Where 1o is equal to do for circular web openings. 

4. Lastly, the simple approach for shear capacity of un-perforated steel sections is given 
by BS5950 Part 1: 2000 and it is modified as below for perforated sections: 

P, = 0.6fyA� = 0.6fy(ht, - dotal) (6.10) 

In such cases, when h/tW <_ 70E = 70 275/fy the shear buckling does not need to be 

checked. 

Substituting the material properties from Table 6.3 in the above theoretical formulas, 

comparison is carried out between the FE predictions and the theoretical approaches. Table 
6.4 summarizes all the theoretical evaluations as well as the FE prediction over the 
theoretical evaluation ratios. Comparing the FE results with the results obtained from the 
theoretical formulas given above, it is found that: 
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" The basic shear capacity approach given by Chung et al. (2003) for steel perforated 
beams is the closest approach to the FE analyses, with an average deviation ratio of 
0.93. 

" The shear resistance approaches given by Lawson and Hicks (2006) and Formula 
6.8(a), 6.8(b) and 6.9, slightly underestimate the results compared to FE analyses, with 
average deviation ratios of 0.90,0.86 and 0.76, respectively. Among the three different 
approaches, the best approach is always provided when the shear resistance is limited 
by the plastic shear resistance for the un-perforated section and Formula 6.8(a) 
(EN1993-1-5). In case of shear buckling resistance, the theoretical approaches are 
underestimated compared to the FE results. 

" Finally, the modified shear capacity approach given by BS5950 Part 1: 2000 for 
perforated steel sections underestimates the vertical shear strength of the USFBs 
compared to the FE analyses, with an average deviation ratio of 0.85 and provides 
some conservatism. 

In more detail, the following conclusions can be drawn: 

" The smaller the degree of shear connection, ß, used in the FE models, the greater the 
deviation ratio is. 

" When steel grade S275 is examined, the FE results are closer to the theoretical ones. In 
contrast, when steel grade S355 is used, overestimated FE results are obtained because 
of the increased stiffness of the FE model. 
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Run 
Code 

FFEA Form. (6.6) Form. (6.8(a)) Form. (6.8(b)) Form. (6.9) Form. (6.10) 

No. (kN) Ftheor/FFE Flheor/FFE Frheon/FFE Frheon/F'FE FFheorv/FFE 

59 617 0.91 0.88 0.84 0.75 0.83 
3 627 0.90 0.87 0.83 0.74 0.82 
7 611 0.87 0.84 0.80 0.71 0.79 
8 548 0.76 0.74 0.71 0.63 0.70 
58 547 1.03 0.99 0.95 0.85 0.94 
16 555 1.01 0.98 0.94 0.84 0.93 
18 607 0.93 0.89 0.86 0.76 0.85 
19 635 0.89 0.86 0.82 0.73 0.81 
20 648 0.87 0.84 0.80 0.72 0.79 
25 618 fitý 9. ý7 0.87 

---------- --- ----0.84 --------- -- ---- -----0.80 ---------- ---- -0.71 --- -- 
0.79 

-- 617 1.03 0.98 0.93 - - 0.81 ---- ----- 0.92 
12 590 1.07 1.03 0.97 0.85 0.96 
13 470 0.59 0.56 0.53 0.46 0.53 
B5 577 0.91 0.87 0.83 0.73 0.82 
B6--- 563---- 

---- 
0.83---------- 

--- 
0.80----------- 

---- 
0.77 

-- -- 
0.67-- 

--- 
0.76 

B2 730 0.80 0.76 0.72 0.62 ---- --- 0.71 
B4 733 0.80 0.76 0.72 0.62 0.71 

--- 
B3-- 

-- 
734----- 

-- 
0-80---------- 

---0.76----------- ----0.72----------- -- 
0-62------ 0.71 

- Bll 591 0.92 0.88 0.84 0.75 ----- --- -- 0.84 
B10 584 0.91 0.87 0.83 0.73 0.82 
B12 578 0.85 0.82 0.78 0.69 0.78 
C8 508 0.85 0.82 0.78 0.69 0.77 

B13 
-- 

583----- 
-- 

0.93----------- 
-- 

0.90------------ 
--- 

0-86----------- 
--- 

0.76 0.85 
DI 630 

- -0.92 - 
0.88 

-- --- - 
0.84 

- 
0.73 0.82 

CI 588 0.97 0.93 0.89 -- 0.80 - 0.89 
C4 611 0.94 0.91 0.87 0.78 0.86 

C14 574 0.83 0.80 0.76 0.67 0.75 
C6 622 0.94 0.91 0.86 0.77 0.86 
CS--- 641----- 

-- 
0.91----------- 

-- 
0-88------------ 

--- 
0-84----------- 

--- . 75------ 
-- 

0-83 
BI 742 0.86 0.82 0.78 0.68 ---- 0.77 

-- 
B9--- 

- 
545----- 

-- 
0-97-------------0-93---------------0-89----------- 

-- 
0.79------ 

---- 
0-88 

C12 621 0.93 0.90 0.86 0.77 -- ------- 0.85 
C13 597 0.80 0.76 0.73 0.64 0.72 
CI1- 

- 
571---- 

-- 
0.87------ 

-------0.83-------- -------0.79------- ----- 
0.70------ 

------ 
0.78 

31 629 0.93 0.90 0.86 0.77 0.85 
32 615 0.90 0.86 0.85 0.74 0.82 
33 565 0.87 0.84 0.80 0.72 0.79 

B14 610 0.94 0.91 0.87 0.78 0.86 
B15 243 2.37 2.29 2.19 1.96 2.17 

Table 6.4: Comparison between the FE predictions and the theoretical approaches 
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6.6 SERVICEABILITY LIMIT STATE (SLS) CHECK 

This research programme is an investigation on the failure modes of USFBs, hence only the 
ultimate limit state (ULS) is under consideration. However, from experimental and FE 
study, it is found that the contribution of the concrete restrains the steel beams from high 
deflections. Although large web openings are positioned in the high shear regions, to 
eliminate the amount of steel and improve the manufacturing procedure of the perforated 
beam when profile cutting method is adopted, the deflections are negligible compared to 
the bare steel perforated beam. 

6.7 CONCLUSIONS 

The results of the FE analyses generally show good agreement with observations and data 
from the experimental tests of this simple structural form of USFBs. This gives confidence 
in the use of ANSYS and the developed FE model. A parametric FE study is also 
conducted to investigate the sensitivity of various factors. These FE models can now be 
used in further studies to develop design rules for USFBs. 

Based on the experimental study presented in this chapter, the following conclusions are 
drawn: 

" All four experimentally studied USFBs show similar behaviour in terms of the failure 
mode, stiffness and ultimate load carrying capacity. 

" The failure mode of the non-composite beam changes when there is concrete in-fill 
between the flanges. Following the formation of the large crack, there is some residual 
strength in the concrete preventing local buckling and the load carrying capacity is 
somewhat higher than that on the non-composite beam. 

" For composite beams of the particular configuration, partially concrete encased 
between the flanges and the bearing plates at the supports, there is a significant and 
gradual drop in the load-deflection curves but the post-failure loads are above those of 
the plain steel beam. 

" The shear resistance of this USFB, which is composed of perforated steel beam with 
large web openings and without any mechanical shear connectors, consists of 
contributions from the concrete in compression and aggregate interlock. 

" The ultimate load carrying capacity of the composite beams is dependent on the 
concrete strength, but appears to be relatively independent of the concrete quality. For 
the weaker concrete, micro-cracks only occur at an earlier stage of loading. 

" Due to the concrete in-fill, the ultimate vertical load carrying capacity of the USFBs is 
almost doubled, compared to the corresponding non-composite perforated steel beam 
when under the same load and beam arrangement. This percentage is even higher when 
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the friction coefficient is closer to 1.0 (i. e. fully bonded). Oppositely, this percentage 
will be lower when no bearing plates at the supports are used. 

" Strut action of the concrete encasement across the web openings reduces the Vierendeel 
bending effects and improves the vertical shear transfer through the partial concrete 
encasement. 

" The shear force resisted by the concrete at a web opening is dependent on the steel 
beam dimensions and particularly on the flange dimensions, which contributes to the 
bending, as well as to the shear resistances. The horizontal component of the strut 
action is dependent on the frictional force, shear-bond resistance and the bearing 
strength of the web opening area. The compression resistance of the concrete strut 
action is mainly dependent on the thickness of the flanges. 

" The last descending post-elastic branch of the load-deflection curve corresponds to the 
composite beam behaviour as a `mechanism'. Failure is accompanied with the 
appearance of wide intensive diagonal concrete crushing. 

Based on the FE study presented in this chapter, the following conclusions are drawn: 

" The particular structural forms of USFBs behave as fully bonded composite elements 
and this correlates well with the experiments. 

" The FE results agree with the experiments in that in composite beams the concrete fails 
first before any significant distortion of steel web occurs. 

" All cracks in the FE analysis seem to develop at a higher load compared to that 
observed in the experiments. This was probably due to micro-cracks in the 
experimental specimens. 

" Whilst the concrete compressive strength affects the strength of such USFBs, the 
ultimate load carrying capacity is dominated by the steel strength. 

" Moreover, the steel strength mainly affects the concrete crack pattern obtained from 
ANSYS. The friction coefficient and the shear retention factors can also change the 
concrete crack pattern in many cases. 

" Various researchers have published different constitutive relationships that model the 
concrete material properties. From the sensitivity study of these constitutive 
relationships, it is found that they affect the load carrying capacity of USFBs 
differently. 

" As the composite beams contain no confined reinforcement, the concrete tensile 
strength also played a major role in defining divergence load. 

" It is difficult to satisfactorily reproduce the post-elastic curvature of the beams because 
of the sudden loss of stiffness of the cracking model, especially when the smeared 
approach is used without steel reinforcement. The maximum load is only interested, 
while to model the post-elastic behaviour is beyond the scope of this research 
programme. 
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" FE results compare well with the design method presented by Liang et al. (2005). The 
method is modified by different theoretical approaches for the shear resistance of the 
perforated sections, while the vertical shear strength of simply supported USFBs with 
any degree of shear connection between the steel and the concrete is also assessed. 

6.8 RECOMMENDATIONS AND LIMITATIONS 

Although the capacity of the perforated beam is reduced by using large web openings 
(do=0.76h), the designer can take advantage of the inherent double shear strength provided 
by the trapped concrete between the flanges and the bearing plates at the supports. Then, 
increased flexural strength of the beams, as well as longitudinal shear strength due to the 
concrete pass through the web openings is provided. Further increased longitudinal shear 
strength will be obtained in the case mechanical shear connectors are also used. Lower 
structural depth, inversely to the conventional composite beams, where the concrete slab 
sits on top of the plain (or perforated) steel beams, is achieved. In addition to that, this new 
form consists of ultra shallow and usually stocky perforated beams, concluding to lighter 
construction. Consequently, the decrease of the structural depth for every floor, and the 
ease of construction for large spans, as long as propping is not necessary for casting the 
concrete on top of the steel deck which sits on the bottom steel flange, makes the use of 
USFBs a procedure worth a close study. 

USFB floor system is demonstrated in Figure 2.10. The steel deck (U- or V-shaped) sits on 
the wider bottom flange providing clear space for service integration which passes through 
some of the web openings of the steel beam. There are also web openings which are in- 
filled by concrete providing the structural enhancement. Various failures modes are 
incorporated developing a complex failure mode with various parameters and hence there is 
need for further study. Such overall study of the floor system is not included in this 
research thesis and it is beyond of the scopes, which are mainly concentrated on the steel 
point of view and its behaviour when USFBs are used. The above results are applied to 
another detailed comprehensive study of the global analysis on the overall composite USFB 
system, isolating the steel and concrete movement under bending and providing 
information for the percentage of shear enhancement of the steel perforated sections when 
plain concrete is only used. 

The limitations of the present study are that the UB I-section, the web opening shape and 
size, the loading and the support conditions are kept constant. Consequently, further 
rigorous research is needed in order to propose reliable formulas, which will accurately 
model a wide range of typical USFBs. A parametric FE study based on the geometric 
configuration of the USFBs is equally needed and can be easily used for further advanced 
research. 
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CHAPTER 7 

CONCLUSIONS 

DESIGN GUIDANCE 

FUTURE WORK 

7.1 INTRODUCTION 

The common methods of incorporating services within the structural depth of composite 
beams and manufacturing long span and light-weight steel beams include: cutting out 
circular, hexagonal or rectangular openings in the webs of rolled or fabricated beams, or 
manufacturing cellular or castellated beams with regular circular or hexagonal web 
openings respectively. The transfer of shear was the dominant effect which gave rise to 
Vierendeel bending moments that were resisted by local bending of the tee-sections in the 

vicinity of the web openings. In composite Ultra Shallow Floor Beams, where the concrete 
was confined by the steel section and passes through the web openings, the local and global 
bending resistances changed. This applied to the use of larger web openings compared to 
the traditional flooring systems. 

The main objective of this research was to study the failure modes of perforated beams 
with novel non-standard web openings with particular emphasis on Vierendeel bending and 
web-post buckling. A theoretical method evaluating formation of plastic mechanisms 
(hinges) and a theoretical method estimating strut analogy in the web-post were compared 
with the finite element results. 

Finite element models were implemented to accurately simulate and understand the failure 
modes. Since Vierendeel and especially web buckling usually involved inelastic action the 
effect of plasticity was considered in conjunction with plastic FEM results, to modify the 
theoretical models. FE models always correlated with the results of the physical tests either 
reported in the literature or conducted in the research programme. Approximately 1,600 
models were examined in the research programme for a wide range of perforated beam 
georrietries. 

The following conclusions on the behaviour of perforated beams are based on several 
theoretical FE models used, incorporating plastic analyses, and their comparisons with 
physical test results. 
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7.2 CONCLUSIONS AND DISCUSSION 

This chapter deals with the work carried out in this dissertation against the objectives stated 
in Chapter 1. For convenience each sub-objective is stated prefacing the corresponding 
conclusions. 

Sub-objective: To overview the manufacturing procedures for perforated steel beams with 
standard and non-standard web openings. 
This objective has been successfully achieved. Information regarding the manufacturing 
procedure of perforated beams has been presented for standard web openings and 
developed for non-standard web openings. Three manufacturing methods for hot rolled I- 
sections with a series or isolated (i. e. single) web openings as well as fabricated sections 
have been obtained and presented. 

Sub-objective: To review all the failure modes for perforated beams and study the most 
significant ones. 
This objective has been successfully achieved. Information regarding all the possible 
failure modes of perforated beams have been obtained and presented. Extensive 

presentation of the failure modes together with the references initially reported has been 

made. Moreover, the theoretical background used to approach and analyze the most 
important failure modes, has been presented. 

Sub-objective: To conduct a preliminary FE study of perforated beams with non-standard 
web opening shapes based on combinations of typical geometrical shapes and to describe 
their main characteristics. 
This objective has been successfully achieved. A preliminary FE investigation has been 
carried out to present various non-standard web openings on long span perforated beams 
(20m). Different stresses and deflections were recorded visualizing the effect of the web 
opening shape to the structural behaviour of such beams. The novel web opening shapes 
thoroughly examined in this thesis were based on this preliminary study. 

Sub-objective: To establish the shear-moment interaction curves based on a current design 

method and to compare these with the theoretical curves at the low moment side (LMS) and 
the high moment side (HMS) of a web opening. 
This objective has been successfully achieved. The shear-moment interaction curves based 
on the current design method and the simplified method (i. e. cp=25°) were examined and 
presented. It was found that the `un-coupled' FEM curves lie between the theoretical LMS 
and HMS curves. While the `coupled' FEM curves from this study lie below both LMS and 
HMS curves, due to the effect of Vierendeel mechanism which is incorporated into shear 
capacity. Hence, the results are more conservative. 
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Sub-objective: To investigate the Vierendeel mechanism of unreinforced perforated beams 

with various standard and non-standard web opening shapes and sizes by using non-linear 
FE analyses. 
This objective has been successfully achieved. Six standard typical and elongated web 
opening shapes and five non-standard web opening configurations of elliptical shapes have 
been studied. The global shear capacities allowing for Vierendeel mechanism or the global 
`coupled' shear capacities of perforated sections covered in the present study can be 

obtained directly from the shear-moment FEM interaction curves. 

Non-dimensional FEM shear-moment interaction curves were plotted and discussion on the 
VIM ratios of perforated beams with different web opening shapes and sizes was made 
possible. The UB 457x152x52 sections was mainly used as it produces conservative results 
(the greater decrease of the `coupled' shear ratio, v) among the studied ones. FEM curves 
of similar trends were obtained for all the various beams with different weight per unit 
length. However, the shear capacities differ greatly (y-intercept), due to underestimation of 
the shear capacities of the perforated sections with thick flanges when compared with the 
FE model. 

The flange contributes more to the shear capacity of perforated beams with large web 
openings. The maximum deviation of the shear capacity ratios is found between the 
conservative shear area assumption taken from BS5950 Part 1 and the shear area 
assumption taken from Formula 3.3. On the other hand, shear capacities estimated by 
using the assumptions from EC3 and Formula 3.3, especially for beams sections 
UB457x152x52 and UB6lOx229x101, yielded very close results. It was seen that both the tf 
and t,, parameters are considered, although tfis generally the domain one. 

Sub-objective: To evaluate the influence of geometric parameters and investigate the 
contribution of the web opening shape and particularly the opening length of the top tee- 
section to the shear capacity of perforated beams. 
This objective has been successfully achieved. FEM curves of typical pattern were found 
for perforated beams with circular and hexagonal web openings. It was concluded that apart 
from the opening length, c, the web opening shape and rotation also controls the 
performance of a perforated beam due to the movement of the stress concentration points. 
Regarding the perforated beams with elongated web openings and do equal to 0.8h, 
considerably reduced moment ratios have been presented when the web openings were 
located at a high moment region. 

Sub-objective: To present the yield patterns of the perforated beams with various web 
opening shapes and sizes, and investigate the location and movement of the plastic hinges 

as well as the main characteristics of such beams. 
This objective has been successfully achieved. The yield patterns at `failure' (i. e. 
convergence) point of the perforated beams with different web opening configurations 
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located at various positions have been analytically plotted. The plastic hinges (i. e. Von- 
Mises stress concentration points) at the top and bottom tee-sections, stresses in the steel 
flanges as well as an idea of the beams' local deflections have been obtained. The positions 
of these plastic hinges were affected by the magnitude of the global shear force and 
bending moment. It was observed that when web openings with large critical length, c, 
under high VIM ratios were considered, the failure came along with the local buckling of 
the top flange as a result of high axial load in the tee-section. Therefore, both shear and 
flexural failures of the perforated sections were mainly controlled by the depth of the web 
openings. The Vierendeel mechanism of the perforated sections was mainly controlled by 
the opening length, c. 

It has been verified that rp was increased at perforated sections with web openings close to 
the supports. However, the shape of the web opening significantly affected the position of 
the plastic hinges. Moreover, the sequence of the formation of the plastic hinges was not 
the standard one when the web openings were located very close to the supports. 

Sub-objective: To develop a simple design method with generalized shear-moment 
interaction curves for practical design of steel perforated beams with various standard and 
non-standard web opening shapes and sizes. 
This objective has been successfully achieved. A generalized shear-moment interaction 

curve has also been presented, based on a design model presented by Chung et al. (2003). 
The trend of the curves was changed from case to case in order to avoid significant 
underestimation of the results. It is worth noting that, a conservative design possesses for 
large non-standard elliptical and elongated web openings. 

Sub-objective: To further conduct a parametric FE investigation on perforated beams with 
large isolated novel non-standard web openings subjected under high shear forces and 
bending moments. 
This objective has been successfully achieved. A parametric FE study of perforated beams 
with novel non-standard web openings has been conducted and presented. The deflections 
and Von-Mises stresses against the web opening areas at three `characteristic' load level 
points have been extensively plotted for such perforated beams. It was concluded that all 
perforated beams with novel elliptical web openings, although they have web opening 
depths of 0.8h, their stiffness was dramatically increased and their load carrying capacity 
was even higher than the perforated beams with circular web openings with smaller 
diameters (do=0.76h). 

Sub-objective: To evaluate the influence of geometric parameters and investigate the 
contribution of such novel web opening shapes to the structural behaviour of perforated 
steel beams. 
This objective has been successfully achieved. It was concluded that, stresses were affected 
by both THETA and R of the new elliptical web opening shapes. While deflections were 
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only affected by the R which is the main factor that determines the web opening area as 
well as the critical opening length, c, at the top and bottom tee-sections. Furthermore, 

perforated beams with filleted circular web openings of radius, r, 15 to 35mm should be 

utilised as they provide moderate effects. Moreover, from a local FE study of perforated 
beams with filleted web openings at the sharp-tip points, the critical distance of 15mm was 
determined by the stress concentration criterion where the strength of the beam, was 
significantly decreased. 

Sub-objective: To investigate the web post buckling behaviour of unreinforced perforated 
beams with standard and novel non-standard closely spaced web opening shapes by 

conducting experimental tests. 
This objective has been successfully achieved. Seven short span perforated beams with 
circular and novel closely spaced web openings have been experimentally tested and 
presented. Extensive yielding occurred at the web-post of all specimens. Web-post 
buckling occurred at a load slightly in excess of that at which gross deformations were 
initially observed. Finally, testing was stopped when either no extra load was able to be 
withstood or it was considered dangerous as the beam was dramatically distorted. 
Moreover, it was demonstrated that a similar behaviour dominated for perforated beams 
with the specific novel web opening shapes. 

Sub-objective: To carry out a parametric FE investigation on perforated beams with 
closely spaced web openings, simulating the experimental structural behaviour, for 

validation purposes. 
This objective has been successfully achieved. A parametric FE study of all seven short 
span perforated beams with circular and novel closely spaced web openings has been 
carried out and presented. It was found that all specimens failed in a combination of local 
buckling and web-post buckling; while the web movement profile was related to the web 
opening shape. Finally, it was possible to determine the interaction between the two 
buckling modes and hence to differentiate the area which possessed the failure of the beam 
(this was mainly shown from stress contour plots). Comparing the experimental with the 
FE load-deflection curves at the mid-span, it was observed that the FE models provided 
significant increased stiffness in the elastic region. Particularly, perforated beams with 
narrow web-posts and sharp-tip points such as the Specimen A-2, A-3 and B-2, were 
unable to redistribute the stresses and so high stresses were concentrated at these points. 
Also, the out-of-plane web movement at the yield load level point was negligible in FE 
analyses in relation to the experimental results. The finite element results provided good 
prediction of the strength of the beams influenced by web instability, with an overall test- 
to-predicted ratio of 0.905 and COV of 11.1%. There was some bias in the FEM results, 
leading to overestimates of strength for very narrow or very wide web-posts, as well as 
when inclined elliptical web openings were considered. 
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Sub-objective: To also conduct a parametric local FE investigation on the structural 
behaviour of the web posts within two closely and regularly spaced novel web openings. 
This objective has been successfully achieved. A parametric local FE study has been 

carried out for a range of parameters, including the web slenderness on a number of beam 

sections with various web opening shapes. A parametric study was conducted to investigate 

the effect of the S/do ratio on the resistance of the web-post. Eight S/do ratios in the range of 
1.1 to 1.8 were studied with five web thicknesses of 3.9mm, 5.0mm, 6.0mm, 7.6mm and 
10.5mm. This gave dJt. ratios which varied from 30 to 80.8. The model was extended to 

examine all web opening shapes of depth do, equal to 0.7h, which were experimentally 
investigated previously in the web-post study. A new design model for this complex failure 

mode has been derived for perforated beams with these novel web opening shapes. The 
latter design model has been developed based on a strut analogy as obtained from FE 

analyses. The stability of the web was also checked using buckling curves to BS 5950-1. 
The outcome was presented in terms of the effective width of the web opening, and the 

effective width, be, and length, lej of the strut, which have been derived from this FE study 
to give the best fit over the range of web opening parameters. 

Sub-objective: To demonstrate the enhancement of the vertical shear capacity of non- 
composite beams due to the concrete in-fill. To experimentally test an Ultra Shallow Floor 
Beam (USFB). 
This objective has been successfully achieved. An experimental work has been conducted 
on Ultra Shallow Floor Beams. Also the percentage of the vertical shear capacity 
enhancement of the perforated beams due to the concrete in-fill has been presented. The 
test results demonstrated that the concrete significantly contributed to the shear strength of 
USFBs at the web openings. It was shown that the concrete failed first before any 
significant distortion of the steel web. Therefore, whilst the concrete compressive strength 
affected the strength of the USFBs, the ultimate load carrying capacity was dominated by 
the steel strength. By testing a USFB with lower concrete grade it was found that the 
ultimate load carrying capacity of the partially encased composite beams was dependent 
upon its strength but appeared to be relatively independent of the concrete quality. 
Moreover, it was observed that strut action of the concrete encasement across the web 
openings reduced the Vierendeel bending effects and improved the vertical shear transfer 
through the concrete encasement. It was concluded that the shear force resisted by the 
concrete at a web opening was dependent on the steel beam dimensions and particularly on 
the flange dimensions, which contributed to the bending as well as the shear resistances. 
The horizontal component of the strut action was dependent on the frictional force, shear- 
bond resistance and the bearing strength of the web opening area. The compression 
resistance of the concrete strut action was mainly dependent on the thickness of the flanges. 
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Sub-objective: To establish a sensitivity FE study of the USFB model, investigating the 
effects of the material model parameters. To further examine various constitutive 
relationships modelling the concrete materials and to compare the results. 
This objective has been successfully achieved. A three-dimensional FE model has been 
developed, in which contact elements were implemented at the interface of the concrete and 
steel. Various material model parameters were varied such as the steel and concrete 
strength, the constitutive relationships model, the materials as well as the steel and concrete 
contact strength. From the sensitivity study of these constitutive relationships it was found 
that they affected the load carrying capacities of USFBs differently. It was presented that 
USFBs behave as fully bonded composite elements and this correlated well with the 
experiments. Whilst the concrete compressive strength affected the strength of the USFBs, 
the ultimate load carrying capacity was dominated by the steel strength. Moreover, the steel 
strength mainly affected the concrete crack pattern obtained from ANSYS. The friction 
coefficient, p, and the shear retention factors, /31,2, can also change the concrete crack 
pattern in many cases. Finally, as the USFBs contained no confined reinforcement, the 
concrete tensile strength played a major role in defining the divergence load. 

Sub-objective: To compare various theoretical approaches based on a modified design 
method with the FE results and propose a theoretical approach which closely predicts the 
real behaviour of the USFB. 
This objective has been successfully achieved. This FE model could be used in additional 
studies to develop design rules regarding the vertical shear capacity of the composite 
USFBs. It was demonstrated that the FE results compared well with the modified design 
method for typical composite beams that was initially published by Liang et al. (2005). 
This method was modified by different theoretical approaches for the shear resistance of 
the perforated sections, to assess the vertical shear strength of simply supported USFBs 
with any degree of shear connection between the steel and the concrete. It has been 
presented that the basic shear capacity approach given by Chung et al. (2003) for steel 
perforated beams was the closest approach to the FE analyses, with an average deviation 
ratio of 0.93. 

7.3 DESIGN STANDARDS USED IN THE THESIS 

The necessary codes of practice were considered at all times throughout the thesis, 
depending on the provisions for conservative design. SCI publication P-355 (2006) refers 
to codified rules in the Structural Eurocodes such as: EN 1993-1-1, EN 1994-1-1: 2004 and 
in the British Standards such as: BS 5950 Parts 1 and 3. In relation to the design guidance, 
it was shown that the differences between the Eurocodes and BS 5950 had little effect. 
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7.4 REQUIREMENTS OF EC3 ANNEX N: OPENINGS IN WEBS & DESIGN 
RECOMMENDATIONS 

The following requirements of EC3 Annex N apply to non-composite cellular beams with 
multiple circular web openings, and to beams with rectangular or elongated web openings. 
The relevant clause numbers of EC3 Annex N are given. The synopsis of this study was 
made possible with directions provided by CELLBEAM. 

7.4.1 Dimensions of web opening (Clause N 3.1) 

" Maximum size of web openings 0.8h, ß 
" Minimum depth of tee below flange 0. Ih,, 
" Centre-to-centre spacing of the web openings 1.25d0 to 1.5d0 

Where: h,,,, is the depth of the web 

Thesis: 

The above requirements were expressed in terms of beam depth rather than the web depth. 
The centre-to-centre spacing range was increased based on the results of a FE study. The 
thesis has the following limits: 

" Maximum size of web openings 
" Minimum depth of tee below flange 

0.8h 
0.1h 

Centre-to-centre spacing of the web openings 1. Ido to 1.8d0 
(spacing limits varies for novel elliptical web openings as necessary) 

7.4.2 Web classification at web opening (Clause N 1.7.2) 

The classification of webs in perforated beams depends on the proportion of the web of the 
tee-sections and the length of the web opening, especially when the elongated web opening 
is considered. For long web openings, the limit reduces to the outstand depth of the web in 
which the limit for Class 2 webs is 11t, c. The rules for classification of webs are defined 
below, and the controlling case is normally that of the tee-section. Deeper tee-sections 
outside limits may be treated as Class 3 by ignoring the ineffective depth of the tee-section 
outside the Class 3 depth limit. For composite beams, most of the webs are in tension and 
in this case, the webs may be treated as Class 2. 

Webs in perforated beams may be classified in one of two ways: 

" By the depth of the web of the top tee-section 
" By the total depth of the section 

The outstand of the web of the tee-section may be classified, depending on the ratio of the 
length of the web opening to the outstand depth d1 below the flange, as follows: 
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10twE 
Class 2 -º dt = if lo > 32t, �E, No limit on dz if 10 < 32t,,, e 

10 j1 _ 
(32twE)2 

14twE 
Class 3 --' dt = if lo > 36twE, No limit on dt if lo < 36tWE F1 

_ 
r36t, ý, E12 
l lo J 

Webs that satisfy the lower limit of 1 (effective length of the web opening) are classified 
independently of d1. 

BS 5950 Part 1 considers width to thickness ratios of outstands and depth to thickness 
ratios of webs in order to classify sections for local buckling. However, for perforated 
beams, the flange outstands were unchanged, so failed into the same class as the parent 
steel section. 

Thesis: 

In this research, classification was not an issue. However, the web classification was based 
on two requirements: 

" Depth of the solid section 
" Proportion of the top tee-sections as they have been modified by the critical opening 

length, c, and presented in Table 3.8. (i. e. 1 was taken equal to opening length, c) 

7.4.3 Shear resistance (Clause N 3.2.2) 

The vertical shear resistance of the beams was checked at the vertical centre-line of each 
web opening subjected to high shear forces and at LMS. For pure shear checks, the shear 
was divided between the top and bottom tee-sections in proportion to their shear areas. 
Each tee-section is then independently checked for the applied shear apportioned to it. 
Also, according to BS5950 Part 1: 2000, the shear area of an un-stiffened web outside is 

not reduced to account for the non-uniform distribution of elastic shear stress. Unlike to 
BS5950 Part 1: 1990, where a 10% reduction in shear area was required for tee-sections. 

The shear resistance of the tee-sections is determined from EC3 clause 5.4.6. For rolled 
sections, the shear area is conservatively taken as dr/tw. However, a more accurate formula 
is also given in EC3. The shear strength of steel is fy/V for Class 2 webs. The shear 
buckling resistance is based on the reduced depth of web. 
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Thesis: 

In Chapter 3 one new approach was revised for perforated beams with standards and non- 
standard web openings and their effect was presented in Table 3.4. The three different 
approaches as they have been presented by BS5950 Part 1: 2000, ENV (1993-1-3) EC 3, 
and Chung et al. (2003), were compared and important conclusions were drawn. Overall, it 
was seen that a significant percentage of contribution of the flange was considered in the 
shear capacity especially when the deep web openings and/or thick flanges existed. 

Furthermore, the shear resistance for perforated beams with isolated web openings of 
various shapes and sizes was investigated with the use of shear-moment interaction curves. 
Figure 3.26 presents the results for all specimens and then design formulas were developed 
evaluating the ̀ coupled' shear capacities. 

7.4.4 Vierendeel bending (Clause N 3.3.3.2.3) 

The method in SCI P-100 is used in which shear and axial forces are resolved around the 
web opening, and the Vierendeel moment is calculated at all angles, V. The critical angle is 
usually 20° to 30° from the vertical. 

In BS 5950: Partl Clause 4.2.6, the interaction between axial forces (or bending moment) 
and shear in the webs of beams is based on a linear reduction of axial or bending capacity 
for shear forces. This interaction may be taken into account by modifying the web 
thickness depending on the shear force resisted by the web. 

Thesis: 

The same methodology with SCI P-100 was used while critical angles were presented for 

standard and non-standard web opening shapes in Table 3.10 and Figure 3.36 and 3.37. 
The angles, (pp, were the positions of the initial plastic hinges in the vicinity of the web 
opening and LMS, when high shear forces were applied. Another notification was given 
when the web openings were positioned under high shear and moment ratios. In general, 
the angles, (pp, were bigger when the web openings were close to the support and decreased 

when these were moved closer to the mid-span. The distance between the two plastic 
hinges at LMS and HMS of the top tee-section when high shear forces were considered, 
was the critical opening length, c. No consideration was provided for the position of the 
plastic hinges at USFBs, as the Vierendeel bending resistance was significantly increased. 

7.4.5 Web-post buckling (Clause N 3.3.3) 

The same web-post buckling formulas as in Sc! P-100 are used in this clause, except that 
the following additional limits are introduced: 

" Depth of web openings < 60twe 
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" Bending resistance of web <_ 0.6Met, Rd 
" Geometric limits as for dimensions of web openings above 

The limit 0.6Mel, Rd was arbitrary, and it was also not clear, what its source was. 

Thesis: 

The depth of the web openings studied was 70% of the overall beam's depth, based on a 
preliminary FE study conducted, ensuring that web-post buckling was more critical than 
Vierendeel-shear failure when circular web openings were regularly spaced. No limit was 
placed on the elastic bending resistance. Therefore, in Chapter 5a similar methodology 
with SCI P-100 was followed, however this was an extended study covering standard and 
novel non-standard web openings, with very narrow to wider web-posts, while the web 
thickness was changed from very low to high values. Design formulas were proposed for 

six different web opening shapes while the spacing of the web openings and the web 
thickness varies, complying with web-post buckling and the limiting shear force in the top 
tee-sections resulting from Vierendeel bending as well as non-linear FE evaluations. 

7.2.6 Web-post shear (Clause N 3.3.3) 

The shear area is based on the web-post. Its shear strength is f//. In BS5950 Part 
1: 2000, the shear area of an un-stiffened plate is reduced by 10% for cellular beams (i. e. 
shear area of 0.9A,, ). This is adopted for the web-post to account for the non-uniform 
distribution of elastic shear stresses in the web-post. EC3 does not require a 10% reduction, 
but this conservatism is reasonable because of the possible effects of incomplete welding 
(if applied) close to the edge of the web opening. 

For different steel grades of the top and bottom tee-sections, the horizontal shear resistance 
is checked separately for each web at their connection (i. e. the minimum multiple of t, fy 
will control). The horizontal shear resistance is determined using similar rules to the 
vertical shear resistance. 

Thesis: 

The shear area was reduced according to the web opening shape in order to take account of 
interactions between shear and in-plane stresses (Table 5.38). The in-plane moment acting 
on the web-post was calculated explicitly, depending on the equilibrium of the top and 
bottom tee-sections. 

The shear strength of the web-post calculating the horizontal shear stress, Oh. ', was taken as 

either fy/V-3, by using the vertical shear force obtained from FE analysis at failure, or by 

using the vertical shear force obtained from the new design model. The results showed 
some underestimation and overestimation against the nominal shear strength of the web- 
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post as discussed in Chapter 5. The horizontal shear stress, oy, from ANSYS at the 
narrowest point of the web-post was also presented for comparison. 

7.4.7 Dimensions of elongated or rectangular web openings (Clause N 2.1.1) 

" Maximum size of web openings 0.75h4, 

" Maximum depth of tee below flange 0.1h,, 

" Maximum length of web opening " 3.0d0 

" Maximum eccentricity (above centre-line) 0.125h,, 

Thesis: 

The requirements for elongated web openings were taken as the same as for circular web 
openings given earlier, and generally in this research study were treated similarly. 

" Maximum size of web openings 0.8h 

" Maximum depth of tee below flange 0.1 h 

" Maximum length of web opening 3.0d0 

7.4.8 Stiffening of web openings (Clause N 1.6(9)) 

To prevent the possibility of the compression flange buckling of un-stiffened top tee- 
sections, this clause required the proportion of the tee-section to satisfy a formula given in 
this clause, as a function of the length of the web opening. At points of support and 
concentrated load, the effects of bearing and buckling should be considered. Guidance on 
web bearing and stiffener design is given in Section 4.5 of BS 5950: Part 1. 

Thesis: 

Such provision was not considered in this thesis. Hence, highly distorted top tee-sections 
were obtained from the FE study on perforated beams for instance when elongated web 
openings. 

7.4.9 Anchorage length of stiffeners (Clause N 2.1.5(7)) 

The anchorage length of the stiffener for elongated web openings is taken as not less than: 

" Web opening width /4 

" Tensile resistance of stiffener / strength of fillet per unit length 

9 Shear resistance of web 

Thesis: 

Such provision was not considered in this thesis. 

332 



Chapter 7 Conclusions - Design Guidance - Future Work 

7.6 LIST OF PAPERS AND TECHNICAL REPORTS FROM THESIS 

Some of the publications produced from this research programme are listed as follows with 
chronological order: 

Tsavdaridis, K. D. and D'Mello, C. (2010) Experimental and Finite Element Investigation 
on the Vierendeel Bending of Perforated Steel Beams with Various Novel Shapes and Sizes 
of Web Openings. Will be submitted to the Journal of Constructional Steel Research, 
Submitted to the Journal of Constructional Steel Research, In review from editors 

Yu Huo, B., D'Mello, C. and Tsavdaridis, K. D. (2010) Experimental study and finite 
element analysis of innovative shear connectors of Ultra Shallow Floor Beam. Submitted to 
the 34th IABSE Symposium, (Venice Italy September 22-24,2010) IABSE Press, Venice, 
Italy 

Tsavdaridis, K. D. and D'Mello, C. (2010) Web-Post Buckling Study Investigating the 
Behaviour and Strength of Perforated Steel Beams with Various Web Opening Shapes. 
Submitted to the Journal of Structural Engineering - ASCE, In review from editors 

Tsavdaridis, K. D. and D'Mello, C. (2009) Finite element investigation of perforated steel 
beams with different web opening configurations. 6th International Conference on 
Advances in Steel Structures (Hong Kong China December 16-18,2009) 
ICASS'09/IJSSD/IStructE Asia-Pacific Forum, Hong Kong, China, pp. 213-220 

Steel Construction Institute (SCI). (2009) Methodology for design of USFB beams with 
large openings. Proposed model for USFB. Pre-publication draft with incorporation of the 
tests conducted in this thesis, 25070 

Tsavdaridis, K. D., D'Mello, C. and Yu Huo, B. (2009) Computational study modelling the 
experimental work conducted on the shear capacity of perforated concrete-steel Ultra 
Shallow Floor Beams (USFB). 16d' Concrete Conference (Paphos Cyprus October 21-23, 
2009) Conference Press, Paphos, Cyprus, pp. 159 

Tsavdaridis, K. D., D'Mello, C. and Hawes, M. (2009) Experimental study of ultra shallow 
floor beams with perforated steel sections. 11th Nordic Steel Construction Conference 
(Malmö Sweden September 2-4,2009) NSCC2009 Press, Malmö, Sweden, pp. 312-319 

Tsavdaridis, K. D. (2008) Optimization of web opening shapes in steel perforated beams by 
using FE analyses, Technical Report Submitted to Westok ltd., Part of the ASD metal 
services group 

Tsavdaridis, K. D. (2008) Innovative web opening configurations for perforated steel 
sections; studied under high Vierendeel bending, Technical Report Submitted to Westok 
ltd., Part of the ASD metal services group 

333 



Chapter 7 Conclusions - Design Guidance - Future Work 

Tsavdaridis, K. D. (2010) Failure modes of composite and non-composite perforated beams 
sections with various shapes and sizes of web openings", 1s` Year Report Thesis 
(supervised by Dr. C. D'Mello), School of Engineering and Mathematical Sciences, City 
University, London 

Tsavdaridis, K. D. (2007) Innovative construction for long spans; Perforated steel sections - 
Pre-formed web openings, Technical Report Submitted to Westok ltd., Part of the ASD 
metal services group 

7.7 SUGGESTIONS FOR FUTURE RESEARCH WORK 

The current research work has contributed to the understanding of the behaviour of non- 
composite perforated beams with various web opening shapes and sizes as well as partially 
encased perforated beams with concrete in-fill. New developments were introduced and 
design procedures were recommended. However, a number of interesting issues were not 
examined; several topics have been opened for investigation while some proposals require 
further validation. Furthermore, several suggestions are given: 

" Selected novel elliptical web openings can be explored in more depth as they behave 
positively. Hence, a formula that associates the parameters THETA and R, with the 
stresses and the load carrying capacities is necessary, in order to make practical this 
innovation. 

" Also, the position (i. e. angle) of the plastic hinges and their movement with different 
shear-moment interactions can be evaluated and explained by a formula. This can be 
used to predict the regions of high stresses in the steel and possibly enhance them. 

" Wide investigation on numerous web opening shapes should be conducted as they have 
been found to be practical especially in aeronautical, mechanical and ship building 
engineering. The parameters defining these shapes can be optimized. Sophisticated 
formulas can be given, providing a balance between the cost and the performance of 
such perforated beams with the best application in the structures. 

" Regarding the web-post buckling study, more web opening sizes should be analysed 
similar to the Vierendeel bending study, in order to determine the boundaries of change 
between two different failure modes mainly due to stress mobilization. 

" Different materials other than steel could be reconsidered, exploring the effects of such 
beams. It is understood that this study could be applied not only to civil engineering but 
other research areas as well. Hence, the material strength is an important parameter-and 
the results can be conclusive. 

" Mid-range I-section sizes were investigated as the studied perforated beams will be 
used for normal buildings. There is an interest on examining numerous I-sections sizes 
and quantifying the results. Therefore, the safety factors could be eliminated saving 
material costs. Therefore, experimental work as well as FE numerical investigation 
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should be carried out to cover the wide range of perforated beams subjected under 
Vierendeel bending and web-post buckling forces. 

" Highly asymmetric I-sections were widely applied for various engineering structures. 
Past research studies have opted to neglect them or assume simple representations that 
were not adequately calibrated. Also, non-centred web openings have not been 
examined in the past. This was due to the complexity of the models and the numerous 
factors that influence the results. Numerous experimental and FE studies could arise by 
inserting these factors to this research. 

" In a more advanced investigation, the web-post buckling study could be conducted 
while a combination of web openings could be considered. This behaviour is totally 
unpredictable by physical means or by any empirical formulas established up to date. 

" Generally, extensive experimental work should be conducted on the perforated beams 
with novel web opening shapes, while beams will be tested under different loading 
conditions and support conditions. Testing is very important, especially for such novel 
developments. 

" Ideally, the introduction of the fillets could also be treated as a `crack' to the typical 
circular web openings, which perhaps was created after re-welding of the top and 
bottom tee-sections. These cracks could cause catastrophic results following a cyclic 
loading especially when the beams are used in applications such as bridges where 
fatigue is a dominant factor. Hence, a more advanced study is required, to investigate 
this uncertainty. 

" The contribution of the web to column flange double angle connection usually utilised 
for perforated beams needs to be examined to determine the actual contribution to 
torsional and lateral rigidity. The depth of the connection should also be varied to 
investigate the effect on beam stability. 

" The contributions of other connections, such as single plate connections or bottom 
flange bearing connections, should be investigated to determine what contribution, if 
any, they have on the stability of perforated beams. 

" It would also be interesting to investigate the load carrying capacities of USFBs with 
different beam arrangements (i. e. span, number and position of web openings, some 
web openings filled with concrete and some not, etc. ). In addition, the web opening 
shapes could be changed to monitor the longitudinal shear strength of the new proposed 
system consisting of the bond strength between the steel and the concrete as well as the 
bearing strength of the new web opening area. 

" The effect of various types of mechanical shear connectors (i. e. steel reinforcement tie- 
bars, shear studs on the web, ducting, etc. ) in USFBs is also of interest as such a 
research programme is taking place at City University at the time of this research 
programme. 

" The manufacturing procedures of perforated beams with various web openings should 
be thoroughly investigated, especially when novel web opening shapes are utilised. An 
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economic impact as well as a better product in terms of performance could be the 
outcome of this study. Information regarding the laser-cut and the welding line should 
also be given. The length and depth of the beams could be optimized provided that the 
web opening spacing and the weight of the beams are as required, while the capacity of 
the beam is not reduced. 

Finally, the control of the serviceability limit state in structures with perforated beams is 
not well defined so far and only a few different representations of this have been adopted in 
past research studies based on theoretical approaches (i. e. elastic stiffness of the tee- 
sections due to the web opening existence on non-composite steel beams). 

In the absence of field data and adequate existing experimental data, the above future 
objectives can be met through a series of experimental tests involving composite and non- 
composite perforated beams of various geometrical and material models. In addition, global 
and local FE parametric studies are necessary for visualization and understanding of the 
results as well as to increase the number of examined beam models in saving time and cost. 
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