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ABSTRACT

In the recent past, a new breed of stainless steel called Lean Duplex Stainless Steel
(LDSS / LDX 2101 / EN 1.4162 / UNS 32101) has been introduced for the
construction industry. LDSS offers significant advantages such as better economy
(nickel content = ~1.5% i.e. much lower in comparison to austenitic stainless stedl),
improved strength, high temperature properties, acceptable weldability and fracture
toughness properties etc. It is worthwhile to note that LDSS has aready been
incorporated in EN 1993-1-4 (2006) via a recent amendment (A1:2015). In the light
of expanding the understanding of the structural performance of LDSS sections or
members, an investigation is initiated in this thesis, on the parametric study of
LDSS hollow beam (or box girder). Such study, is believed to aid in augmenting the
confidence of practising engineers and architectsin using LDSS structural €lements.

Thus, in this thesis, a systematic investigation of the effect of cross sectional
parameters such as flange thickness (t;), flange width (ws), and shear span (a) on the
shear behaviour viz., shear capacity and failure mechanisms, of LDSS rectangular
hollow beams (box girders) is presented, using finite element (FE) analysis. On the
basis of the understanding gained from the FE analyses, presented herein,
appropriateness of the design rules of EN 1993-1-4 (2006/A1:2015) and Direct
Strength Method (DSM) are assessed. Based on the comparison, possible
modifications to both EN 1993-1-4 (2006/A1:2015) and DSM have been suggested
by bifurcating into two span ratios. 1) a’h, < 1.0 and 2) 1 < a/h,, < 2.0.
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Abstract

The FE study is then extended to investigate the effect of single circular web
perforation in the shear characteristic of LDSS rectangular hollow beams. Primarily,
the effect of single perforation size / diameter and locations (along longitudinal,
transverse, and diagonals) are assessed with afocus on the shear capacity, deformed
shapes (or failure modes) etc. Further, following the method proposed by Hagen,
(2005), the proposed modification to EN 1993-1-4 (2006/A1:2015) (mentioned
above) for un perforated LDSS hollow beam has been further modified to
incorporate the effect of circular perforation, considering two span cases 1) a/hy, <
1.0and 2) 1< a/h, < 2.0.

Further, the study on perforated LDSS hollow beam has been extended to determine
the shear behaviour of stiffened single perforated LDSS rectangular hollow beam,
considering various orientations / patterns viz, inclined (1S), vertica (VS),
horizontal (HS) and ring (RS); and cross-sectionsi.e. flat, angular and semi-circular.
Based on the study, it has been found that inclined stiffener (with flat cross-section)
isrelatively most effective in enhancing the shear capacity of perforated beams.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

For along time, steel constructions have been akin to the structural uses of carbon
stedl, essentially due to its numerous advantages such as low cost, easy availability,
long experience, established design rules, different strength grades etc. However, a
major disadvantage of carbon steel in the construction industry is its relatively low
corrosion resistance. On the other hand, stainless steel has significant appealing
structural behaviour such as good corrosion resistance, higher strength to weight
ratio, low maintenance cost, high ductility, impact resistance, greater durability, fire
resistance, recyclability (as a result of residual aloying elements) etc. (Gardner,
2005; Kiymaz, 2005; Zhou and Y oung, 2005; Gardner €t. al., 2006; Ashraf et. al.,
2006a) in addition to its aesthetically pleasing good finish. Hence, in the recent past,
an increase in the use of stainless steel in the construction industry can be observed,
more specifically in exposed architectural applications and where total life
economics, durability, improved resistance to aggressive environment etc. are prime
deciding criteria. Examples of the application of stainless steel in construction are

shown in Figures 1.1-1.5. Using a whole-life costing method, it has been shown that
1
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stainless steel offers a very attractive option in relation to comparable carbon steel
sections (e.g. Gardner, 2005; Gardner et. al., 2007; Gardner, 2008). In genera,
austenitic variety of stainless steel is used widely in the construction industry.
However, owing to a relatively higher initia cost of austenitic stainless stedl i.e. ~
3-5 times that of the carbon steel, compounded by the need of comparatively
speciaist knowledge of its behaviour, the utilisation of stainless steel for
construction industry remains bounded (e.g. Mann, 1993; Gardner, 2005; Ashraf et.
al., 2006a; Theofanous and Gardner, 2010; Saliba and Gardner, 2013a; Estrada et.
al., 2007a). One of the primary constituents of stainless stedl that prescribes this
higher cost is the nickel content (~8-10% by mass for austenitic stainless steel).
However, with the advancement of stainless steel metallurgy, it has now become
viable to reduce the cost, with the introduction of a new breed of stainless steel
called Lean Duplex Stainless Steel, LDSS (LDX 2101/ EN 1.4162 / UNS 32101).
LDSS offers significant advantages such as better economy (nickel content = ~1.5%
i.e. much lower in comparison to austenitic stainless steel), improved strength, high
temperature properties (Gardner et. al., 2010), acceptable weldability (Nilsson et.
al., 2008) and fracture toughness properties etc. (e.g. Theofanous and Gardner,
2010, Saliba and Gardner, 2013a). As such, lately, a boost in the research interest
on the structural behaviour of LDSS (I-, rectangular, circular sections etc.) has been
seen manly from Gardner, Young and their collaborators (e.g. Theofanous and
Gardner, 2010; Saliba and Gardner, 2013; Huang and Y oung, 2013, 20144a). Studies
on LDSS non rectangular columns (e.g. Patton and Singh, 2012), beams (e.g.
Huang and Y oung, 2013), beam-column (e.g. Huang and Y oung, 2014b), perforated
column (e.g. Umbarkar et. al., 2013), etc. have aso been reported in the literature.
Examples of the application of LDSS structural members in the construction of
bridges are shown in Figure 1.6-1.9. It is worthwhile to note that, LDSS has already
been incorporated in EN 1993-1-4 (2006) via a recent amendment (A1:2015) (i.e.
EN 1993-1-4 (2006/A1:2015)), and hence, it is expected to augment visibility of
using LDSS structural elements by practising engineers and architects.
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In the light of expanding the understanding of the structural performance of LDSS
sections or members, an investigation is initiated in this thesis, on the parametric
study of hollow LDSS beam (or box girder). Hollow beams have wide range of
applications in the construction industry, such as in buildings, bridges, oil refineries
etc. Figures 1.10-1.15 presents some application of hollow sections for civil
engineering constructions. It is noteworthy to mention that hollow members have
structural advantages over open sections due to their closed cross-sectional profile
(e.g. improved torsional resistance), in addition to the benefit of aesthetic
appearance. However, to the best of author’s knowledge limited studies (e.g.
Gardner et. al., (2008) reported on the shear behavior of eliptical hollow steel
beam) are available on the shear capacity of hollow/closed sted beams, although
traditionally, open sections (e.g. |- and channel sections) are primarily used to
support shear loads (e.g. Hoglund, 1997; Narayanan et. al., 1989; Luo and Edlund,
1996; Herzog, 1992; Real et. al., 2007; Alinia et. al., 2009; Hassanein, 2011; Pham
and Hancock, 2010).

Additionally, under constrained space e.g. shallow floor height or head room, it may
become necessary or an option to provide perforation (or opening or cut outs)
through beam webs to route building services ducts for water, air conditioning,
heating, ventilations, process pipes, electrica and instrumentation cables, to
accommodate secondary constructional elements like ceiling systems etc.; for
inspection, repair and maintenance work; to improve the strength/weight ratio
without significantly affecting the strength and serviceability considerations; and to
reduce the stress transfer to beam-column joint (e.g. Hagen et. al., 2009; Feng and
Young, 2015; Lagaros et. al., 2008). Some examples of beams with circular /
rectangular perforations are shown in Figure 1.16-1.18. Sometimes (multiple or
repeated patterns e.g. castellated beams, cellular beams) perforations are also
provided for aesthetic reasons and economising materias (e.g. Pellegrino et. al.,
2009). Such perforations in the structural beams, can influence the membrane/plate

stress redistribution in the webs, and can have adverse effect on the structural
3
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performance e.g. elastic stiffness, ultimate load capacity, ultimate load deformation;
depending on the location, size and shapes of the perforations (Feng and Y oung,
2015; Ridley-Ellis, 2000).

Further, in order to enhance or compensate the reduction in the shear/load capacity,
several types of stiffeners (e.g. ring, horizontal, transverse, sleeves, doubler plate
stiffeners) around the perforations were employed to augment load (shear,
compression etc.) capacity of webs/plates perforated with circular / rectangular
holes (see e.g. Narayanan and Der Avanessian, 1984b; Pavlovcic et. al., 2007,
Cheng and Li, 2012; Keerthan and Mahendran, 2013; Hagen et. al., 2009; Kim et.
al., 2015). It may be noted that such studies were mainly reported for open sections
e.g. plates, I-sections etc. Figures 1.17 and 1.18 show some examples of the
application of stiffeners (e.g. horizontal and vertical stiffeners) around web

perforations.

1.2 OBJECTIVES

The research of Gardener and co-workers (e.g. Theophanous and Gardener, 2010;
Saliba and Gardner, 2013a) on the structural behaviour of LDSS beam is extended
in this thesis. More specifically, the present thesis ams at estimation of shear
behaviour of LDSS hollow rectangular beams viz., unperforated, perforated and
stiffened perforated beams, considering finite element analyses (FE) approach.
Further, the study seek to propose improve design rules/expressions, wherever

applicable. The following principal objectives are then identified.

1. To investigate the effect of cross sectional parameters such as flange
thickness, flange width, and shear span on the shear behaviour viz., shear
capacity and deformed shapes, of LDSS rectangular hollow beams using
finite element (FE) analysis.
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2. To assess the effect of single circular web perforation in the shear behaviour
of LDSS rectangular hollow beams, considering variation in parameters
such as perforation size / diameter and location (along longitudinal,

transverse, and diagonals) etc.

3. To study the shear behaviour of dtiffened single perforated LDSS
rectangular hollow beam, considering various orientations / patterns such as
vertical, horizontal, diagonal / inclined and ring; and cross-sections i.e. flat,

angular and semi-circular.

1.3THESISOUTLINE

The content of the thesisis divided into six chapters.

Brief background of the current work is introduced in Chapter 1, focussing on the
relatively new and promising material ‘LDSS’, hollow steel sections, perforations

on beam webs, and stiffeners around perforations of perforated beam webs.

In Chapter 2, literature review pertaining to the present research work is presented.
The literature review has been sub-grouped into topics such as steel beams, web
opening in steel beams, opening stiffeners, LDSS structural members, and stainless
steedl design standard (EN 1993-1-4, 2006/A1:2015) and design method (Direct
Strength Method or DSM). In addition, literature related to FE modelling of steel

membersis also presented.

Chapter 3 presents a finite element study on the shear behaviour of LDSS
rectangular hollow beam under three point loading. Validation of the FE modelling
procedures adopted in this work, aong with a parametric investigation on hollow
rectangular LDSS tubular beams are shown, considering variation of cross-sectional
parameters like flange thickness, web thickness, flange width, and shear span.

5
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Appropriateness of the design rules of EN 1993-1-4 (2006/A1:2015) and Direct
Strength Method (DSM) are assessed, for the shear design of LDSS rectangular
hollow beams, and new modified design expressions/curves are proposed.

In Chapter 4, the earlier FE study (see Chapter 3) is extended to investigate the
effect of single circular perforation in the shear behavior of LDSS rectangular
hollow beams. Primarily, the effect of single perforation size / diameter and
locations (along longitudinal, transverse, and diagonals) are assessed with a focus
on the shear capacity, deformed shapes (or failure modes) etc.

Additional FE modelling details such as geometry and mesh pattern / refinement for
the stiffeners adopted in the study are also presented in Chapter 5. The effect of
various parameters of the stiffeners e.g. cross-sectional shapes (FC, AC, and SC)
and dimensions on the shear behaviour of single circular perforated short span

LDSS rectangular hollow beam is investigated.

Chapter 6 presents the main conclusions drawn from the present study on LDSS

hollow beams, and possible future work that can be extended.

At the end of the thesis supplementary appendices are included. Design sample of
hollow rectangular LDSS beam is shown in Appendix A. In Appendix B, sample

design calculation for perforated LDSS rectangular hollow beam is presented.
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(www.szs.ch) Bridge, Padua (www.szs.ch)
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Figure 1.18: Honzontal and vertical stiffeners for rectangular opening in webs of
tapered steel girder (SCI 2011)

10

TH-1910_11610407



CHAPTER 2

LITERATURE REVIEW

21INTRODUCTION

A literature review on the previous research on steel beams (of both open and
closed sections) with and without perforations (or cut-out or opening) under the
action of shear loading is presented in this chapter. In addition, shear studies on
perforated steel beams, with stiffeners around the perforation are also mentioned.
Thisisfollowed by a brief summary on the investigations on Lean Duplex Stainless
Steel (LDSS) members and design considerations for shear (e.g. Eurocode, Direct
Strength Method, Continuous Strength Method (e.g. Afshan and Gardner, 2013;
Theofanous et. al., 2014; Ahmed et. al., 2016). Further, a short review on the state-
of-art finite element (FE) modelling of thin walled LDSS members is presented
with particular focus on material modeling, geometric imperfections, FE el ement
etc. is highlighted. At the end, a summary of the literature review is presented,

underling the necessity of the present direction.

11
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2.2STEEL BEAMS

In the steel construction industry, uses of both open (e.g. |-, C- Lipped) and closed
(e.g. square, circular, rectangular) section beams are found, although traditionally,
many were of the open types (e.g. Hoglund, 1997; Lee et. al., 2003; Rea and
Mirambell, 2005; Alinia et. al., 2009; Hassanein, 2010). In the past decades, with
the development and understanding of both hot rolling and cold forming processes,
the market availability of closed sections has increased many-fold. These closed or
hollow or tubular steel sections are particularly known to provide good torsiond
rigidity and generally accepted to have better aesthetic appearance in relation to the
open sections. In addition, hollow sections can aso serve as carriage for electrical
wires, service pipes, etc. Hence, awide spread increase in the use of hollow sections
has been observed in buildings, bridges, oil refineries etc. (e.g. D’Aniello et. al.,
2014; D’Anidlo et. al., 2015; Theofanous et. al., 2009; Theofanous and Gardner,
2010; Huang and Y oung, 2013; Zheng et. al., 2016; Maet. al., 2016).

As aresult, significant research efforts have been directed towards understanding of
the structural behavior of hollow / tubular steel beams, in the literature. For
example, numerous studies have been reported on bending behavior steel tubular
members with a) circular sections (e.g. Korol, 1979; Reddy, 1979; Gellin, 1979;
Rasmussen and Hancock, 1993; Al-Shawi, 2001; Chryssanthopoulos and Low,
2001; Elchalakani et. al., 2002; Jiao and Zhao, 2004; Ayhan et. al., 2012), b)
rectangular sections (e.g. Zhao and Hancock, 1992; Pi and Trahair, 1995;
Rasmussen, 2000; Mirambell and Real, 2000; Zhou and Y oung, 2005; Gardner and
Nethercot, 2004b; Young and Lui, 2005; Zhou and Young, 2005; Gardner €t. al.,
2006; Afshan and Gardner, 2013a; Huang and Y oung, 2013; Zhao et. al., 2015a), )
sguare sections (e.g. Zhao and Hancock, 1992; Rasmussen and Hancock, 1993;
Corona and Vaze, 1996; Rasmussen, 2000; Mirambell and Real, 2000; Gardner and
Nethercot, 2004c; Zhou and Y oung, 2005; Afshan and Gardner, 2013; Huang and

Young, 2013; Theofanous and Gardner, 2010) and elliptical cross-section (e.g.
12
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Chan and Gardner, 2008). However, limited investigation(s) have been available in
the literature on the shear characteristics of steel tubular members (e.g. Ridley-Ellis,
2000; Gardner et. al., 2008). In the following, i.e. Section 2.3, literature review on
steel beams subjected to shear loading is presented. Section 2.3 is further sub-
divided into three sub-sections i.e. Sections 2.3.1-2.3.3 dealing with unperforated
(or solid), perforated and perforated beams with stiffeners around the perforations,
respectively. As mentioned above, since the study on shear behaviour on tubular or
hollow steel members is limited, the steel beams (including open-sections) under

shear loading is broadly reviewed.

2.3 STEEL BEAMSUNDER SHEAR LOADING

2.3.1 Unperforated beams

As mentioned above, most literature on shear behaviour of steel beams are
associated with open sections (e.g. plate girders), e.g. Hoglund, 1997; Lee €t. al.,
2003; Real et. al., 2007; Aliniaet. al., 2009; Gheitas and Alinia, 2010; Hassanein,
2010; with very limited study on closed sections (e.g. Ridley-Ellis, 2000; Gardner
et. al., 2008). Hence, the initia part of the literature on unperfroated beams under

shear loading is presented for open sections, followed by studies on closed sections.

Lee and Y00 (1998) carried out afinite element analysis to study the shear behavior
of steel plate girders by considering beam parameters such as shear span, web
slenderness and flange thickness. It has been shown that shear capacity decreased
with increase in web slenderness and shear span, and shear capacity was not much
affected by the increase in flange thickness, however the elastic buckling strength
increased with increase in flange thickness. New design expressions have been
proposed to predict the shear capacity of steel girders.

13
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Lee and Yoo (1999) performed an experimental test to assess the shear behavior of
stedl plate girders by considering the beam parameters such as flange thickness and
shear span, following their earlier work (Lee and Yoo, 1998). It has been noticed
that shear capacity increased with increase in flange thickness and shear capacity
decreased with increase in shear span. Further, from the study, three types of failure
modes have been identified viz., @) flange failure mode (hinge formation at flange
and buckling of web occur smultaneously at mid span), b) combined bending and
shear failure mode (shear buckling at web and initiation of plastic hinge formation
near to mid span of beam) and c) shear failure mode (formation of shear buckling at
web and plastic hinge in compression flange at supports). Moreover, achangein the
failure mode from flange failure to combined bending and shear failure/shear failure
mode with increase in flange thickness, has been observed.

Olsson (2001) studied both experimental and numerical study in shear behavior of
stainless steel plate girders by varying the beam geometries such as flange thickness
and shear span. It has been found that the shear capacity is not much increased with
increase in flange thickness, and shear capacity decreased with increase in shear
gpan. It has been observed that the design curve of EN 1993-1-4 (1996)
underestimates the shear capacity of stocky web cross-sections. Hence, new range
of slenderness factor and shear buckling factor have been proposed for EN 1993-1-4
(1996), based on their study.

Red et. al., (2007) conducted both experimental and numerical studies on shear
behavior of steel plate girders. Three types of structural responses have been
observed: @) failure by shear buckling occurring prior to material non-linearity, for
dender sections, b) failure by non-linear material effect prior to shear buckling
(geometric non-linearity), for intermediate sections and 3) failure by complete
yielding of web (pure shear), for stocky sections. It has aso been reported that shear
capacity increased with decrease in web slenderness for the same flange thickness

14
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and decreased with increase in shear span. The shear capacity predicted using EN

1993-1-4 (1996) is conservative in comparison to experimental results.

Estrada et. al., (2007a) conducted both experimental and numerical studies on shear
behavior of stainless steel plate girders. Based on the study, it has been shown that
shear capacity predictions using design provision for stainless steel, EN 1993-1-4
(1996), which was based on simple post critical method was highly conservative
with respect to experimental results. Hence rotated stress field method was
employed (following EN 1993-1-5, 1997) for the prediction of shear capacity.

However, this method was also found to be conservative.

Estrada et. al., (2007b) extended their earlier research (Estrada et. al., 2007a) by
performing a numerical investigation on shear behavior of stainless steel plate
girders. Considering the results of the investigation, new design expressions have
been proposed based on curve fitting using the lower bound points by bifurcating
the spans into two ranges, a/h,, < 1.00 and a’h,, > 1.00 (where a and h,, are the shear
span and web height respectively).

Estrada et. al. (2008) conducted both experimental and numerical studies on shear
behavior of stainless steel plate girders by varying geometrical parameters such as
shear span and flange thickness. It has been observed that the shear buckling co-
efficient increased with increase in flange thickness up to a certain range (e.g. ti/ty =
7, where t; and t,, are the flange and web thicknesses respectively), however, it
showed no improvement (i.e. constant) for further increase of flange thickness, and
shear buckling co-efficient decreased with increase in shear span. The design rules
provided by EN 1993-1-4 (1996) has been found to be conservative as compared to
experimental results, hence new design expressions have been proposed based on
rotated stress field theory by dividing the range of shear span in to a’h,, < 1.00 and
a/h,, > 1.00.

15
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Alinia et. al., (2009) performed a numerical study on shear behavior of stedl plate
girders by examining the beam parameters such as web slenderness, shear span,
flange thickness and flange width. Based on the study, two failure modes have been
observed: a) shear failure mode as a result of the formation of plastic hinge in
compression flanges at supports (occurred in beams with thicker flanges), and b)
bending failure mode caused by the formation of hinge at midspan in compression
flange (occurred in beams with lower flange thickness). The predicted shear
capacity using EN 1993-1-5 (2003) has been found to underestimate when

compared to FE results.

Gheitas and Alinia (2010) conducted a numerical study on shear behavior of
stainless steel plates by varying plate slenderness. It has been observed that plates
can be classified as dender, stocky and moderate based on different failure modes
viz., shear buckling and shear yielding. It has been found that a) slender plates
deformed by elastic shear buckling initiated due to compressive principal stresses
occurring in diagonal direction, and tension band has been found to be capable of
carrying additional loads, b) stocky plates deformed due to shear yielding prior to
plate buckling, and c) moderate plates deformed due to shear buckling and material

yielding simultaneously.

Hassaanein and Kharoob (2010) investigated numerically the shear behavior of
tubular flange steel plate girders considering parameters such as, shear span and
flange depth. It has been observed that shear capacity decreased with increase shear
span and increased with increase in flange depth. Further, two key failure modes
have been observed: @) formation of plastic hinges at compression flange near to
support indicative of shear failure mode, and b) formation of hinge in maximum
moment (at midspan) showing bending failure mode. It has also been shown that the
predicted shear capacity based on EN 1993-1-5 (2007) is highly conservative with
the comparison to FE results. New design expressions have been proposed which
showed |ess scattered predictions of shear capacity.
16
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Hassanein (2010) performed a numerical study on shear behavior of austenitic
stainless steel plate girders by considering the beam parameters such as flange
width, web slenderness and flange thickness. It has been shown that shear capacity
increased with increase in flange width and flange thickness, decreased with
increase in web slenderness. Plastic hinges have been found to form in compression
flange at supports along with tension band in web, indicating shear failure mode.
Comparison of numerical results with shear capacity calculated based on EN 1993-
1-4 (2006) suggest that EN 1993-1-4 (2006) has been found to be more
conservative. Hence, a new design expression to compute shear capacity has been

put forward.

Hassanein (2011) conducted a numerical study on shear behavior of LDSS steel
plate girders considering variation in flange thickness and flange width. It has been
observed that beams with higher flange thickness failed by shear (formation of
hinge on flanges at support), while beams with lower flange thickness failed by
bending (formation of hinge at midspan). Moreover, it has also been shown that
shear capacity, deformation capacity and ductility increased with increase in flange
thickness and flange width. It has been shown that the predicted shear capacity
using EN 1993-1-4 (2006) is lesser conservative than EN 1993-1-5 (2007) when
compared to FE results. Further, based on the FE results, new design expressions
have been proposed.

Safar (2013) investigated shear behavior of steel plate girders by considering the
geometric parameters included web slenderness, shear span and flange thickness. It
has been shown that shear capacity decreased with increase in web slenderness and
shear span, increased with increase in flange thickness. Further, it has been shown
that shear capacity predictions based on AISC (2005) is observed to be highly
conservative in comparison to FE results; thus new shear capacity expressions have

been proposed.

17
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Saliba and Gardner (2013a) conducted both experimental and numerical studies on
shear behavior of LDSS steel plate girders by examining web slenderness, flange
thickness and shear span. It has been found that shear capacity increased with
decrease in web slenderness and increase in flange thickness;, and shear capacity
decreased with increase in shear span. Based on the study, three failures modes
have been observed: a) shear, b) bending, and c) combined shear and bending
modes. These failure modes observations have been found to co-relate well with
those suggested by shear-moment interaction diagram (EN 1993-1-4 (2006). It has
also been found that predictions made by EN 1993-1-4 (2006) is applicable for
LDSS members.

Saliba et. al., (2014) compared the experimental data from Saliba and Gardner
(2013a), Estrada et. al., (2007a), Readl et. al., (2007) and Olsson (2001) with those
predicted by EN 1993-1-4 (2006) and EN 1993-1-5 (2006); and found that
predictions made by EN 1993-1-4 (2006) is conservative as compared to EN 1993-
1-5 (2006). Hence, new design expressions have been proposed to predict the shear
capacity. These designs curves are now incorporated in the latest amendment to EN
1993-1-4 (2006) i.e. EN 1993-1-4, 2006/A1:2015.

Kwon and Ryu (2016) performed experimental and numerical studies on shear
behavior of steel plate girders. Based on the study, new DSM expressions have been
proposed to predict the shear capacity. It has been found that the new DSM
expressions resulted in improving the reliability of shear capacity predictions as
compared to those of EN 1993-1-5 (2006).

Gardner et. al., (2008) conducted both experimental and numerical studies on
éliptical hollow sections (i.e. closed section) subjected to three point bending load
by varying section slenderness and shear span. It has been shown that shear capacity

decreased with increase in section slenderness and shear span. It has been observed

18

TH-1910_11610407



Chapter 2 — Literature Review

that the slenderness limit of hollow cylinders taken from EN 1993-1-6 (2007) is

conservative and can be safely applied to eliptical hollow sections.

2.3.2 Perforated beams

Perforations can be provided as an option in beams when the floor head room is
restricted and it becomes necessary to accommodate services like pipe line for
water, electricity, air conditioning, access for inspection and maintenance.
Sometimes perforations are also provided in beams for aesthetic reasons and
optimizing strength/weight ratio (Hoglund, 1971; Shanmugam, 1997). Applications
of such perforated beams (especially the webs) can be found at large span industrial
structures, oil refineries, offshore structures, highway bridges etc. (e.g. Sharkley and
Brown, 1996; Shanmugam et. al., 2002; Liu and Chung, 2003). Past studiesindicate
that providing perforations can significantly (depending the perforation size, shape
and location) reduce the original unperforated capacity (e.g. Uenoya and Redwood,
1977; Maiorana et. al., 2009). Brief literature review of perforated plates, open and

closed section steel beams under shear loading are presented in the following
paragraphs.

Hoglund (1971) conducted an experimental study to determine the shear behavior
of circular perforated steel plate girders by varying opening size and web
senderness. It has been reported that shear capacity decreased with increase in
opening size and web slenderness. The variation of shear capacity of the perforated
beam was found to be directly proportional to percentage of opening size with

respect to the web height.

Narayanan and Rockey (1981) conducted an experimental study to assess shear
behavior of steel plate girders with centrally located circular web perforations by
varying opening size and flange thickness. It has been reported that shear capacity

19
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decreased with increase in opening size and increased with increase in flange

thickness.

Narayanan and Der-Avanessian (1984a) conducted an experimental study in shear
behavior of steel plate girders with circular web perforations by considering
different opening sizes and opening location at corner of compression diagonal. It
has been shown that shear capacity decreased with increase in opening size. In
addition, it has also been observed that the reduction in shear capacity is lesser for
opening location at compression diagonal compared to opening at center of the web.

Narayanan and Der-Avanessian (1984b) performed an analytical study to
investigate shear behavior of central circular perforations in steel plates by varying
the opening size, variation of location of opening along tension and compression
diagonals. It has been shown that critical shear stress coefficient decreased with
increase in opening size, increased for opening location moving along compression
diagona from the center of plate towards corner, and decreased for opening

location along tension band away from the center of plate.

Roberts and Azizian (1984) carried out an anaytical study on shear behavior of
plates with circular perforations located at center of plate. It has been observed that
shear buckling load decreased with increase in opening size and decreased with

increase in web slenderness.

Ridley-Ellis (2000) conducted experimental and numerical studies to estimate shear
behavior of perforated rectangular hollow beams by varying the dimension of
circular web perforation. It has been shown that shear capacity and ductility
decreased with increase in the size of web opening. Further, design expressions
have been put forward to compute the shear capacity of perforated beams.

20
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Shanmugam et. al., (2002) performed a numerical study on anayze the shear
behavior of steel plate girders with centrally located circular perforation by varying
the flange and web thicknesses. It has been observed that shear capacity is sightly
decreased with increase in web slenderness, however the increase in flange

thickness is found to have little influence.

Paik (2007) conducted a numerical study in shear strength of circular perforated
steel plates by varying the perforation size, plate slenderness and aspect ratio of
plate. It has been observed that shear strength decreased with increase in opening
size, decreased with increase in aspect ratio of plate and shear strength is not much

affected by the increase in web slenderness.

Pellegrino et. al. (2009) conducted a numerical study on shear strength of circular
perforated plates, considering variation in opening sizes and opening locations, and
plate slenderness. It has been shown that shear buckling coefficient decreased with
increase in opening size and it is not much affected by the change in opening
locations. Also, it has been reported that critical shear stress decreased with increase
in plate slenderness.

Hagen et. al., (2009) conducted a numerical study on shear behavior of perforated
cantilever steel plate girders by varying perforation sizes and web slenderness. It
has been observed that shear capacity decreased with increase in opening size and
increase in web slenderness for particular opening size. Design procedures based on
EC 1993-1-5 (2006) have been proposed to estimate shear capacity of perforated
stedl plate girders by approximating the reduction in capacity to be directly
proportional to percentage of opening size with respect to web height.

Hassanein (2014) performed a numerical study on the effects of square perforations
in steel plate girders by varying perforation sizes, web thickness and flange

thickness. It has been found that shear capacity decreased with increase in opening
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size and web slenderness, and increased with increase in flange thickness. Further,
the failure mode of the perforated beam has been reported to be consisting of shear
buckling deformation in the web aong with the formation of plastic hinge near the
supports at compression flange. Based on the numerical study, design expressions

have been proposed to determine the shear capacity of perforated sections.

El-Khoriby et. al., (2016) conducted a numerical study on shear behavior of hollow
flange steel plate girders with square perforation on the web, by considering varied
perforation size, location of perforation (along tension and compression diagonal)
and web slenderness. It has been shown that shear capacity decreased with increase
in opening size. Further, it has also been seen that reduction in shear capacity is
lesser for opening located at corners of compression band compared to opening
located along tension diagonal band; and shear capacity decreased with increase in

web slenderness.

2.3.3 Stiffened perforated beams

As mentioned in the previous section i.e. Section 2.3.2, from the literature review
(e.g. Narayanan and Der-Avanessian, 1984b; Ridley-Ellis, 2000; Hagen et. al.,
2009), it has been seen that, perforation (e.g. in the webs) can cause reduction in the
shear capacity of steel beams or plates. The amount of reduction in the shear
capacity is seen to depend on various parameters such as perforation size, shape,
location etc. In the literature, in order to enhance the shear capacity or compensate
the reduction in shear capacity due to such perforations, studies on using various
stiffeners (e.g. horizontal, vertical, inclined stiffeners etc.; see Figures 1.17-1.18)
around the perforations, have been reported. Literature on stiffened perforated

beams / plates under the action of shear loading are shown in the following

paragraphs.
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Narayanan and Der-Avanessian (1984b) conducted an analytical study on the effect
of ring stiffeners for circular openings in steel plate subjected to shear loading, by
varying stiffener thickness and width. It has been shown that critical shear stress
coefficient increased with increase in stiffener thickness; and flattened after a
certain limit with further increase of stiffener thickness. It is also observed that

critical shear stress coefficient increased with increase in stiffener width.

Hagen et. al., (2009) conducted a numerical study on shear behaviour of circular
perforated cantilever steel plate girders stiffened with ring stiffener. It has been
observed that ring stiffened perforated beams were able to attain the shear capacity
of unperforated beams for smaller openings; for the larger perforations, the shear

capacity improved considerably.

Cheng and Li (2012) performed a numerical study on the shear behavior of
perforated steel plates, stiffened (the perforation) with various types of stiffeners
such asring and straight stiffeners. Effects of variation in the orientation of straight
stiffeners e.g. horizontal , vertical, inclined have also been reported. It is shown that
buckling behavior of stiffened plate is similar to perforated plate. It has been found
that elastic buckling stress is effectively increased by inclined stiffeners located
along compression diagonal, whereas inclined stiffener located along compression
diagona and ring stiffener are seen to be effective stiffeners to increase the elasto-
plastic ultimate strength.

Hamoodi and Gabar (2013) carried out both experimental and numerical studies on
shear behavior of ring stiffened circular perforated steel plate girders by considering
thickness and width of stiffener as parameters. It has been shown that shear capacity
increased with increase in thickness and width. However, the increased shear
capacity (with increase in cross sectional area of the stiffener) has been found to be
lower than that of the unperforated steel plate girders.
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Keerthan and Mahendran (2013) conducted both experimental and numerical
studies on shear behavior of perforated LiteSteel beams stiffened with transverse
and deeve stiffeners. It has been shown that shear capacity is not significantly
changed from unstiffened perforated beam by increasing the thickness of transverse

and sleeve stiffeners.

2.4. DESIGN CONSIDERATIONS OF STAINLESS STEEL BEAMS UNDER
SHEAR LOADING

Shear design of stainless steel beams can be realized through various national
design codal provisions such as EN 1993-1-4 (2006), SEI/ASCE-8 (2002), ASINZS
4673 (2001) etc. In addition, the design methods such as Direct Strength Method
(e.g. Schafer, 2008) and Continuous Strength Method (e.g. Gardener and Nethercot,
2004a; Saliba, 2012) have also been demonstrated in the literature. Further, as most
studies on shear behaviour of plated structures are generally assessed with respect to
European design standards (i.e. EN 1993-1-4, 2006), the review is presented herein
isrelated only to EN 1993-1-4.

a) Shear design via EN 1993 Part 1-4

EN 1993 Part 1-4 (1996) was the first European code dealing with design
procedures for stainless steel structures. The design approach used for the
calculation of shear strength of stainless steel beam was Simple Post-Critical
method developed by Dubas (1980), based on Hoglund’s (1971, 1973) Rotated
Stress Field theory. The tests results available at that time of formulation were from
the work of Carvalho et. al. (1990). However, the predicted ultimate shear capacity
using Simple Post-Critical method was found to be extremely conservative. The
reason is attributed to the fact that post critical method based on Rotated stress field
theory did not consider the contribution of flanges in shear resistance of cross-
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section. Olsson (2001) conducted experiments in stainless stedl plate girders and
proposed new design expressions based on Hoglund’s Rotated stress field theory,
which took the contribution of flange and web in total shear capacity, but avoided
the type of end posts, i.e. rigid and non-rigid posts. The shear capacity prediction
using this method was observed to be more accurate than Simple Post-Critical
method in EN 1993-1-4 (1996). This method was adopted in the version, EN 1993-
1-4 (2006), which is harmonized to EN 1993-1-5 (2006) with modifications in the
design expressions (Estrada et. al., 2007a; Saliba et. al., 2014).

As mentioned previously, on comparison of the experimental results (see Saliba and
Gardner, 2013a; Estrada et. al., 2007a; Real et. al., 2007; Olsson, 2001) with those
predicted by EN 1993-1-4 (2006) and EN 1993-1-5 (2006), it has been observed
that both the codal predictions are found to be much conservative. Thus, further
improvement in the design expressions have been proposed by Salibaet. al., (2014).
The new design expressions form the basis of the recent amendment to EN 1993-1-
4 (2006) i.e. EN 1993-1-4 (2006/A1:2015), for stainless steel. The key differencein
the new amendment (EN 1993-1-4, 2006/A1:2015) for the shear capacity curve, is

) regimes into three regions (Hs%,

the splitting of slenderness factor (1,

w

065 <1,<065, I,>0.65), where h isthe shear area factor, instead of the usual two

h
regimes as depicted in EN 1993-1-4 (2006). The rationale behind the increased
number of divisions to primarily to smoothen up the design curve in intermediate

range (% <1, <0.65), where the design curve is inconsistent for I, >0.50in

EN 1993-1-4 (2006) (Salibaet. al., 2014).
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b) Direct Srength Method (DSM)

Direct strength method was put forward by Schafer and Pekoz (1998) and can be
related to the work of Hancock et. al (1994), with several improvements being
made by Schafer (2005, 2008). DSM has been extended to the studies of cold
formed steel column (Landesmann and Camotim, 2013), open sections (Camotim
et. al., 2008) and build-up sections (Georgieva et. al., 2012). This method is
incorporated in the annexes of design codes of cold formed steel members by NAS
in AlSI-S100-07 (2007) and Australian/New Zealand Cold formed steel structures
standard AS/NZS 4600 (2005) specifications. The expression of this method is an
explicit function of gross cross-sectional properties, elastic critical buckling stresses
for al relevant stability modes and yield strength (Theofanous and Gardner, 2011).
The advantages of DSM are its simplicity of design rules (no effective width is
required), no interactions are required, gross cross-sectional areas are used for
calculation of load capacity, incorporated the buckling behavior of whole cross-
section, effectively taking account of complex cross-sectional shapes, provide
ultimate strength based on yield stress (Kwon, 2014). However, DSM shows
uneconomical for stocky sections due to conservative nature. Earlier, the application
of DSM was to find the nominal axia strength of columns and flexural strengths of
beams. DSM is also employed in stainless steel members subjected to compression
(Becque et. al. 2008) and aluminum flexural members (Zhu and Y oung, 2009). This
method has been extended to study the shear characteristics of LiteSteel beams
(Keerthan and Mahendran, 2011), longitudinally stiffened web channels (Pham and
Hancock, 2015) and longitudinally web stiffeners (Pham et. al., 2014 ). Recently,
DSM has been employed to investigate steel plate girders subjected to shear
loading (Kwon and Ryu, 2016).
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¢) Continuous Srength Method (CSV)

Continuous Strength method (CSM) is a newly introduced approach to calculate the
sectional capacity, employing a continuous measure between cross-section
denderness and deformation capacity (Su et. al., 2012). This method is proposed by
Gardner and Nethercot (2004a). CSM has been found to be suitable for cold formed
hollow as well as open cross-section beams and columns (Bock et. al., 2015a; Liew
and Gardner, 2015), stainless steel continuous beams (Theofanous et. al., 2014),
aluminium columns (Ashraf and Y oung, 2011) and shear behavior of LDSS welded
sections (Saliba, 2012). Saliba (2012) proposed a CSM method for the shear design
of LDSS steel plate girders, by harmonizing the new CSM expressions to the
original CSM for steel members under compression and bending. The proposed
CSM expression has been found to provide good predictions of shear capacity for
stocky sections. Further, it has been mentioned that the proposed CSM method is

still under the process for improvement.

25LEAN DUPLEX STAINLESSSTEEL (LDSS) MEMBERS

Due to several impressive advantages of Lean Duplex Stainless Steel (LDSS) as
mentioned in Section 1.1 (in Chapter 1), in the recent past, several publications
related to LDSS members have been reported, e.g. non rectangular columns (e.g.
Patton and Singh, 2012), beams (e.g. Huang and Y oung, 2013), beam-column (e.g.
Huang and Young, 2014b), perforated column (e.g. Umbarkar et al., 2013) etc.
However, it may be mentioned that studies on LDSS beams are limited. Bending
behaviour of LDSS sguare (Theofanous and Gardner, 2010), rectangular (Huang
and Young, 2013) beams and stedl girders (Hassanein and Silvestre, 2013; Saliba
and Gardner, 2013b) beams have been reported. Shear performance of LDSS I-
beams have been studied by Hassanein (2011) and Saliba and Gardner (2013a). The
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effect of perforation on LDSS C-section beams has been investigated by Lawson et.
al., (2015).

26 FINITE ELEMENT MODELLING OF THIN-WALLED LDSS
MEMBERS

Numerical techniques such as Finite Element Analysis (FE Anaysis) has been
employed as a standard analysis tool to understand various non-linear behaviour of
structural elements or members, and it is widely used by researchers and engineers
to model metallic thin walled structures (e.g. Hassanein, 2011, Alinia et. al., 2011,
Sdliba and Gardner, 2013b). When properly validated or calibrated against
experimental results, FE analysis can be used to generate reliable large number of
results, thereby facilitating parametric study that encompasses a wide range of
variables (which may be difficult to be covered experimentally). Thus, FE analysis
can serve as arelatively cheaper and efficient solution technique. Further, properly
calibrated FE models may be used to extract indebt understanding of the variation
of key parameters like stresses, strains etc. influencing structural behaviour such as
failure mechanism (Ashraf et. al., 2006b, Ellobody et. al., 2014). Accuracy and
reliability of FE modelling of thin-walled LDSS structures, can be influenced by
several factors such as material modeling, element types, meshing, boundary
conditions, loading, imperfection types, residua stress etc.,, and are presented
briefly in the following sections.

2.6.1 LDSS Material modeling

An accurate representation of non-linear material model plays a vital role in the
analysis of steel structures. In this attempt several models have been proposed for
different types of steels, as early as 1930s (e.g. Holmquist and Nadai, 1939;
Ramberg-Osgood, 1943; Hill, 1944). Since then, a number of researchers (e.g.
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Mirambell and Real, 2000; Rassmussen, 2003; Gardner and Ashraf, 2006) have
proposed various material models for stainless steels, essentially with Ramberg-
Osgood (RO) model as the basis. Stainless steel exhibits non-linear stress-strain
behaviour and is characterized by low proportionality stress, without well defined
yield stress and extensive-strain hardening. Holimquist and Nadai (1939) developed
a polynomial equation for material behavior beyond proportional limit for stainless
steel, iron and brass metal tubes. Ramberg-Osgood (1943) proposed a model (R-O
model) for aluminum alloys, later on it was found out that R-O model is suitable for
stainless steel and other metals (Equation 2.1).

-2 1
Eo S 0.2

where, €, 0, 0p2, and E,, are strain, stress, proof stress (corresponding to 0.2%
plastic strain), initial Young's modulus of elasticity respectively. K and n are
material non-linear constants / indices to be determined from experiments. RO
model is found to provide good predictions up to gg2, but showed to overestimate
beyond a2, Hence, in order to model the stress beyond gy 2, an expression has been
proposed considering ultimate stress (0,) and strain (g,) (Mirambell and Real, 2000;

Rasmussen, 2003) for the complete stress-strain curve for stainless steel alloys (see

Equation 2.2).
e= (S —S 0.2) +e, x( S S J +€,5 (2.2)
Eo.z Sy~So2

where, Eq, and m are the tangent stiffness at 0o, and strain hardening exponent
respectively. Eq, and m are given in Equations 2.3 and 2.4.
— S 0.2 Es
°2 " s 4, +0.002nE,

(2.3)
S

m=1+3.5-02 (2.4)
S u
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The ultimate tensile stress (0,) and ultimate strain (g,) are expressed in term of g2,
Eo and n (see Equations 2.5 and 2.6),

O.2+18'5(S°-2j
S 0.2 __ ES

s, 1-0.0375(n-5)

(2.5)

u

s
e =1-=02 2.6
u S (2.6)

u

It may be noted that the guideline material model for stainless steel in EN 1993-1-4
(2006/A1:2015) follows from the work of Rasmussen (2003).

Gardner and Nethercot (2001) observed that as necking is absent during
compression (unlike in tension specimen), the expression of Equation 2.2 may not
be applicable for compression stress-strain models, due to the involvement of
ultimate stress and ultimate strain terms. Thus, it has been put forward by Gardner
(2002) that instead of ultimate values of stress and strain, 1% proof stress, 01 and
corresponding strain, €30 be considered. Based on this proposal, Gardner and
Ashraf (2006) suggested a new model for stresses greater than gp2 as shown in
Equation 2.7.

n‘O.Z,l.O
S =Sy, Si10=So» S =Sy,
€= [ E J - (etl.o €02~ E x +€02 (2.7)
0.2 0.2 Si10~So2

where .0, €02 @d ny,,,are the total strains at 010 and 0o and strain hardening

index respectively. It has been reported that material model given by Equation 2.7
provides reasonably accurate predictions of stress-strain curve for both compression
and tension testing (Ashraf et al., 2006b). Gardner and Ashraf (2006) modd is
widely used for modelling stainless steel members, including that of LDSS, and is

reported to provide reasonably accurate agreement with those of experiments.
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2.6.2 Element type

In the literature, shell FE elements are generaly used for modelling thin walled
metallic structures, where the thickness is relatively smaller than other dimensions
and variation of stressis negligible in the thickness direction. In many of the studies
available in the literature for modelling thin walled steel members, a genera
purpose FE element named $4R, available in Abagus (2009) is generally employed
(e.g. Theofanous and Gardner, 2010; Zhou and Long, 2016; Theofanous et. al.,
2009; Ruiz-Teran and Gardner, 2008). SAR elements are general purpose four
noded reduced integration elements have six degrees of freedom per node, i.e., three
rotations and three trandations. It has been shown by Theofanous & Gardner
(2009), Huang & Young (2014a), Hassanein (2010), and Saliba & Gardner (2013b)
etc. that FE models with SAR elements can accurately predict the experimental
results for compression, bending and shear tests. In most studies (e.g. Ellobody, et.
al., 2014; Patton and Singh, 2012) an element aspect ratio of 1 is suggested. Eigen
value analysis is generally adopted to arrive at an optimum mesh size or density
(e.g. Theofanous et. al., 2009; Huang and Y oung, 2013; Zhao et. al., 2015a; 2015b;
Saliba and Gardner, 2013a). Similar procedure has been followed for refining mesh
around perforation by Ridley-Ellis (2000), Hagen (2005), Pellegrino et. al., (2009).

2.6.3 Initial imperfections

Geometric imperfections (local and/or flexural) are undulations of actual members
and can occur during manufacturing, transportation, handling of material and
fabrication of specimens etc. Presence of imperfections can significantly influence
load carrying capacity, deformed shapes and post ultimate behaviour. Two types of
initial imperfections can occur viz., loca and global imperfections. Local
imperfections are the deformation formed perpendicular to the surface and can be

found in inner and outer surface of plates. Global imperfections on the other hand,
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deformation occur globally due to whole member deformation along the length of
member in any direction (e.g. bowing, warping and twisting). In FE modelling,
initial imperfections are generally seeded based on the lowest eigen mode (which is
considered as criticll mode) from elastic eigen value buckling analysis. This
approach has been employed for steel members subjected to compression (Ellobody
& Young, 2005; Patton and Singh, 2012), bending (Theofanous and Gardner, 2010)
or shear (Saliba and Gardner, 2013a; Hassainen, 2011). The imperfection amplitude
for metallic structure can be obtained from direct experimenta measurements of
specimens or via models suggested by Dawson and Waker (1972) or its
modifications (Gardner, 2002; Gardner and Nethercot, 2004b; Cruise and Gardner,
2006; Bock et. al., 2015; Ashraf et. al., 2006a). Dawson and Walker (1972) model
is given below:

W, /t= o.oz{sﬁ] (28)

S

where o is the elastic critical buckling stress determined from the buckling
anaysis and t is the thickness. This empirical has been arrived at based on
experimental measurements. In other studies (especialy for open sections), simpler
relation for imperfection magnitude such as L/1000 (Hassanein and Kharoob, 2012),
h,/100, h,/500 & h,/100000 (Hassanein, 2011) and L/1000 (Hassanein and
Kharoob, 2010) have been used, where, h,, and L are the web height and length of
the member respectively. Dawson and Walker's model (Equation 2.8) has been
employed in the investigations of both open (Saliba and Gardner, 2013a, 2013b)
and hollow / closed (Theofanous and Gardner, 2009, 2010) LDSS members.

2.6.4 Residual Stress

Residual stresses are induced in structural member before loading due to
deformation by cold forming and temperature differences as a result of welding and

cutting. Internal stresses and bending moment (that are in equilibrium in the
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specimen itself) can result from residual stress formation. The effect of residua
stress is reported to have less significant influence in structural behavior in the
studies of welded LDSS steel girders under bending (Saliba and Gardner, 2013z;
Hassanein and Silvestre, 2013; Hassanein and Kharoob, 2010; Huang and Y oung,
2012) and shear loading (Sdiba and Gardner, 2013a, 2013b) and hence, are
generally neglected in FE studies (e.g. Saliba and Gardner, 2013a; Huang and
Young, 2012, 2014 etc.).

2.7 SUMMARY

A review on the literature related to the effect of shear loading on steel beams with
or without perforations or cutouts under shear loading is presented in this chapter.
Literature on stiffener effects on perforated steel webs / plates is also presented.
Previous work on LDSS members is shown briefly. Design considerations for shear
(e.g. Eurocode, Direct Strength Method, Continuous Strength Method) are
mentioned. Pertinent details for FE modelling of thin-walled steel members are

described. From the literature review the following conclusions can be drawn:

1) Shear behaviour of steel beams have been widely studied experimentally as well
as numerically, considering various parameters like shear span, web slenderness,
flange thickness etc. It is found that very limited studies have been reported to
assess the shear behavior of closed section beams. Further, most of the reported
studies in shear behaviour focused on carbon steel beams.

2) Severd literature have been published on the effect of perforation on the shear
characteristics of steel beams, mostly on open sections like plate girders, plates etc.,
although such studies on hollow section beam has been very limited. Key
parameters included in the study are found to be opening types, size, locations etc.
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3) Investigations on the effects of stiffeners on shear capacity of perforated steel |
beams, plate girders and plates have been reported, using various stiffeners e.g.
horizontal, vertical, inclined stiffeners etc. Again, such studies have not been
reported for closed steel sections.

4) Various studies on shear capacity of steel beams have been compared with
international codes such as EN 1993 Part 1-4. Recent amendment to EN 1993 Part
1-4 (i.e. 2006/A1:2015) has included the shear design of LDSS stainless steel
members. Further, attempts to use design methods such as Direct Strength Method
(DSM) and Continuous Strength Method (CSM) for the shear design of beams have
also been reported, athough apparently only a single study has been available for
the CSM.

5) Due to severa impressive advantages of Lean Duplex Stainless Steel (LDSS),
there is a growing interest on LDSS sections for compression, bending and shear.

However, so far no report has been found on the shear study of hollow LDSS beam.

6) Details of relevant FE modelling techniques for modelling thin-walled steel
members have been discussed with particular focus on the material modelling
aspects of LDSS. The FE modelling procedures presented are known to provide

accurate predictions of experimental results.
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CHAPTER 3

SHEAR BEHAVIOR OF LEAN DUPLEX
STAINLESS STEEL (LDSS) RECTANGULAR
HOLLOW BEAMS

3.1INTRODUCTION

With the enhanced development of numerical procedures such as finite element
(FE) method it has now become increasingly cost- and time-effective to use FE to
analyse the structural performance of metal structures, when convincingly validated
(with the use of suitable inputs such as material constitutive models, e ement types,
solution algorithm, boundary conditions etc.) against reliable experimental results.
Experimenta investigations can be affected by several factors such as loading
frame capacity, loading actuator specifications, trained technical staff, data
acquisition and measuring instruments, costs, time etc.,, and hence it becomes
unrealistic and impossible to generate substantial wide band of test data, covering
entire spectrum of possible material as well as member shape and size variations.
Hence, in the literature, alarge amount of FE studies have been attempted to bridge
the research gaps, expand the data domain, and fill-in the data shortage (e.g.
Ellobody et al., 2014). Further, a key advantage of FE modelling is its inherent
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capability to extract desired stresses, strains, deformations at any location, which
otherwise would be difficult to obtained through traditional instrumentation. In this
regard, it may be worthwhile to mention that only a very limited experimental
investigations have been reported in the literature about the structural behaviour of
LDSS members, mostly from the research works of Gardner and co-workers (Saliba
and Gardner, 2013a; Theofanous and Gardner, 2010, etc.); and Young and co-
workers (Huang and Young, 2013a; Islam and Young, 2014, etc.). Hence, in this
chapter, an attempt has been made to study the structural response (deformed
shapes and ultimate shear capacity (V)) of hollow rectangular (LDSS) tubular beam
under three point loading, via FE modelling. The FE modelling has been realised
through the use of widely used and accepted commercial FE software ABAQUS,
after having the modelling approach validated against nearly comparable published
experimental data. The present study is then expected to generate more data on the
shear characteristic of LDSS rectangular hollow beam, which is expected to be
useful for both research community and design engineers. Various parameters
considered for the analysis such as flange thickness, flange width, web thickness
and shear spans. The observed results have been compared with available stainless
steel design code, European specification (EN 1993-1-4, 2006/A1:2015) Direct
Strength Method (DSM), to assess their applicability to rectangular LDSS tubular
beam.

32FINITEELEMENT MODELLING

3.2.1 General

FE modelling approach followed in this paper is similar to those widely published
in the literature (e.g. Theofanous and Gardner, 2009; Patton and Singh, 2012;
Hassanein and Silvestre 2013; Huang and Young, 2013), and known to provide

reasonably accurate results. Essentially well proven shell FE elements were used to
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model the plate elements of the rectangular hollow sections, using the commercial
FE software, Abagus (2009). Before proceeding with the parametric study, the FE
modelling approach is validated by comparing with a representative experimental
data on LDSS hollow beam from Theofanous and Gardner (2010). The key steps

involved in the FE modelling are briefly explained in the subsequent sub-sections.

3.2.2 Geometry and boundary conditions

The cross-sectional geometry of the beam is rectangular in shape as shown in
Figure 3. 1 (a) where hy, t, W, tr and a are height of web, web thickness, flange
width, flange thickness and shear span respectively. Note that h, and w; are the
internal and outer dimensions respectively of the beam. The in-plane deformation of
the beam is constrained at both ends and mid-span via kinematic coupling
(Theofanous et. al., 2009; Theofanous and Gardner, 2010) available in Abagus.
Loading and support conditions are applied through the three reference points (RP1,
RP2 and RP3) which are coupled to the cross-sectional nodes, at mid-span and ends
respectively as shown in Figure 3.1(b). Displacement is applied through RP2 to
transfer uniformly to the flanges and webs of the coupled cross-section.
Constraining kinematically of the nodes at the mid-span section (i.e. a the section
where the external displacement is applied) and end supports have been artificially
done to avoid local buckling due to the externally applied displacement and support
reactions, and thus ensuring rigid post conditions, both at the mid-span and end
supports. In order to get constant shear along the span of the beam (shear span is
half the beam length, i.e. a = L/2), beam is simply supported at both the ends (one
end is hinge and other is roller supported), and using displacement control, point
displacement is applied statically at the mid-span of the beam as shown in Figure
3.1 (c).
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3.2.3 Finitelement mesh

The reduced integration four noded genera purpose curved shell element (4R)
with six degrees of freedom per node (three displacements and three rotational
degrees of freedoms per node) as recommended by various researchers for similar
type studies conducted in thin walled structures (Saliba and Gardner, 2013a; Alinia
et al., 2009; Patton and Singh 2012) are adopted in this study to discretize the
models, as shown in Figure 3.1(b). Aspect ratios of element are kept at ~1.0 for the
entire FE specimens. Based on mesh convergence study (through linear elastic
eigen-value buckling analyses), typical globa mesh size of ~18-25 mm has been
arrived at for optimum acceptable result (see e.g. Figure 3.1(b)).

3.2.4 Local geometric imperfection

Geometrical imperfections arising during fabrication, production, transportation etc.
are the undulations on geometry compared to perfect ones; it exists in actual
structures and affects the structural performance. Mostly two types of imperfections
are present in structures; they are local and globa geometric imperfections. In the
present study, only local imperfections are incorporated in the anaysis by
considering the lowest eigen mode from linear elastic eigen-value buckling analysis
(e.g. Theofanous and Gardner, 2010; Saliba and Gardner, 20134). Hence, a linear
elastic elgen-value analyses using subspace iteration method (Abagus, 2009) was
firstly invoked to extract the lowest eigen mode shape. The imperfection amplitude
provided by Dawson and Walker (1972) model (Equation 2.8) which has been
employed by Gardner and Nethercot (2004c) for stainless sted, is applied to the
lowest eigen mode to perturb the actual geometry of the beam for subsequent non-

linear analyses.
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3.2.5 Material modeling

The material properties (Tables 3.1a and 3.1b) for the LDSS material used in the
present study is based on the experimental study conducted on LDSS hollow beams
by Theofanous and Gardner (2010). As per EN 10088-4 (2009), an ultimate tensile
strength ranging from 700-900 MPa and a minimum 0.2% proof stress (0g2) of 530
MPa can be associated with LDSS Grade EN 1.4162. A modified two stage
(Equations 2.1 and 2.7) compound Ramberg-Osgood (1943) proposed by Gardner
and Ashraf (2006) for stainless steel material has been adopted for the non-linear
stress-strain curve used in the present FE analyses. Equation 2.1 represents the
Ramberg-Osgood (1943) model for ¢ < o2 (0o is the 0.2% proof stress) and is
reported in the literature to provide good accord with stress strain curve obtained
from experiments for steel up to 0o For strains exceeding €2 (total strains at gp2),
Ramberg-Osgood model is known to give higher values of stress vaues as
compared to that of experimental data, and hence a modified version has been
suggested by Gardner and Ashraf (2006) (see Equation 2.7). The two-stage model
by Gardner and Ashraf (2006) was initially developed for compression el ements
where the necking phenomenon is not evident asin tensile specimens. Using the full
expression (both Equations 2.1 and 2.7) for stress-strain behavior it has been shown
by Gardner and Ashraf (2006) that their model could provide reasonably good
comparison for stainless steel in both compression and tension loading cases. In the
Abaqus model, the two stage non-linear stress strain model given by Equations 2.1
and 2.7 are approximated by a piecewise-linear stress-strain curve, taken due care to
insert enough points where the curvature is sharper. The values of E, for both
compression (above neutral axis) and tensile (below neutral axis) parts are given in
Table 3.1 (from Theofanous and Gardner, 2010). Poisson’s ratio was taken as 0.3.
Figure 3.2 shows the schematic stress-strain diagram of LDSS of grade EN 1.4162

used to input in the FE model after the conversion of engineering stress-strain to

true plastic stress (s »' )-strain (€) using the Equations 3.1 and 3.2.

true
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where s ., and e, ,are engineering stress and strain respectively.

The conversion of the nominal static stress-strain curve to true stress and true strain
curve was considered necessary as the post-buckling analysis involves significant
inelastic strains (e.g. Theofanous and Gardner, 2009; Patton and Singh, 2012).
Further, modified RIKS method (Riks, 1979) available in Abaqus (2009) has been
used for the non-linear analysis to obtain structural behaviors such as full shear and

mid-span deflection response of the beam accurately.
3.2.6 Validation of finite element model

To establish confidence (and hence validation) in the FE modeling approach, a
representative experimental test performed on a square hollow LDSS beam from the
work of Theofanous and Gardner (2010) has been considered as the benchmark for
comparison with the FE result. This particular experimental data has been used to
compare, considering the similarities in cross-section and loading conditions, with
those of the present research work. Both the flat material properties and beam
dimensions of the beam (SHS-60 x 60 x 3-B2) are shown in Tables 3.1 and 3.2
respectively. The beam was cold-formed and hence difference in properties between
flat and corner (internal corner radius, ri = 3.1 mm) regions such as residua
stresses, as a result of inelastic deformation during cold forming is expected.
However, it has been noted by Theofanous and Gardner (2010) that residual stresses
may not be explicitly modeled as the material properties obtained through
experimental testing has inbuilt residual stress effect. In addition to the above
mentioned material model for flat plates, the tensile corner properties (Table 3.1¢)

are assigned to the corner regions and extended to flat region for a length of two
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times the thickness of plate to incorporate the expected strength enhancement in
corner regions by cold rolling (Gardner and Nethercot, 2004c; Ashraf et al., 2006b;
Theofanous and Gardner, 2010). Local geometric imperfection as described in
Section 2.6 was seeded considering the lowest eigen buckling mode shape. Figure
3.3 shows the comparison of FE and experimental mid-span moment vs. rotation. It
can be seen from Figure 3.3 that the result from the present FE analysis agrees very
well (ultimate moment capacity, M, and rotation at M, i.e. q, are aso wel
predicted) with the experimental observation from Theofanous and Gardner (2010),
thus establishing a good degree of confidence in the present FE modeling approach.
Please note that this validation against SHS (square hollow section) failing by local
buckling is due to lack of test results on RHS (rectangular hollow section) where
shear buckling is the prevailing failure mode. However, it may be noted that similar
kind of shell FE modeling approach was also adopted by Saliba and Gardner
(2013a), and Hassanein (2011) for the shear response of LDSS plate girders (i.e.
open section), and found to predict accurately the experimental test results. Hence,
in the present parametric analyses that followed, such similar well proven shell FE
modeling approach, and widely accepted in the literature for modeling thin-walled
structures is then adopted. Additional validations are provided in the Appendix C.

3.2.7 Parametric study

In order to investigate the shear behavior of rectangular hollow LDSS beams,
effects of key cross sectional parameters viz., flange thickness (t;), flange width (wg),
web thickness (t,) and shear span (a) have been considered. The ranges of various
parameters considered in this study are: t; = 4-150 mm, t,, = 2-30 mm; w; = 150-
400 mm and a = 600-1200 mm. Height of the web (hy,) is fixed at 600 mm, so that
a’h, isin the range of 1-2. In al, about 125 FE models have been analysed. In the
parametric study, the corners at the junction of flange and web are assumed to be at
right anglesi.e. no corner radii has been considered as in the FE validation (Section
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2.6). This is essentially because, it is assumed that the rectangular LDSS hollow
beam having different thickness of web and flange plates would be formed by
welding similar to the case of |-sections studied by Saliba and Gardner (2013a).
Again, in the absence of experimental data, the modifications in the material
properties near the heat affected zone (HAZ) due to possible welding process is
neglected, and hence, it is further assumed that same material properties exist both
at the corners and the flat parts. It may aso be noted that the effect of considering
with and without residual stresses in the modelling of welded LDSS I-sections in
the structural behaviour was found to be insignificant (Saliba and Gardner, 2013a &
2013b). The same material properties determined by Theofanous and Gardner
(2010) (Table 3.1) and used in the validation of FE modelling (Section 2.6) are
considered to model both the compression and tension parts. As mentioned before,
non-linear FE analyses were performed after the models were seeded with local
geometrical imperfections (Equation 2.8). The results of the FE analyses are
presented in the form of shear capacity and deformed / failure shapes. In addition,
comparisons of the FE results with those predicted by EN 1993-1-4 (2006/A1:2015)
and Direct Strength Method (DSM) are presented. Further, proposed modified
curves to EN 1993-1-4 (2006/A1:2015) and Direct Strength Method (DSM) are
suggested in the end.

3.3 RESULTS AND DISCUSSIONS

3.3.1 Effect of flange to web thicknessratio (t:/ty)

Typica plots showing the effect of flange thickness (t;) and web thickness (t,) are

shown in the form of variation of shear (V and V/ V,; where V, = (f,//3) (2tyhy) is

the yield shear capacity of the section by considering only the webs; f, = yield

stress) with mid-span deformation (d) (Figures 3.4 and 3.6 respectively), whereas

von-Mises stress contours are shown in Figures 3.5 and 3.7 respectively. In Figure
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3.4a, the variation of V with d is shown for ti/t, = 2-5, keeping web thickness,
flange width and shear span constant (i.e. t, = 4 mm, w; = 200 mm and a = 600
mm). From Figure 3.4, it can be seen that the value of ultimate shear (V,) or shear
capacity increased by ~24% for 150% increase in t; (820 mm) or ti/t, (2-5).
Similar behavior has also been reported in the case of I-section steel girders by Lee
and Yoo (1998), Estrada et. al., (2008), Alinia et. al., (2009), Hassanein and
Kharoob (2010), Hassanein (2010), Hassanein (2011), Safar (2013), Saliba and
Gardner (20134) etc. Further, an increase in the deformation capacity (d,, mid-span
deformation at V) and ductility can be seen for increasing ti/t,. It can be observed
that the increase in t; changes the behaviour of V-4 curve, i.e., in the case of lower
flange thickness (ti/t, = 2) the curve is relatively sharper around ultimate shear (V)
whereas as ti/t,, increases, the shear curve become increasingly flatter, a plateau type
can be clearly seen for ti/ty = 5. A normalised plot (with respect to Vy) of the shear
variation is plotted again in Figure 3.4b. A value of V,/Vy < 1, shows the sections
have failed or locally buckled before reaching the yield shear capacity of the web
(Vy ), whilst in the case of V,/Vy > 1, the sections have yielded prior to reaching V..
Figure 3.5 shows von-Mises stress contour plot of two selected typical cases. 1) ti/ty,
=2 (or tt = 8 mm), and 2) ti/t, = 5 (or tt = 20 mm), at , (i.e. at V) and 2.5 9, (i.e.
post ultimate shear capacity). It may be noted that the average 0.2% yield stress
(00.2) is ~733 MPa considering both compression and tensile values (Table 3.1). The
increase of stress beyond the yield stress can be associated to strain hardening. It
can be readily seen that, for the slender/thinner flange (ti/t,, = 2), initiation of local
buckling (at the yielded region located around mid of each of the shear span) at the
compression flange and web can be seen at V,,; and at 2.5 ,, the local buckling (this
behaviour agrees to observations of Gheitasi and Alinia, 2010) is significantly
enhanced (Figures 3.5a, b), suggesting of a ‘combined shear and bending failure
mode (more discussions of the possible failure mechanisms are presented in Section
3.3.4). In contrast, for the stockier/thicker flange section i.e. t/t, = 5 (or t; = 20

mm), there is an apparent absence of loca buckling at the compression flange,
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although buckling is initiated for the web at V, (Figures 3.5c and 3.5d). Rather,
plastic hinge type deformation is seen for the stockier flange, one each at the shear
gpan and away from the mid-span i.e. towards the supports (Figures 3.5¢ and 3.5d),
which is an indication of the anchorage of the tension band. On increasing the
flange thickness, it is also seen that the size of the diagonally highly stressed or
yielded region (an indication of tension band size (e.g. Lee and Yoo, 1998)) is
enhanced (and more uniform), for the same thickness of web. This may be related to
the improved anchorage of the tension band for the stockier flange. Such type of
failure mode as shown in Figures 3.5¢ and 3.5d, is suggestive of a 'shear dominant
failure’ mode. The plateauing effect on the shear variation plot (see Figure 3.4) for
the stockier flange may be because of the enhanced flange stiffness (thus improving
compression plate stability and anchorage of the webs on to the flanges) which
results in improved load distribution in the web and delayed web buckling (thus
increasing the participation of the web in the shear resistance). At both the ultimate
and post ultimate shear, the zone of yielded region on the compression flange for
the dender flange section, is found to be non-uniform and relatively larger as
compared to that of stockier flange section. This may be because the transfer /
interaction of stress between the flange and the web (to maintain compatibility at
the flange-web junction), is limited due to increased mismatch between flange and
web thicknesses (and hence stiffness mismatch), for stockier flange section; on the
other hand, such stress interaction / transfer is made relatively easier for comparable
or lesser flange thickness. As such, the marked non-uniformity in the stress
distribution (i.e. relatively broader near the flange-web junction and lesser at the
flange centerline) for the compression flange of relatively slender flange section (in
Figure 3.5a), may be due to the corner junctions getting the maximum effect for the
stress interaction. However, for the slender flange section, at the post ultimate shear
i.e. at 2.5 9, (Figure 3.5b), as the webs buckled (indicated by sharper drop in the
shear at post ultimate; see Figure 3.4), mid-span deflection increases, leading
towards stress relaxation caused by elastic unloading, in the webs (region of highly
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stressed zone is now reduced), and in the compression flange. Further, asincreasein
out-of-plane buckling takes place in the webs, the corner junction also participates
in the buckling of flange; further a higher mid-span deformation, more
redistribution of stress takes place at the compression flange, thus increasing the
region of yielded zone in the compression flange. In the case of stockier flange
section, at post ultimate shear i.e. 2.5 §, (Figure 3.5d), unlike the dlender flange
section, due to the delayed buckling (or plateau effect; see Figure 3.4) as discussed
above, a decrease in the yielded diagonal zone in the web is not visible. It thus can
be seen that, increasing flange thickness (keeping the same web thickness) can

enhance both the ultimate shear capacity and ductility.

The effect of web thickness (t,), keeping t; constant (t; = 12 mm) is shown in
Figures 3.6 and 3.7, for a = 600 mm and w; = 200 mm. Variation of V and V/Vy
with & are shown in Figs 3.6a and 3.6b respectively, for t, = 2-10 mm (or t/t, = 1.2
— 6). From Figure 3.63, it can be observed that as t,, is increased by ~400% (2-10
mm), V, is increased by ~506%, along with an increase in sharpness of the shear-
deformation curve around V,. Similar observation has been reported in I-section
stedl girders by Real et. al., (2007). But there is no significant change in the location
of d,, with increasing t,, This may be related to the increase in shear capacity
associated with stockier webs (or decreasing ti/t,, for constant t;). Hence, a plateau
type behavior is expected for t,, = 2 mm as compared to t,, = 10 mm, as discussed in
the previous paragraph (see Figures 3.4 and 3.5). From Figure 3.6b, it can be seen
that V,/Vy approaches 1.0 for stockier web (tw = 8 mm), suggesting that for higher
values of t, (ti/ty = 1.5 in this case), prediction considering shear yielding of web,
gives reasonably accurate result for the estimation of shear capacity (i.e. Vy = ~V,).
But for the largest value of t,, (= 10 mm), adrop in V/Vy is seen, in comparison to
that of the immediate lower value of t, (= 8 mm), indicating that increasing t,,
beyond a threshold value (8 mm in this case), keeping the same ti/t,, ratio, is not
likely to improve the shear capacity, as much when compared to sub-threshold t,,
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values (see Figure 3.6a).This phenomenon may hint the change in the failure
mechanism e.g. from shear dominated to bending dominated mechanism. For
slender (or sub-threshold) web sections, as mostly local web buckling dominates
(along with the formation of diagonal tension band) the failure mechanism, the
value of V/Vy is lesser than 1.0. Comparison of the von-Mises stress contour plots
for t, = 2 mm (or t/t, = 6) and t,, = 10 mm (or t/t, = 1.2) at o, and 2.5 d, is shown
in Figure 3.7. It can be seen that for the stockier t,, at d,, the yielded region extends
vertically around the mid-span (right through the compression flange, without little
sign of flange buckling), along with an initiation of a spread along the diagonal
direction, thus the formation of tension band type failure is not apparent, rather net
section (through vertical zone yielding) yielding dominates (Figure 3.7c), resulting
in the drop of V/Vy due to change in the failure mechanism, as mentioned above.
This type of relatively stockier section with low ti/t,, can lead to 'bending
dominated failure' due to the formation of mid-span hinge. In the post-ultimate
(Figure 3.7d), a spread of yielded region can be seen in the form of inverted
pyramid type in the web, and local buckling at the yielded region can now be seen
on the compression flange, near the loaded mid-span, indicating further the absence
of tension band type of failure for stockier webs. On other hand, for slender web i.e.
tw =2 mm (or ti/t,, = 6), evidently formation of diagona tension band along with the
initiation web buckling can be seen at V, (Figure 3.7a8). Again, similar to the
discussion corresponding to Figure 3.5¢ (in the above paragraph), stockier flange
assisted in anchoring (the yielded zone in the compression flange has been moved
towards the support) the tension band (see Figure 3.7a). Due to the larger thickness
of the flange (ti/t,, = 6), compression flange developed improved resistance to local
bucking, with the appearance of plastic hinge type of failure pattern in the post
ultimate shear (Figure 3.7b). Thusthe failure pattern for the stockier flange suggests

of a'shear dominated failure’ mode similar to that shown in Figures 3.5¢ and 3.5d.
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Variation of V, with hy/t,, (a’hy = 1.0; ws = 200 mm) has been shown in Figure 3.8
for t/ty, = 2-5. The web denderness (h,/t,) has been varied from 20-300
(corresponding to t, = 30-2mm). The ranges of t; considered at hy/t,, = 300 mm,
corresponds to 4 — 10 mm, whereas at h,/t, = 20 the range of t; is 60-150 mm. It
can be seen that V, drops asymptotically with increasing hy/t,; the decrease in V,
being sharp till hy/ty, = 75, beyond which the drop is very mild. The behaviour of
decrease in shear capacity with increase in web slenderness also agrees to the
findings in the case of I-section steel girders by Lee and Yoo (1998), Alinia et. al.,
(2009), Hassaanein and Kharoob (2010), Hassanein (2010), Hassanein (2011), Safar
(2013), Saliba and Gardner (2013a) etc. Also it is observed that variation of ti/t,,
have little effect on V, for h,/t,, = ~75, whereas for stockier web section e.g. hy/tyy <
~75, an increasing rise in V, can be seen with increasing ti/t,. Numerically, V,
increases by ~63%, 50%, 18%, 16%, 24% and 57% for hy/t,, = 20, 30, 60, 75, 150,
300 respectively, when ti/t,, is increased by 150%. It is interesting to note that %
increase in V, increases on both sides of ti/t,, = 75 (or t,, = 8 mm), indicating that the
effect of t; is more pronounce both for lower and higher (i.e. towards left and right
extremes of hy/t,) values of t,, whilst the effect is relatively less for intermediate
values, keeping ti/t, constant. This may be because, in relation to Figure 3.9, two
prominent failure mechanisms can be identified: 1) Web Buckling Dominated
Failure (WBDF) mechanism (e.g. hy/ty = ~75) and 2) Web Yielding Dominated
Failure (WYDF) mechanism (e.g. hy/ty < ~75). In both the cases increasing t; can
influence: 1) making the section stockier thereby enhancing the shear load capacity
for the web yielding dominated failure region (e.g. hy/ty = ~75), and 2) increasing
the anchorage capacity of the tension band, leading to improved shear |oad capacity.

In order to compare V, with the shear yield capacity of the web V,, plot of the
variation of V/Vy with h,/t,, are shown in Figures 3.9 and 3.10 for two spans, a/hy, =
1.0, and 2.0, respectively, for ti/t, = 2-5. For the shorter span, two regions can be
identified, corresponding to the failure mechanism mentioned above: 1) WYDF
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region for V/Vy = 1.0, and 2) WBDF region for V,/Vy < 1.0. It is seen that for the
shorter span (a/h,, = 1.0), data points for hy/ty < ~75, lie in the WYDF region,
whereas they lie in the WBDF region for hy/t, = ~75. Thus, at the first instance,
data points located in the WY DF region (e.g. inset figures A and B of Figure 3.9)
can correspond to shear dominated mechanism (note the complete yielding of the
web in the inset Figures A and B of Figure 3.9, characteristic of shear dominated
failure mechanism; similar pattern has also been reported in plates subjected to
shear loading by Gheitasi and Alinia, 2010), whilst it can be associated with shear
dominated (note the shear web buckling along with the formation of yielded region
in the compression flange near the support, characteristic of shear dominated
mechanism) or combined shear and bending mechanisms (note the shear web
buckling and formation of yielded region in the compression flange towards the

mid-span) in the WBDF region (e.g. inset figures C and D of Figure 3.9
respectively).

As the shear span gets longer (e.g. a/hy, = 2.0), for most data points, V/Vy < 1.0, e.g.
values of V,/Vy are completely below the value of 1.0 for all the values of hylty
considered. A closer look into the von-Mises stress distribution at V,, shows that for
data points that corresponds to t/t, = 2 and 3 and h,/t, < ~75 (i.e. relatively stockier
sections), mode of failure is apparently not of the shear buckling type as expected
when V/Vy < 1.0, rather the failure mode is of the bending dominated type (whole
cross-section around the mid-span is yielded, see inset figure B of Figure 3.10).
However, shear buckling of the web still dominated for slender webs with relatively
stockier flange (inset figure C of Figure 3.10).This may be because as the span gets
longer and the section gets relatively stockier, shear buckling of the web is resisted,
which resultsin ayielded zone that is confined to arelatively smaller zone around
the mid-span, with significant area of the web being stressed below yield at ultimate
shear (see inset figure B of Figure 3.10), and hence a reduced shear capacity is
obtained. Thus, at higher values of hy/t,, the faillure mechanism is either shear
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dominated or combined shear and bending (e.g. inset figures C and D of Figure 3.10
respectively) for data points which corresponds to V/Vy < 1.0. Further, as can be
seen from Figure 3.10, region classifications into WYDF and WBDF regions is
strictly not possible for relatively longer shear span e.g. bending dominated failure
can occur even if V/Vy < 1.0 (seeinset figure B of Figure 3.10). Although, for data
points located in the V/Vy > 1.0 region is expected to be shear dominated (e.g. in
the inset figure A of Figure 3.10, aimost all of the web is yielded, characteristic of a
shear dominated failure mode) mechanism.

3.3.2 Effect of shear span to web height ratio (a’hy,)

The effect of shear span is presented in the plot of V/Vy vs & in Figures 3.11a and
3.11b, for both stocky and slender web thicknessesi.e. for t, = 30 mmand t,, = 2
mm respectively, keeping ti/t, = 5 (W = 200 mm). Shear span has been varied from
a/h,, = 1-2. It can be seen that the shear capacity (V,) of the beam decreases with
increasing span, the decrement being ~32% and 36%, for t, =30 mmand t, =2
mm respectively. The observed effect of shear span agrees with the observation
made on I-section steel girders by Lee and Yoo (1999), Lee and Yoo (1998),
Gardner €t. al., (2008), Readl et. al., (2007), Estrada et. al., (2008), Alinia €t. al.,
(2009), Safar (2013), Saliba and Gardner (2013a) etc. For the stockier web section
(Figure 3.118), V/Vy = 1, whereas it is V/Vy < 1 for the sender web section,
consistent with the increased shear buckling resistance contribution from both the
stockier (t, = 30 mm, t; = 150 mm) web and flange parts. The increase of V, above
Vy is again attributable mainly from the contribution of stockier flange (i.e.
increased resistance to buckling of the compression flange and resistance to tensile
stress for the tension flange; improving the overall resistance) together with the
material strain hardening effect (see e.g. inset figure A of Figures 3.9 and 3.10). In
the case of slender web, the increase of V, (or V./Vy) with decreasing shear span

may be related to the improved distributing of the stress in both the web and flange
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(see inset figures C and D of Figure 3.9 in comparison to those of Figure 3.10),
enabling better participation of the web and flange in resisting shear (corresponding

size of the tension band appears to be relatively larger for the shorter span case).

Similarly, for stockier sections also, shorter span promotes better distribution of
stress with most area of flange and web being stressed at least to the yield (inset
figures A and B in Figure 3.9), whereas in the longer span (inset figures A and B in
Figure 3.10), yielded region is confined only to the web or around the mid-span in
the web, with only a small portion (near the mid-span) of the compression flange
being yielded. It is aso noted that an improved ductility can be seen in the case of
stockier sections i.e. the values of V have not dropped (Figure 3.11a) even after
undergoing a mid-span deflection of ~70 mm for all the spans considered, whereas
post peak decrement in V can be seen for & > ~50 mm, for the slender web sections
(Figure 3.11b). The increase in deformation capacity (or ductility) for stockier
section, can be explained from the observation that most or all of the webs have
undergone or surpassed yielding, without little sign of buckling at peak shear,
alowing relatively large mid-span deformation (> ~70 mm) before post-peak shear
drop at alater stage (the drop is not shown in Figure 3.11a, as the FE analyses were
stopped to save run time). For, slender sections (Figure 3.11b), the deformation
capacity is found to increase with increasing span. This may be because of the
weaker anchorage offered (inset figure C in Figure 3.10) by the flange on the
tension band, due to increase in span, whilst the anchorage in the flange is clearly

visible for shorter span (seeinset figure C in Figure 3.9).

Figures 3.12a and 3.12b show the von-Mises stress contour for stocky (t, = 30 mm,

tr = 150 mm) and slender (t, = 2 mm, t; = 10 mm) web sections respectively at peak

and post peak shear (for ws = 200 mm and a/hy,, = 2). The increase in shear capacity

of the stocky section is evident with more areas of web being stressed beyond yield

(Figure 3.12a), unlike for the slender web section, where shear buckling of web has

occurred (Figure 3.12b). Effect of span is plotted as a variation of V/Vy with hy/ty
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in Figure 3.13 (for ty/t; = 5, wy = 200 mm). A near equally spaced parallel decrease
in Vu/Vy (indication of nearly linear drop) can be seen when a/hy, is increased from 1
to 2. An average decrease of ~34% is observed in V/Vy, for 100% increase in a’hy
(=1-2).

3.3.3 Effect of flange width to web height ratio (wi/hy,)

Variation of V/Vy with 9, for stocky (tw = 30 mm, t; = 150 mm) and slender (ty = 2
mm, tr = 10 mm; a/h, = 2) sections are shown respectively in Figure 3.14a and
3.14Db, for wi/hy, ranging from 0.25-0.67 i.e. w; = 150-400 mm. Typical von-Mises
stress contours, for both stocky and slender sections for wy = 150 and 400 mm are
shown in Figures 3.15a-d respectively, at V,. It can be seen from Figure 3.14a that,
there is a significant increase in V/Vy (~61%) with ~166% in w; (from ws = 150
mm), for the stocky section, whereas the increase is much lesser ~9% for the same
amount of increase in w; for slender sections (Figure 3.14b). Similar behavior has
been noticed in the case of |-section steel girders by Aliniaet. al., (2009), Hassanein
(2010), Hassaanein and Kharoob (2010), Hassanein (2011) etc. In the slender
sections, deformation capacity is found to increase by ~90%, for the 166% in w;
(such effects are not shown for stocky section due to the termination FE analyses),
as shown in Figure 3.14b. For w; = 400 mm (i.e. wider flange), it is seen that the
whole of web and a magjor portion of the stockier compression flange (tr = 150 mm)
around the mid span has yielded, indicating more load carrying capacity (Figure
3.15b), whereas the yielded region is for arelatively smaller region around the mid-
gpan (Figure 3.15a), indicative of lower load capacity as shown in Figure 3.14a.
This may be because, as the flange gets wider, more area of both top and bottom
flanges gets available to resist the load, resulting in better distribution of the stresses
(i.e. more web area is mobilised to resist load). From Figures 3.15¢ and 3.15d, for
the case of dender web section, there appears to be not much contribution (the

stress in compression flange is much lower than yield stress) of the flange in
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resisting the load, although apparently, the width of the diagonal tension band is
relatively larger (and hence improved load capacity) for the wider flange beam
(Figure 3.15d). However, in the wider flange beam, contribution from the tension
flange in supporting the load, due to enhanced tension (i.e. bottom) flange sectional
areais aso the likely reason for the small increase in load capacity. The decreasein
deformation capacity (Figure 3.14b) for smaller flange width beam, in the case of
dender web beams, may also be related to the reduced flange cross sectional area,
e.g. reduction in tension flange cross sectiona area, may help in earlier post
ultimate drop in shear. Variation in V/Vy with hy/ty for various values of wi/h,, =
0.25-0.67, for ti/t, = 5 and hy,/t, = 20-300, is plotted in Figure 3.16. It can be seen
from Figure 3.16, that, the rate of increase gets relatively higher, in a nearly linear
fashion, as the section gets stockier (hy/ty, < ~75), in comparison to slender sections
(hw/ty = ~75), where the average increase is ~10% (increase being nearly constant).
Higher rate of increase in stockier section may again be related to the contribution
from both the flange and webs in supporting the load (see e.g. Figure 3.15a and
3.15b), as discussed above, such load carrying mechanism is primarily absent for
slender sections, where shear web buckling with little contribution from the flange

in resisting the load, being the mechanism.

3.3.4 Failure mechanisms

Observing the von-Mises stress distribution (superimposed on deformed shapes)
both at ultimate (i.e. at d,) and post ultimate load (e.g. 3 d,) of the FE models, along
with the identification of their location on the moment and shear interaction curve
(EN 1993-1-4 (2006/A1:2015)), three main failure mechanisms have been
identified: a) shear dominant failure, b) bending dominant failure, and ¢) combined
bending and shear failure mechanisms. It may be noted that, similar type of failure
mechanisms have aso been identified in the case of open sections (e.g. Aliniaet al.,
2009; Sdliba and Gardner, 2013a; Hassenien, 2011).
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a) Shear dominant failure

For a typical shear dominant failure mechanism, it is seen that there is an
appearance of shear buckling deformation failure type in the webs (Figure 3.174) at
V., resulting in an evident presence of diagonal tension band, which anchors at the
flange (or near the support). At the post-ultimate shear, plastic hinge type yielded
region near to the support, where anchorage of the tension band takes place, can be
observed (Figure 3.17b). Such type shear dominant failure are observed in stockier
flange sections (e.g. t/ty = 3 for a/h, = 1.0), when the web is relatively slender
(hw/ty = 75). This observation is in accord with the failure mode observed in I-
section steel girders subjected to shear loading by Lee and Yoo (1999), Alinia et.
al., (2009), Hassanein and Kharoob (2010), Hassanein (2010), Saliba and Gardner
(20133). In the longer span (a/h, = ~2.0), shear dominant failure can take place
when the flange thickness is sufficiently stocky as compared to that of web (e.g. ti/ty,
= 5) where the stockier flange provides sufficient anchorage to the tension band (as
aresult of shear buckling) of the web (in the case of dender web, e.g. hy/ty = 75),
whereas on the other hand, for stockier webs (hy/ty, < 75) both the increase in
thicknesses of web and flange, helped in mobilizing most areas of webs in
sustaining shear. Typical example shown in Figure 3.17 corresponds to a FE model
with wi = 200 mm, t; = 10 mm, t, = 2 mm; a/h, = 2 (referred to with the
nomenclature W600FW200TF10WT2).

In Figure 3.18, moment-shear interaction curve i.e. VIV, rq VS M/IM¢Rrq, &S per EN
1993-1-4 (2006/A1:2015) is plotted, where Vy, rq (Equation 3.3-3.12) is the total
shear resistance of the section i.e. including the shear resistance of flange (Vir, rd)
and shear resistance of web (Vpw, rd), M, ra 1S the flange bending resistance and Mg,
rd @nd Mcgq are the bending resistance of effective cross-section (in the case of
Class 4 section) and cross section respectively. V and M are the applied shear and
bending moment.
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hfyit, (3.3)

Vb, Rd = Vow, Rd + Vb, Rd <
M1

where, fyw, h, and gu, are the web yield strength, web contribution factor and shear
partial factor respectively. The values of h and gy are taken as 1.2 and 1.0
respectively (Saliba and Gardner, 2013a). The contribution of the web (Vpw, ra) 1S
defined as:

v, = Culwit (3.4)
’ \/éng

where, the web buckling reduction factor (c,) taken as, |,

C,=h for i", < % (35)

_ OI._65 for % <1,<065 (36

_ 156 for I, >0.65 (3.7)
091+,

Here, web slenderness parameter for webs stiffened (or coupled) at supports and

mid-span (I w) is defined as,

LA (3.9)
37.4e k.
where, k; is the shear buckling coefficient given by,
2
K =534+ 4_00(%j for a/ hy = 1.0 (39)
2
a

The contribution from the flange (Vur, ry) 1S defined as,
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b,t?f, M., ) (3.11)

be,Rd = 1-
Cng M f,Rd
where, Mgq is the bending design moment, and ¢ is width of the tension band given
by
3.5 t7 f C

c= a[o_17+#J and ES 0.65 (3.12)

t, g Fo

Here, fy; is the yield stress in the flange. In this study, both fy; and fyy, are taken as
equal to s, of the compression part (see Table 3.1), hence fys /fy =1.0 in Equation
3.12.

Interaction of bending and shear (i.e. consisting of combined bending and shear)
conditions for | or box girder should satisfy (provided, design shear forceis equal to

or greater than 50% of the plastic shear resistance or h,> 0.5):

M
o+ 1- f Rd (2h_3 _1)2 <10 (3.13)
pl,Rd
where,
h_l =M Ed I'M pl ,Rd (3-14)
h_s :VEd /V bw,Rd (3.15)

Here, My, re IS the design plastic moment resistance of the section consisting of
effective area of the flanges and web (Gardner and Nethercot, 2011). In
constructing the interaction diagram, all partia factors of safety are taken to be
unity. Mirq iscalculated as the product of yield strength, the effective area of the
flange with the distance from the neutral axis.

On the moment-shear interaction figure (Figure 3.18), the FE values for the
example model (W600FW200TF10WT2) is marked, using the coordinates (Vy/Vp,

rRdy MW/Mc, rg), Where V,, and M, corresponds to the ultimate shear and moment
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computed from FE analysis. It is seen that, the value of V,, re/Vp, ry is relatively
much higher as compared to My/M¢, rd (Vi/Vb, rd | MW/M¢ rg = ~3.18 ), indicating
the failure mode of the beam is shear dominated (EN 1993-1-4, 2006/A1:2015).
Thisis consistent with the failure mode observation (Figure 3.17).

b) Bending dominant failure

In the bending dominant failure mode, the yielding is confined to a narrow region
around the mid-span, wherein at V,, evidence of compression and tensile yielding
initiation (around the mid-span) can be observed at the top and bottom flange
respectively. It is possible to accompany such failure with the presence of local
buckling around the mid-span for slender webs (h,/t,, = 300), or absence of local
buckling of the web for stockier webs (e.g. hy/ty = 20). At the post ultimate shear,
development of full plastic hinge type can be seen at the midspan associated with
stress relaxation on other parts of the beam i.e. towards the supports (the failure
mode agrees to failure mode observed in |-section steel girders by Alinia et. al.,
(2009), Hassaanein and Kharoob (2010), Saliba and Gardner (2013a)). Figure 3.19
shows typical bending dominant failure mode for W600WF200FT12WT8 (a/h,, =
2) specimen. Bending dominant failure is found to occur mostly on the longer span
beam (a/h,, = 2), and when the flange thickness is smaller (e.g. ti/t, = 2). Smaller
flange thickness alows both the compression and tension flange around the mid-
gpan to yield earlier (see e.g. inset figure D of Figure 3.10), and this helps in the
bending of the beam around the mid-span. Similar observation can also be made for
shorter span (a/hy, = 1), especialy for slender web (hy/t, = 300) with lower ti/t,, (e.g.
ti/tw = 2). FE data point for W600WF200FT12WT8 (a/h,, = 2) specimen is located
on the interaction moment-shear interaction diagram in Figure 3.20. For this beam,
arelatively high value of My, re/M¢ rq as compared to V/Vp ra (Mu/Mc, rd / Vil Vi, Rd

=~ 1.60) is seen, indicative of bending dominant failure mode.
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¢) Combined shear and bending failure

When both shear and bending failure modes (see Sections 3.3.4a and b) interact and
both are present, a mixed type of failure termed as combined shear and bending
failure mode can occur. Typica example of combined shear and bending failure
modes are shown for specimen, W600WF200FT8WT4 (a/h,, = 1), in Figure 3.21. In
Figure 3.21, the presence of shear web buckling in webs and yielding (due to
bending) on both the compression and tension flange is seen at ultimate shear
(Figure 3.21a). Deformation around the mid-span (with a relaxation of stress at the
mid-span due to stress redistribution) with the formation of yielded region close to
the mid-span at post ultimate load (i.e. at 3 d,) suggest of a combined shear and
bending failure mode (similar failure mode has aso been reported in the study in |-
sections by Gardner and Saliba (2013a)). The location of the FE data corresponding
for the specimen shown in Figure 3.21, in the moment-shear interaction diagram is
shown in Figure 3.22, wherein it lies in the transition area (My/Mc, rg / Vu/Vb, ra =

~0.66) of shear and moment in interaction curve.

It can be seen from the previous discussion that, although the interaction curves are
similar in nature for al the specimens, a unique interaction curve needs to be
explicitly defined based on the values of Vpw,rd / Vbre @nd Mird/ Mcrd, fOr each
specimen. Thus, it is not possible to device a single curve or diagram on which all
the specimens can be compared and probe for their failure mechanisms. Hence, a
similar method for comparison reported by Saliba et al., (2014) has been followed
in this work. In this method, three normalised moment-shear (M-V) i.e. V/Vprg and
M/M. rq interaction curves are drawn (Figure 3.23) based on the average, minimum
and maximum of the two ratiosi.e. Vpw,rd / Vbrd @Nd Mt re/ Mcrg, CONsidering al the
FE results of ~125 models. The results of FE analyses for which the ratio of shear
force to bending i.e. Vyre/Mure > Vowrd/M:rg, indicating shear dominant failure
mode are then plotted on the M-V diagram. The data points corresponding to
bending or combined bending and shear dominant failure modes (i.e. Vi re/Myre <
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Vbwrd/Mirg) are omitted for brevity in Figure 3.23. Further, as the focus of the
current work is mainly on studying the shear behavior, only shear dominant FE
results are considered for comparison with EN 1993-1-4 (2006/A1:2015) (EN 1993-
1-4) and Direct Strength Method (DSM) in the subsequent sections.

3.4 COMPARISON OF FE RESULTSWITH EN 1993-1-4 (2006/A1:2015)

In order to assess the applicability of the shear resistant model provided in EN
1993-1-4 (2006/A1:2015) (EN 1993-1-4) to the present study on LDSS beams,

comparisons on the variation of c, (shear buckling reduction factor for web

buckling) with | , (web slenderness) is shown in Figure 3.24. It may be mentioned
that EN 1993-1-4 (2006/A 1:2015) shear design approach takes into consideration of
the contribution of both the web (c,) and flange (C; ) to the shear resistance and

ignores the effect of rigid end post. EN 1993-1-4 (2006/A1:2015)'s method is based
on Hoglund's (1971, 1973, 1997) rotated stress field method, adopting simple post-
critical assumption (e.g. Saliba and Gardner, 2013a). Expressions for calculating

c, and |, are Equations 3.5-3.10, based on EN 1993-1-4 (2006/A1:2015). FE c,,

values are calculated as (Vy—Vir, ra) / Vy, i.€. flange shear capacity (Vir, ra, SE€
Equation 3.11) has been deducted from the FE ultimate shear capacity (V). Two
separate comparisons are made between FE and EN 1993-1-4 (2006/A1:2015): 1)
for a’hy, < 1.0, and 2) 1< a/hy, < 2.0, in similar lines done for stainless steel plate

girders by Estrada et al., (2008). A higher value of |, represents slender webs and a

lower value of c,, show lesser contribution of the web in the shear resistance. In
Figure 3.24, only those FE models which have shown shear dominant failure
mechanism (see Section 3.3.4) i.e. data points satisfying (My/Mc¢, rd) / (Mu/Vp, ra) >
1.0 are considered for comparison with EN 1993-1-4 (2006/A1:2015). For the
comparison, web panel range (a’hy) from 0.83-2.0 have been considered. From
Figure 3.24, it is observed that for the lower web pand ratio (i.e. a’h, < 1.0), FE
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predicted higher values of c, in comparison to that of EN 1993-1-4

(2006/A1:2015), indicating a conservative codal prediction. The mean and
coefficient of variation (COV) of the ratio of FE to codal predictionsi.e. V, /V gn
1993-1-4 @re found to be 1.47 and 0.19. In the case of higher web panel ratio (1< a/h,
< 2.0), FE values are aso above those of EN 1993-1-4 (2006/A1:2015) (but
relatively closer to the FE values as compared to the case of a/h,, < 1.0, see Figure
3.24b), with the mean and COV of V, /V gn 1993-1-4 being 1.36 and 0.19 respectively.
Thus it is seen that as the FE values are on the higher side as compared to the V gy
1903-1-4, Predictions, suggesting that EN 1993-1-4 (2006/A1:2015) stainless steel
shear resistance design model can be conservatively applied for LDSS hollow
rectangular beams. However, in this chapter, based on the FE analyses, an improved
optimal design expression is suggested to provide safe and economical sections,
similar to that of EN 1993-1-4 (2006/A1:2015). The new modified shear buckling
reduction factor (Xw(en-proposed)) €Xpressions (obtained through non-linear regression
analysis using least square method, considering the lower bound FE vaues for 1)
for a/hy, < 1.0, and 2) 1< a/h,, < 2.0, are provided in Table 3.3. It can be seen from
Table 3.3 that the value of h (=1.2) is maintained same as that given by EN 1993-1-4
(2006/A1:2015) for |, < 0.65/h. The mean and COV (Tables 3.5 & 3.6) for the

proposed modification are found to be: 1) 1.19 and 0.14 for a/h,, < 1.0, and 2) 1.18
and 0.16 for 1< a/h,, < 2.0, respectively, suggesting an improvement in both mean
and COV as compared to EN 1993-1-4 (2006/A 1:2015).

35 COMPARISON OF FE RESULTS WITH DIRECT STRENGTH
METHOD (DSM)

Direct Strength Method (DSM) is an alternative method to the traditional ‘effective
width method’, proposed by Schafer and Pekoz (1998) for the design of cold
formed steel members considering local, global and distortional buckling. DSM
procedure is now currently integrated into the North American Specification (NAS,
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2001, 2007) and Australian/ New Zealand Standard (AS/NZS, 2001). The details of
DSM procedure are provided in the Appendix 1 of NAS (2007). In DSM, rather
than considering the slenderness ratio of the most slender constituent plate
elements, slenderness of the full cross-section is utilised in estimating the load
capacity. Hence, DSM does not require calculation of the effective width, instead
the elastic buckling load in local, global and distortional modes are required to be
determined, to compute the ultimate capacities of cold formed steel members. Thus,
DSM provides simplistic design procedures offering an attractive solution to design
engineers, and can reasonably take into consideration of complex cross sectional
shapes (e.g. Pham et al., 2014; Keerthan et al., 2015). The eastic buckling loads
(necessary in DSM, and explained later) can be obtained through finite strip (e.g.
CUFSM (2012), THIN-WALL (2006) or finite element softwares (e.g. Abagus,
2009). Till date, significant development have been made on the application of
DSM for members subjected to compression and bending, formal application to
members subjected to shear is apparently lacking, although recently, Pham et al.,
(2014) and Keerathan and Mahendran (2011, 2015a, 2015b) reported of the
successful application of DSM on sections with longitudinal stiffeners, and lipped
channel, hollow flange etc., respectively, subjected to shear. It is also noted that,
application of DSM for LDSS members subjected to compression and bending have
been reported by Young and co-workers (e.g. Huang and Young, 2013, 2014a).
Hence, in this section, an attempt has been made to develop DSM design rules
based on the FE results. At first, comparison of the FE results with those predicted
by DSM design expression without considering the effect of post-critical strength
enhancement (developed through recasting of the origind DSM expressions in
terms of nominal shear loads, especially shear yield capacity (Vy) of the web has
been brought in) (e.g. Pham et al., 2014; Keerthan and Mahendran, 2015a, 2015b).
The DSM design rules for shear (without considering post-buckling strength)
(Equations 3.16-3.18). But as the development of diagonal tension field action is

evident in the present FE anayses, corresponding to shear failure dominant

60

TH-1910_11610407



Chapter 3 — Shear Behaviour of Lean Duplex Stainless Steel (LDSS) Rectangular
Hollow Beams

specimens, it is desirable to extend the original DSM for shear (mentioned above),
to take into consideration of the post-buckling strength, as suggested by Keerthan
and Mahendran (2015a, 2015b). Hence, in this work, based on non-linear regression
anaysis (least square method) using lower bound values of the FE results, a further
improvement has been proposed i.e. modifications to Keerthan and Mahendran
(2015a), to include the effect of post-buckling strength (Equations 3.19-3.21).

a) DSM design rules (without post-buckling strength)

\\;_v -1 | <0815 (3.16)
y
Vool 0.815<| <123 (3.17)
V.o
y
Vo _ Iiz | >1.23 (3.18)
Y,
y

Here, Vy (shear yield capacity of the web based on average shear yield stress of 0.6
fy) = 0.6 hutufy; | =V, /V, , where Vi elastic shear buckling capacity (obtained

through FE analysis).

a) Proposed DSM design rules (with post-buckling strength)

Ve 4 | <0815 (3.19)
Vy
Yy 0815 i, 0815 0.815<| <1.23 (3.20)
v, | |
ﬁ:iﬁp{l—é} | >1.23 (3.21)
Vv, | |
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Here, P, is the post buckling coefficient and is found to be 0.50 and 0.33 for a/hy, <
1.0 and 1< a/hw < 2.0, respectively. The corresponding values for LiteSteel beam
with RHFB (Rectangular Hollow Flange Beam) and I-section beams, have been
reported to be 0.25 (Keerthan and Mahendran, 2011, 2015a). In Equations 3.19-
3.21, the values of V\/Vy for A < 0.815, 0.815 < A < 1.213, A > 1.213 correspond to
shear yielding, inelastic buckling and elastic buckling respectively. The proposed
design expressions of DSM are given in Table 3.4. Comparisons of the DSM
(without post-buckling), proposed design rules for I-section by Keerthan and
Mahendran (2015a, 2015b) (with post-buckling) and proposed DSM (with post-
buckling) design rules are presented in Figures 3.25a and 3.25b, for a/h,, < 1.0 and
1< a/hw < 2.0, respectively, in non-dimensional format, as a variation of V\/Vy VS A.
The mean and COV (Tables 3.5 & 3.6) for the proposed DSM design rule value of
V\/Vy in comparison to that of FE, are found to be 1.20, 0.17 and 1.21, 0.16
respectively for a/h,, < 1.0 and 1< a/h,, < 2.0, indicating an improved performance.
Further, from Figure 3.25, it can be observed that significant post buckling strength
can be observed, for relatively slender webs (hy/ty) consistent with those reported
by Keerthan and Mahendran (2015a, 2015b).

3.6 RELIABILITY ANALYSIS

The applicability of EN 1993-1-4 (2006/A1:2015) and proposed design
modifications for EN 1993-1-4 (2006/A1:2015) and DSM for the prediction of
shear capacity of LDSS rectangular hollow beam have been assessed through
reliability analysis. In the reliability anaysis, the method proposed in the
commentary (Equation C-2) of ASCE 8-02 (2002) for cold formed steel structures
has been considered. A resistance factor (¢.) value of 0.85 suggested by ASCE 8-02
(2002) for the web under shear buckling for flexura members is taken in the
calculation of reliability index (B). In accordance to ASCE 8-02 (2002), a load
combination of 1.2DL +1.6 LL (DL = dead load; LL = live load), along with
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statistical parameters M, Frn, Vi and Ve (i.e. mean, coefficients of variation (COV)
of material and fabrication, respectively) with values of 1.10, 1.0, 0.10 and 0.05,
respectively, are considered (See Section 1.5.4 of ASCE 8-02 (2002). The ratio of
nominal resistance to load effect (i.e. R/Qm) are taken from Equation C-15 ASCE
8-02 (2002). As per ASCE 8-02 (2002), atarget reliability index (o) value of 3 has
been adopted. From the reliability analyses, for the proposed design modifications,
the values of [ are calculated to be 3.39 and 3.21, respectively, indicating that the
proposed design modifications are reliable (i.e. f > 3.0), for LDSS hollow beams.

3.7 CONCLUSIONS

The shear behavior of LDSS (lean duplex stainless steel) rectangular hollow beams
have been investigated in this chapter, through a parametric study, using the
commercia finite element software, Abagus. Effects of key cross sectional
parameters viz., flange thickness (t;), flange width (w), web thickness (t,) and shear
span (a) have been studied in the FE study, keeping the height of the web (hy)
constant. The conclusions drawn from the FE investigations are presented bel ow:

1) An asymptotic drop in shear capacity (V) has been observed with
increasing values of web slenderness (hy/ty), the decrease in V, being
relatively steeper till hy/t, < 75. The variation of ti/t,, is found to have little
effect on V, for hy/t, = ~75, whereas for stockier web sections e.g. hy/ty <
~75, an increasing rise in V, can be seen with increasing ti/t,. Further, in
genera, it is observed that increasing flange thickness for the same web

thickness, can enhance both the ultimate shear capacity and ductility.

2) The % increase in V, increases on both sides of hy/t, = 75, indicating that
the effect of t; is more pronounce both for lower and higher values of t,, (i.e.
towards left and right extremes of h,/t,), whilst the effect is relatively less

for intermediate values, on keeping ti/t,, constant.
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3)

4)

5)

6)

The shear capacity (V,) of the beam is seen to decrease with increasing

shear span for both the stocky and slender web sections.

The effect of increasing flange width (wy) is found to be significant for
stockier sections as compared to the slender sections. The increase in V/Vy
isfound to be ~61% with ~166% increase in ws (from w; = 150 mm), for the
stocky section, whereas the increase is much lesser (~9%) for the slender

web sections, for the same amount of increase in w.

Three failure mechanisms have been identified viz,, 1) shear dominant, 2)
bending dominant, and 3) combined shear and bending, in consistent to the

observation made on LDSS plate girdersin the literature.

In genera, both EN 1993-1-4 (2006/A1:2015) and DSM are found to be
applicable for the shear design of LDSS rectangular hollow beams
(although their predictions are conservative), in comparison to the FE
results presented herein. Hence, a possible modifications to both EN 1993-
1-4 (2006/A1:2015) and DSM have been suggested by bifurcating two span
ratios: 1) a/hy, < 1.0 and 2) 1< a/hy,, < 2.0.
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Table 3.1: LDSS material properties (Theofanous and Gardner, 2010)

SHS 60 x 60 x 3 — B2 specimen
a) Tension flat material properties
Eo (MPa) | 0p2(MPa) (010 (MPa) 0, (MPa) Compound R-O
coefficients
n n(’).2,0.1
209797 755 819 839 6.0 4.3
b) Compression flat material properties
206430 | 711 | 845 | - [ 50| 2.7
c) Tensile corner material properties
212400 | 885 | 1024 | 1026 | 6.3 | 4.0

Table 3.2: Beam dimensions (Theofanous and Gardner, 2010) for FE validation

L (mm) B (mm) D (mm) t(mm) ri (mm) Wo

Specimen

SHS 1100 60 60 3.10
L = Length, B = Width, H = Depth, t = thickness, r; =
local geometric imperfection

2.3 Eq.
internal corner radius, wp =

Table 3.3: EN 1993-1-4 (2006/A1:2015) design expressions to evaluate the web
buckling co-efficient (Xw)

Web panel |_W Xw Xw, prop
ratio
065 h h
h
alhy<10 | 065 = _4qq 065 069
h I, I
I, >0.65 1.56 2.42
0.91+1 , 1.53+1
1<ah,<2.0 < 0.65 h h
~h
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0.65 _ <069 0.65 0.675
h I I
|, >0.65 1.56 2.03
0.91+1 , 1.27+1,

Table 3.4: Proposed design expressions of Direct Strength Method (DSM) V./Vy

VV/V y(DSM-proposed)

| w

Web panel ratio
A< 0.815 1.0
ey, 0.815 < \y< 1.23 Iiz +0_50‘1_ ( |i2 ﬂ
i %+ 050 1- (%ﬂ
A< 0.815 1._0
1< afh, < 2.0 e e 0331- [gﬂ
Aw> 123 Iiz+ 0.33_1— (Iizﬂ
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Table 3.5: Comparison of FE results with predictions of EN 1993 1-4
(2006/A1:2015) and Direct Strength Method (DSM) for shear span of a/h, < 1.0

Z |z 2

Section (a/hy) o1 5 8| B¢
2 |8_J5_| 2 882

S | F2|E52 &2 |S| S| 5

S (S>SE (> > > | > >

W600WF200FT4WT2 (1.00) 435 (283 (358 |[544 |154|1.22 |0.80
W600WF200FT8WT4 (1.00) 1402 1022 (1196 |1284 |1.37|1.17 |1.09
WB00WF200FTEWT?2 (1.00) 502 (316 (390 |546 |1.88|1.52 |1.08
WB00WF200FT12WT4 (1.00) 1540 1088 (1262 |1300 |1.42|1.22 |1.19
WGE00WF200FT24WT8 (1.00) 4042 (3406 [3657 (3791 |1.19|1.11 |1.07
WB00WF200FT30WT10(1.00) 5750 |4805 |5030 (5119 |1.20|1.14 |1.12
WB00WF200FT8WT2 (1.00) 650 (338 (412 |547 |1.92]158 |1.19
WB0OWF200FT16WT4 (1.00)  |1638 |1149 1323 (1309 |1.43|1.24 |1.25

W600WF200FT32WT8 (1.00) 4220 (3550 (3801 (3830 [1.19|1.11 |1.10
W600WF200FT40WT10 (1.00) 6084 4990 (5215 (5119 [1.22|1.17 |1.19
W600WF200FT10WT2 (1.00) 683 (360 (434 |547 |1.90|1.57 |1.25
W600WF200FT20WT4 (1.00) 1742 (1201 |1375 |1315 [1.45|1.27 |1.32
W600WF200FT40WT8 (1.00) 4498 |3656 (3907 (3863 |1.23|1.15 |1.16
W600WF200FTS0WT 10 (1.00) 6258 |5120 |5345 |5119 |1.22|1.17 |1.22
W600WF200FT100WT20 (1.00) {17254 15136 {14062 (10238 |1.14 |1.23 |1.69
W600WF200FT150WT30 (1.00)  |30000 25191 |23579 |15358 |1.19 |1.27 |2.05
W600WF200FT6.25WT2.5(1.00) |764 (430 |531 (705 |1.78|1.44 |1.08
WG600WF200FTOWT2.5 (1.00) 850 |461 (562 |[707 [1.84|1.51 |1.20
W600WF200FT10.5WT3 (1.00) 1074 |628 |756 |885 [1.71(1.42 |1.21
W600WF200FT12.25WT3.5(1.00) (1326 |816 (968 1083 |1.62|1.37 |1.22
W600WF200FT15WTS (1.00) 2083 (1414 (1624 |1805 |1.47|1.28 |1.15

W600WF200FT12WT6 (1.00) 2471 12029 (2265 |2411 |1.22|1.09 |1.02
W600WF200FT18WT6 (1.00) 2663 2140 (2375 |2461 |1.24|1.12 |1.08
W600WF200FT18WT6 (1.00) 3269 |2742 (2991 (3117 |1.19|1.09 |1.05
W600WF200FT21WT7 (1.00) 2828 |2013 (2249 (2486 |1.40|1.26 |1.14

W600WF200FT24WT6 (1.00) 3475 |2550 (2799 (3150 [1.36|1.24 |1.10
W600WF200FT28WT7 (1.00) 730 |357 (432 |548 |2.04|1.69 |1.33
W600WF200FT12WT2 (1.00) 1540 |1081 [1255 |1299 |1.43|1.23 |1.19
W600WF200FT12WT4 (1.00) 2471 2019 (2254 |2413 |1.22|1.10 |1.02
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W600WF200FT15WT2 (1.00) 792 384 459 |549 |2.06|1.73 |1.44
W600WF200FT15WT4 (1.00) 1612 (1002 (1176 (1306 |1.61|1.37 |1.23
W600WF200FT15WT6 (1.00) 3075 2072 (2308 |2448 |1.48|1.33 |1.26
W700WF200FT60WT 10 (0.86) 7595 5610 (5903 |5972 |1.35(1.29 |1.27
Mean 147 1.19 1.20
Cov 0.19 0.14 0.17

Table 3.6: Comparison of FE results with predictions of EN 1993 1-4
(2006/A1:2015) and Direct Strength Method (DSM) for shear span of 1< a/h,, <

2.0
— = B 3
Section (a/h,) |y | = 8| ¢¢
= g | 8 Z = z|>
< | 2 |25 82|z B
> L L [} \3 \:s >
SR I 3 I IS S IS
WG600WF200FT8WT2 (2.00) 424 265 [294 369 |1.60|1.44|1.16
W600WF200FT 16WT4 (2.00) 1161 926 |991 |935 |1.25|1.17|1.24
W600WF200FT10WT2 (2.00) 445 (276 |305 |370 |1.61|1.46|1.20
W600WF200FT 20WT4 (2.00) 1214 942 |1007 (942 |1.291.21|1.29
W600WF200FT40WTS (2.00) 3431 |3000 |3063 (3338 |1.14|1.12|1.03
W600WF200FT50WT10 (2.00) 5013 |4251 |4269 |4811 |1.18|1.17|1.04
WG600WF200FT150WT30 (2.00) 20396 |20349 |18737 15358 [1.00 |1.09 |1.33
W600WF200FT6.25WT25 (2.00) |483 |378 |417 |479 |1.28|1.16|1.01
W600WF200FT9WT2.5 (2.00) 559 (367 |406 483 |1.52(1.38|1.16
W600WF200FT10.5WT3 (2.00)  |717 |503 |551 |612 |1.43|1.30|1.17
W600WF200FT12.25WT3.5 (2.00) |910 |719 |777 |758 |1.27|1.17|1.20
W600WF200FT 24WT6 (2.00) 2036 |1837 [1915 |1885 |1.11|1.06|1.08
W600WF200FT28WT7 (2.00) 2638 [2364 (2437 (2569 [1.12(1.08(1.03
W600WF200FT10WT2 (1.30) 600 |293 (323 (377 |2.05/1.86|1.59
W600WF200FT20WT4 (1.30) 1517 |964 |1028 (998 |1.57|1.48|1.52
W600WF200FT40WTS (1.30) 4033 |3341 |3383 |3546 |1.21|1.19|1.14
W600WF200FT50WT 10 (1.30) 5715 4704 |4690 (5119 |1.211.22(1.12
W600WF200FT150WT30 (1.30)  |26150 |23469 |21857 |15358 |1.11(1.20 |1.70
W600WF200FT10WT2 (1.60) 517 |271 [300 |374 |1.91|1.72|1.38
W600WF200FT20WT4 (1.60) 1329 |1009 |1073 |967 |1.32|1.24|1.38
W600WF200FT40WT8 (1.60) 3747 |3153 (3207 (3438 [1.19/1.17|1.09
W600WF200FT50WT10 (1.60) 5359 |4456 |4460 |4970 |1.20|1.20|1.08
WG600WF200FT150WT30 (1.60) 23549 [22394 |20782 15358 |1.05 |1.13 |1.53
W600WF200FT10WT2 (2.00) 464 (265 [294 |371 |1.75|158|1.25
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W600WF200FT20WT4 (2.00) 1241 |973 |1038 |947 |1.28|1.20|1.31
W600WF200FT40WT8 (2.00) 3522 3061 (3124 |3369 |1.15|1.13|1.05
W600WF200FTS50WT 10 (2.00) 5197 |4411 |4428 (4860 |1.18|1.17 |1.07
W600WF200FT10WT2 (2.00) 469 |27/3 (302 371 |1.71|1.55|1.26
WG600WF200FT20WT4 (2.00) 1278 962 |1027 |950 |1.33|1.24|1.35
W600WF200FT40WT8 (2.00) 3600 (3194 (3257 |3382 |1.13|1.11|1.06

W600WF200FTS50WT 10 (2.00) 5276 |4618 |4635 (4860 |1.14|1.14|1.09
W600WF200FT100WT20 (2.00) 16293 (1477214131 {10238 |1.10 |1.15 [1.59
W600WF200FT150WT30 (2.00) 2812325191 | 23579 {15358 [1.12 |1.19 |1.83

W600WF200FT10WT2 (2.00) 437 1269 (298 (370 |1.62|1.47|1.18
W600WF200FT20WT4 (2.00) 1160 |936 |1001 |934 |1.24|1.16|1.24
W600WF200FT12WT2 (2.00) 458 1269 (298 (371 |1.70(1.54|1.24
W600WF200FT12WT4 (2.00) 1081 [892 (956 922 |1.21|1.13|1.17
W600WF200FT15WT2 (2.00) 493 283 (312 (371 |1.74|1.58|1.33
W600WF200FT15WT4 (2.00) 1122 913 978 1927 |1.23|1.15]1.21
Mean 136 1.18 1.21
Cov 0.19 0.16 0.16
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@

Load
<T> A
L
(©)

Figure 3.1: (@) Schematic diagram of FE LDSS hollow beam (b) FE mesh (RP1,
RP2 and RP3 are reference points () boundary condition.

1000
800
Op.2

600

400

Stress (MPa)

200

€02

0.005 0.01 0.015

Strain

Figure 3.2: Schematic diagram of stress-strain curve of LDSS material Grade EN

1.4162 (Gardner & Asnraf, 2006).
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16 1 Ultimate moment (M,) — . = Exp (Theofanous & Gardner, 2010)
14 - -
§ 12 - 1
5/ 1
= _ 1
: 10 | =3
o] 8 4 1 °
1S 1 \
8 6 - !
7 |
S 4 - 1
= |
2 A :/ 0, (rotation at M)
0 L T T T

T T 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Rotation 6 (radian)

Figure 3.3: Variation of mid-span moment vs rotation (SHS-60 x 60 x 3-B2).

71

TH-1910_11610407



Chapter 3 - Shear Behaviour of Lean Duplex Stainless Steel (LDSS) Rectangular
Hollow Beams

(a) 2000  Vu(Ultimate sheer)

tw=5 17 (b) —ttw =5
1800 - =4 09 - tity =4
1600 - —Ww=3 08 - tity=3
1400 a :—tf/tw = 2 07 a tf/tw = 2
1200 1 ! _ 06 A
< 1000 - ! < 05 -
> 800 - : 04 -
600 - ! 03 1
400 1 5, (deformation at V) 02 1
200 ! ' 258, 0.1 -
0 \: T '( 0 T T T 1
0 50 0 20 40 60 80
8 (mm) 0 (mm)
Figure 3.4: Variation of a) V vsd and b) V/Vy vsd (tw =4 mm and a = 600 mm, w
=200 mm).
5, Miscs Loca (@) Plastic
SNEG, (frustion = -1.0) - Byckling hinge
{Ave: T3%)
o Aoy
I’ +X . OAhgH ]
R
Lo+5 OT6eH)2
L 44 64702
- EPEEAG
o+ 98Re+02
#6590+

tr=8mm

L
ocal / Shear (t/ 1, = 2)

Buckling

(©)

(d)

Plastic hinge Plastic hinge

Local / shear
buckling

at V, (i.e.dy)
Figure 3.5: Von-mises stress contour at 4, (corresponding to P) and 2.5 4, for i) t;
=8 mm (a b) and i) tr = 20 mm (c, d) (t, =4 mm, h,, = 600 mm, w; = 200 mm
and a = 600 mm).

tr= 20 mm
(t/ ty, = 5)

at 2.5d,
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(@ 5000 - Eﬁx; ié (b)1.2 - Eﬁxz ié
4500 - tt, = 2.0 tt, = 2.0
4000 - tfﬁw: 28 11 —t/t, = 3.0
3500 Wy =6. 08 A N

_ 3000
£ 2500 3

> 2000
1500
1000
500

0 A : :

0 20 40

3 (mm) & (mm)

Figure 3.6: Variation of &) V vs o b) V/IVyvsd (t; = 12 mm, w; = 200 mm and a =
600 mm).

5, Mises
SMEG, (Itaction = -1.6
(Avy: 739
+8.635e+(2
+7.3LGe+02
+3 97 6e+(2
+4. 04 Te+(2
+3 318e+(2
+1.988e+02
+ 580+

(®) Plagtic hinge

(@)

ty=2mm
(tf/ th 6)

) Plastic hinge

tw= 10 mm
(t ty=1.2)

at V, (i.ed) at 2.5d,

Figure 3.7: Von-mises stress contour at d, (corresponding to P,) and 2.5 4, for i)
tw =2 mm (g b) and ii) t, = 10 mm (c, d) (tr = 12 mm, w; = 200 mm and a = 600
mm).
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T ety =5

25000 - tity =4

—m-tty=3

20000 - e tltu=2
< 15000 |

>:

10000
5000 A

O T T T T T 4 1

0 50 100 150 200 250 300 350
hy/ty

Figure 3.8: Variation of V, vs hy/t,, (&/hy, = 1.0; ws = 200 mm).

25 _ +tf/t = 5 (C:I
(A) tit, = 4
2 T +tf/t - 3
(D
——tty =2 '
. 151
= Web yielding dominated failure region
> (B)
1
0.5 Web buckling dominated failure region D)
0 T T T T T T 1
0 50 100 150 200 250 300 350

h/ty

Figure 3.9: Variation of V/Vy vs hyl/ty (&/hy = 1.0, wy = 200 mm). Von-Mises
stress contours are plotted at 6, (corresponding to V, at insite).
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2.5 A (A) (B) —e=t/t, =5
tf/tw =4

(C

+tf/tw =3

15 _(Azg\ ——1ilty = 2
1 “\\
oo o

VV,

Figure 3.10: Variation of Vu/Vy vs hyl/ty (&/hy = 2.0, wy = 200 mm). Von-Mises
stress contours are plotted at 6, (corresponding to V, at insite).

@ 27 (b) 27 ——alh, =100
181 18 alh, = 130
16 1 1.6 -

—alh,=1.60
14 - 1.4 -
1o /@ = 12 alh,, = 2.00
> 4

g 1 AR E 00 ;; 1
08 T a/hW= 1.30 > 0.8 T
06 - alh,= 1.60 06
04 4 ath = 2.00 04 4 (b)

0.2 e 0.2 -
O T T T T O T T T
0 20 40 60 0 20 40
8 (mm) 6 (mm)

Figure 3.11: Variation of V/Vy vsd: @) ty =30 mm (t; = 150 mm) and b) t,, =2 mm
(tr = 10 mm) (t,/t; = 5; wg = 200 mm).
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3, Misgz
SNEG, (fraction = -1.0) (a)
{Avg: Ti%)
+8.635¢+02
+7.306e+02
+3.9765+02
- +4.64Te+02
+3.318e+02
+1.988¢+02
- 6. 200c* 01
r1.698x+(1

ty = 30 mm; t; =150 mm

ty=2mm; t:=10 mm
@V, (i.ed) @ 2d,

Figure 3.12: VVon-mises stress contour at , (corresponding to P,) and 2.0 g, for i)
tw =30 mm (@) and ii) t, = 2 mm (b) (t/t, = 5 mm, wy = 200 mm, and a/hy, = 2).

2.5 -
—=a/h,, = 1.00
2 —s—a/h,,=1.30
_._a/hw= 1.60
< 151 alh, = 2.00
g ! —~————
05 - —
0 T T T T T T 1
0 50 100 150 200 250 300 350
hy/t,
(b)
Figure 3.13: Variation of V/Vy vs hy/ty, for a/h,, = 1.00 — 2.00 (t./t; = 5, wy = 200
mm).
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2 -
2 -

a _

( )1.8 . b (b)18 —wi/h,, = 0.67
16 4 16 1 wi/h,, = 0.50
14 - 14 1 ——wh,, = 0.33

. 12 ——wy/h,, = 0.25
>‘12 T Z 1 | f
§ 1 —wi/h,, = 0.67 > 08
0.8 _ €]
06 - wy/h,, = 0.50 06 | ;
0.4 A —w/h,, = 0.33 0.4 - \
0.2 ——wh, = 0.25 0.2 1
O T T T T 0 T T T
0 20 40 60 0 20 40 60
3 (mm) 3 (mm)

Figure 3.14: Variation of V/Vy vs d: @) hu/ty = 20 (t; = 150 mm), b) hy/ty, = 300 (i
=10 mm) for shear span of a’h,, = 2.

5, Mises

SNEG, (fraction = -1.0) (@
[Ave: T3%)

V633 L

- 47,306k 402

+3 976e+02

+4.64Te=02

+3.3 18402

v 1B+

-+, 5905 +(]

+1,608e+(]

w;= 150 mm; t, = 30 mm w; = 400 mm; t, = 30 mm

(d)

w;= 150 mm; t,, = 2 mm; w = 400 mm; t, = 2 mm

Figure 3.15: Von-mises stress contour at (i.e. 4y ): @ wi = 150 mm, b) w; = 400
mm(t, = 30 mm; t; = 150 mm); ¢ ) ws = 150 mm, d) ws = 400 mm (t, = 2 mm; t;
=10 mm); (t/ty =5, alhy, = 2).
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1; —m—wi/h, = 0.67
16 - —e—wi/h,, = 0.50
14 ] w/h,, = 0.33
1.2 A —>=Wi/h, = 0.25
2 1l
>
0.8 -
0.6 -
0.4 -
0.2 -
0 . : . : . : .
0 50 100 150 200 250 300 350

hu/ty

Figure 3.16: Variation of V/Vy vs h,/ty for variation of flange width (tw/t = 5; ws =
200 mm).
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plastic hinges

5, Miscs

SMEG, (fraction = -1.0}

(Ave T3%)
8 3 5=k 2
+7. 2
+3 O THe)2
o 6 T2
+3 31 Rt
+| IRRer2

6 50}t

shear buckling

@d, @3d,
Figure 3.17: Typical shear dominant failure mode at 6, and 3 &, (W = 200 mm, t; =
10 mm, t, = 2 mm; a/h,, = 2).

1.80
1.60 -

1.40 -
1.20 . Mt rd/Mcra
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100 F=======offmmm e e m s Tk - - - m - -
0.80 - wa,Rd/Vb,R

VIV} rd

0.60 -
0.40 - (wa,Rdlz)/Vb,Rd

0.20 -
M f,Rd/M c,Rd
O-OO T T T T 1

0.00 0.20 0.40 0.60 0.80 1.00 1.20

M/M gy

Figure 3.18: Moment and shear interaction curve (EN 1993-1-4, 2006) showing

location of typical shear dominant failure (ws = 200 mm, t; =10 mm, t, =2 mm; a

= 1200 mm).
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Local buckling

8, Miscs

SMNEG, {fraction = -1 )

|."||'._z Ta%4) E::_f-j:___.':""
— tR.A633eHi12

+H.635aH12

+T.300eH)2

5 S Toetl

+d . TeHI2

+3.31BeHi2

B LR

o, S ]

Local buckling

Figure 3.19: Typical bending dominant failure mode at 6, and 3 &, (W = 200 mm,
tr = 12 mm, t, = 8 mm; a = 1200 mm).

1.40
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I Meft Rdl Vi cRd
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Figure 3.20: Bending and shear interaction curve (EN 1993-1-4, 2006) showing
location of typica bending (ws = 200 mm, t; = 12 mm, t,, = 8 mm; a = 1200 mm).
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5, Mises
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¢ 0 TeHIZ
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F SRR 02
+i, A

Bending yielding

shear buckling
@d, @34,

Figure 3.21: Typical combined shear and bending failure mode at 6, and 3 &, (W; =

200 mm, t; = 12 mm, t, = 6 mm; a = 600 mm).
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Figure 3.22: Bending and shear interaction curve (EN 1993-1-4, 2006) showing
location of typical combined shear and bending failure (w; = 200 mm, t; = 8 mm,

tw =4 mm; a =600 mm).
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==== M-V interaction (minimum)
=+ = M-V interaction (maximum)
—— M-V interaction (average)

x X ¥ shear dominant failure
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Figure 3.23: Comparison of FE results with moment-shear interaction curve from
EN 1993-1-4 (2006/A1:2015).
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Figure 3.24: Comparison of FE and with EN 1993-1-4 (2006/A1:2015) shear
design curve: a) a’h, < 1.0 and b) 1 < a/h, < 2.0.
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Fig. 3.25: Comparison of FE and with DSM shear design curve: @) a/h,, < 1.0 and
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CHAPTER4

SHEAR BEHAVIOR OF SINGLE
PERFORATED LEAN DUPLEX STAINLESS
STEEL (LDSS) RECTANGULAR HOLLOW
BEAMS

4.1 INTRODUCTION

As mentioned in the literature review (Chapter 2), under constrained space e.g. floor
height or head room, it may become necessary or an option to provide perforation
(or opening or cut outs) through beam webs to route building services ducts for
electricity, water, air conditioning, heating, ventilations, process pipes, electrical
and instrumentation cables; to accommodate secondary constructional elements like
ceiling systems etc.; for inspection, repair and maintenance work; to improve the
strength/weight ratio without significantly affecting the strength and serviceability
considerations; and to reduce the stress transfer to beam-column joint (e.g. Hagen et
al., 2009; Feng and Young, 2015; Lagaros et al., 2008). In addition, sometimes
(multiple or repeated patterns e.g. castellated beams, cellular beams) perforations
are provided for aesthetic reasons and economising materials (e.g. Pellegrino et al.,
2009). Earlier studies (see e.g. Uenoya and Redwood, 1977; Narayanan and Der-
85
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Avanessian, 1984b; Shakerly and Brown, 1996; Liu and Chung, 2003; Brown and
Y ettram, 1986; Narayanan et al., 1989; Hassanein, 2014; Tsavdaridis and D’Mello,
2011, 2012) have considered several perforated shapes viz., circular, square,
rectangular, on web perforated ‘open’ (e.g. I, C - sections) beams and observed a
decrease in load capacity when compared to un-perforated (or solid) beams. Such
perforations in the structural beams, can influence the membrane/plate stress
redistribution in the webs, and can have adverse effect on the structural
performance e.g. elastic stiffness, ultimate load capacity, ultimate load deformation;
depending on the location, size and shapes of the perforations (Feng and Y oung,
2015; Ridley-Ellis, 2000; Shanmugam et.al., 2002; Liu and Chung, 2003; Hagen
and Larsen, 2009; Hassanein, 2014). As mentioned earlier (Section 2.3), to the best
of author’s knowledge, Ridley-Ellis (2000) was the first to report shear load
capacity of rectangular hollow section (RHS) made of carbon steel, perforated at
mid height of the beam web, through limited (i.e. d./h,, = 0.66 and 0.83, a/h,, = 3.5
and 4.37, hyl/t, = 25, ti/ty, = 1.0, where d, = perforation diameter) experimental and
FE studies. Hence, in this chapter, the earlier FE study (see Chapter 3) is extended
to assess the effect of single circular perforation in the shear characteristic of LDSS
rectangular hollow beams, in a systematic manner, considering a wide range of
cross sectional parameters e.g. flange thickness, flange width, web thickness, shear
Span etc., again noting that the study is being performed on a relatively promising
duplex stedl (i.e. LDSS). Primarily, the effect of single perforation size / diameter
and location (along longitudinal, transverse, and diagonals) are assessed with a
focus on the shear load capacity (V./Vy), deformed shapes (or failure modes) etc.
The effects of the perforation are presented parametrically in relation to web
slenderness (hy/t,) and flange to web thickness ratio (t/ty). The FE results are then
compared with the currently adopted stainless steel European design code (EN
1993-1-4, 2006/A1:2015). Further, based on the current FE study, new design
expressions for shear buckling factor are suggested. The suitability of the new

design expressions are presented in the form of mean and COV.
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42NUMERICAL (FE) MODELLING

4.2.1 General

Similar FE modelling approach presented in the previous chapter (see Section 3.2)
is again used to model the perforated LDSS rectangular hollow beams. The two-
stage congtitutive material model proposed by Gardner and Ashraf (2006) as
mentioned in Section 3.2.5 has been used again to model the LDSS material. Local
imperfection amplitude suggested by Gardner and Nethercot (2004c) for stainless
steel is seeded using the mode shape given by lowest eigen mode, to idealise the

geometric imperfection of the beam (details are given in Section 3.2.4).

4.2.2 Geometry and boundary conditions

A schematic representation of the beam geometry (cross section and elevation)
along with the support and loading boundary conditions are shown in Figure 4.1(a
& b). A single circular perforation of diameter d,, located on one web of the left
shear span is considered as marked in Figure 4.2a. Three sets of coordinate axes
viz., x-, y-axes (origin at lower |eft corner), d;-axis (origin at top left corner), and d.-
axis (origin at top right corner) are used to define the location of the perforation
centre (Figure 4.1b). The x-, y-, di- and dy- axes are used for the longitudinal,
transverse, tensile diagonal (subjected to tensile plate/membrane stress) and
compression diagonal (subjected to compression plate/membrane stress)
respectively. In the present study, only single side perforation has been attempted,
hence the beam is not symmetric owing to the presence of the perforation. It may be
mentioned that the study reported by Ridley-Ellis (2000), showed that the shear
strength of doubly perforated (on opposite sides for web for a mid-height located
perforations) are of ~67 and ~87% of comparable singly perforated rectangular
hollow beam (for dy/h,, = 82.5-66% respectively). A minimum clear distance of ~30
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mm is maintained for perforations from the beam edges, so as to have reasonable
FE elements around the perforation (discussed in the next sub-section 4.2.3), to
avoid the results being influenced too closed edge boundary conditions, and
possibly it is very unlikely to have such perforations very near to the edge, in read

life applications.

4.2.3 Finite e ement mesh

Typical FE mesh of the perforated beam is shown in Figure 4.2b (dy/h,, = 0.50; a/h,
= 1.0). Except for the region surrounding the perforation, similar global sgquare
mesh size (~18-25 mm) arrived through mesh convergence study for unperforated
beam (see Section 3.2.3) are again used to model the geometry of the beam. In
order to capture the local stress near the perforation edge, a widely reported fan-
type mesh (see e.g. Ridley-Ellis, 2000; Hagen et.al., 2009; Hagen, 2005; Liu and
Chung, 2003; Paik, 2007; Pellegrino et.al., 2009; Bowmick, 2014) pattern adjoining
the circular perforation has been adopted. The fan-type mesh around the perforation
is confined to a square of sides ~1.7d, — 4d, (achieved through ‘partitioning’ in
Abaqus, 2009), thus resulting in 56 and 112 S4R elements around the circumference
of the smallest and largest perforations respectively. It may be noted that the type of
mesh arrangement adopted (i.e. globa square elements in the periphery of the
perforation) for the present study, the number of elements aong the edge of the
perforation is equal to those of elements located at the edge of the square region
surrounding the fan-type mesh. Inside the partitioned square region, the number of
elements radiating from perforation edge is in the range ~8-10. A uniform mesh
Size was seeded aong the radia direction inside the partitioned square region.
Studies using biased mesh (with mesh size getting finer towards the perforation
edge) did not significantly alter the results, hence only uniform radial meshing was
adopted. The total number of AR elements adopted are in the range ~6500-7000
for short span beams (a/h,, = 1.0) and ~13800-14200 for long span beams (a/h,, =
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2.0). The aforementioned mesh configuration are found to be optimum and
sufficiently fine enough, and are arrived at after performing mesh convergence

study through linear elastic eigen-value buckling analysis.

4.2.4 Parametric study

Shear behavior of the perforated LDSS hollow rectangular beams have been
assessed considering the following ranges of key cross-sectional parameters. t,, =
2-30 mm, t; = 6-150 mm; a = 600-1200 mm. The values of h,, and w; have been
fixed at 600 mm and 150-300 mm. These parameters result in the values of hy/t, =
20-300, a/hy, = 1 (short span) and 2 (long span), ti/t, = 3-5. It may be mentioned
here that, as the current focus is to study the effect of perforation in the web, the
parameter matrix is mostly limited to ti/t, = 5 (i.e thicker flange with respect to
web), with more attention given to web slenderness (i.e. hy/ty). Thisisto cut-down
the number of analyses, further, as discussed in Chapter 3 (see Figures 3.9 and
3.10), the variation of V,/Vy with hy/t, has been observed to have increasing trend
(depicted by nearly parallel snhift of the V/Vy curve) with increasing values of ti/t,.
Hence, it is expected that understanding the structural behaviour corresponding to
t/tw, = 5, would provide reasonably good insight, which can be scaled for other
values of ti/t, eg. tity, = 4, 3 and 2. Three sizes of perforation are considered viz.,
do=60, 180 and 300 mm, giving raise to dy/h,, = 0.1, 0.3 and 0.5. The location of the
perforation (i.e. the centre of the perforation) were varied from x/h,, = 0.2-0.8, y/h,,
= 0.2-0.8, di/hy, = 0.2-1.2, do/h, = 0.2-1.8, for longitudinal, transverse, tensile
diagonal and compression diagonal respectively. It may be noted that for larger
perforations, there the range of location variation would be reduced. In al, atota of
170 FE analyses have been investigated, with due focus on the load — transverse
deformation at mid-span (V/d), ultimate load (V,), deformed shape (in the form of
von-Mises contour plot over deformed shapes). In order to quantify the effect of

perforation, results from perforated beam studies have been compared with those of
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corresponding unperforated (or solid), where dyo/h,, = 0.0 (d, = perforation of zero
size). First the typical failure modes and shear variations with perforation size
(do/hy) and locations (x/hy, y/hy, di/h, and do/h,) are presented, followed by shear
capacity curves (Vu/Vy vs hy/ty) for centrally located perforations. Lastly, in order to
compare the present FE results with the predictions from the Euro code (EN 1993-
1-4, 2006/A1:2015), selected results which exhibit shear-dominant failure modes
(see Section 3.3.4) are presented in the form of shear buckling capacity (Xw)

variation with non-dimensional slendernessratio (1 ,,), for two sizes of perforations

(do/hy, = 0.1 and 0.5). Based on the FE study, proposed design curves are presented
finally.

4.3 RESULTSAND DISCUSSION

Von-Mises contour plot and variation of oy/0y (0y = 0o2) at ultimate shear (V) with
normalised distance i.e. distance/hy, where oym IS the von-Mises stress, are shown in
Figures 4.3 and 4.4 for both short (a/h, = 1.0) and long span (a’/hy, = 2.0)
‘unperforated’ beams respectively, (ti/ty = 5, hy/tw = 300). Variation of o/ 0y is
plotted along the x-, y-, di, and d, axes (indicated in Figures 4.3b and 4.4b). The
contour of oy 0y = 1 (red colour), is seen to be located along the diagonal direction
and this diagonal contour is indicative of the tension band. The size of this highly
stressed tension band measured along x- (i.e. ¢,) and y- (i.e. ¢,); and dy- (i.e. cy)
axes are found to be ~ 200, 176 and 367 mm respectively, for the short span, whilst
they are ~ 360, 115 and 380 mm respectively, for the longer span. These values of
¢, are found to be dlight higher than those tension band width predicted by EN
1993-1-5 (2006) i.e. ~ 25% and 12.5% higher for the short and long spans
respectively. From Figures 4.3b and 4.4b, it can be seen that there is little variation
in the value of ayn/oy along d; axis, with oyn/o, = ~1.2. Thisis expected because, the
diagonal tension band is highly stressed (the exceedance of oym over oy is due to
strain hardening) throughout its length. Whereas in the other axes, a drop in the
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stress profile can be observed at locations away from the tension band. The initial
drop in ou/0y dong d, axis (around dy/hy, = ~0.12 and 0.35-0.44 for a/h,, = 1 and 2
respectively) near the loaded region may be related to the localised buckling. The
distribution of stress is likely to be influenced by the location and size of the
perforation on the web, leading to a change in the value of V, for the perforated
beams. The effect of perforation on V, is presented in the following sub-sections, as
a function of the perforation size and their locations along various axes mentioned
above.

4.3.1 Variation of perforation size (do)

The effect of perforation size (d,) for both the short (a/h,, = 1) and long (a/hy, = 2)
spans are presented in Figures 4.5, and 4.6, and 4.7 and 4.8, respectively. Figure 4.5
shows variation of V/Vy (i.e. shear load normalised with shear yield capacity of solid
webs) with & (mid-span deofrmation) and von-Mises contour plot for centrally
located perforation corresponding to do/hy, = 0.0, 0.1, 0.3 and 0.5 for the short span
(x/hy, = 0.5, y/hy = 0.5; ity =5; hy/ty, = 300). It can be observed from Figure 4.5a
that the overall behaviour (consisting of rising curve, post-ultimate falling-plateau
and post-ultimate rapid-falling curve) of V/V, is maintained for all the perforated
beams, similar to that of the unperforated beam. Such type of behaviour is typical
for higher value of ti/t,, with lower values of t,, (t:/t, = 5 and t,, = 2 mm in this case),
as also discussed in Section 3.3.1. Further, it is seen that V/Vy < 1.0, suggesting that
buckling of webs preceded the net web section is yielded, a situation associated
with slender webs. From Figure 4.5a, it can be seen that the ultimate shear capacity
(Vu/Vy) is found to decrease with increasing the perforation size; with the highest
shear capacity associated with the unperforated/solid beam. In the first instance this
is consistent with the removal of the web (i.e. perforated area) material, thereby
reducing the shear capacity. However, it can be seen that the onset of rapid-falling
curve (marked M2, L2 corresponding to do/hy, = 0.1 and 0.5 respectively) is getting
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delayed (or occurring at a later value of d) with increasing perforation size (see for
example Shanmugam et al., 2002) e.g. the value of dge (Mid-span displacement
corresponding to onset of rapid-faling curve; see Figure 4.5a) increased by ~46%
for 400% increase (do/hy = 0.1-0.5) in perforation size. In contrast, the mid-span
deformation corresponding to ultimate shear (8,) remains nearly the same for the
perforated beams, athough it is lesser than that of solid beam by ~47%. For the
perforation parameters considered, the drop in shear (Vyre) from ultimate to the
onset of rapid-falling curve i.e. Vire/Vy (= Vu/Vy — Vre/Vy) are respectively ~19%
and 21% for perforation sizes of do/hy = 0.1 and 0.5. These values are dightly
higher than that of the unperforated beam case, where it is obtained as ~ 13%. The
comparison of the von-Mises contour plot for two perforated beams corresponding
to ds/hy, = 0.1 and 0.5 with that of unperforated beam is shown in Figures 4.5b. It
can be seen that with perforation, the stress distribution in the diagonal tension band
is altered. At the ultimate shear (V,), a discontinuity in von-Mises stress contour,
corresponding to the highly stressed tension band (coloured red, oy/o, > 1.0) is
introduced due to perforation (see M1, L1 as compared to S1 in Figure 4.5b), with
the area of the discontinued highly stressed tension band visibly reduced (see L1)
for the largest perforation considered. In the case of solid beam, as perforation is
absent, the distribution on either shear span is symmetric both at ultimate (see S1)
and post-ultimate deformations (see S2 and S3). However, due to the presence of
perforation on one shear span (left side), the stress distribution is no longer
symmetric on either side of the mid-span (see M1-M3; L1-L3 as compared to S1-
S3). For perforated beams, at V,, it can be seen that, the width of the highly stressed
tension band on the un-perforated web (i.e. on the right side shear span) is getting
reduced, with signs of distressing on the top flange of the un-perforated side as
compared to that of the perforated side. This may be because of reduction in the
shear resistance of the perforated web panel, thereby forming a mechanism in which
the proportion of load resisted by the top flange located near the left support is
enhanced. Thisled to the initiation of yielding of the top flange near the support and
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the bottom flange at the mid-span resulting in plastic-hinge type deformations near
the support (see e.g. M2 and L2 in Figure 4.5b). As the plastic hinge formation is
initiated at top and bottom flanges on the perforated span, redistribution and
relaxation of stress can be observed on the unperforated span side (see M2 and L2
in Figure 4.5b). This plastic hinge formations on the top and bottom flanges where
the diagonal tension band anchored is primarily associated with the onset of rapid-
falling curve (M2, L2 in Figure 4.53), leading to a significant loss of load resistance
with enhanced lateral web deformation (see the corrugated buckling aong the
diagonal tension band) of the web. After the onset of the rapid-falling curve, it can
be seen that the stress in the unperforated span is very much relaxed/relieved, while
the highly stressed region (or the diagonal tension band) is now concentrated along
the diagona tension band, top-flange near the support, and bottom flange near the
midspan, of the perforated span. The increase in dg= with perforation size
(mentioned above) may now be related to the presence of relatively lesser web
material (a quantity which decreases with increasing the perforation size) in the
tension band, to transfer the tensile stress on to the top and bottom flanges, through
anchorage, whereby, a relatively higher mid-span deformation (till drr) is required
to initiate yielding on the flanges. In the case of unperforated beam, the relatively
higher value of dgre (comparable to that of perforated beam with perforation size,
do/hy, = 0.5) is essentially due to both the spans resisting the shear load, hence
requiring the beam to undergo larger transverse deformation, before activating the
yielding of flanges on both the spans. Figure 4.6 presents variation of V/Vy with
do/hy, for slender (hy/ty = 300 i.e. t, = 2 mm) and stocky(h,/ty = 20 i.e, t, = 30
mm) webs. The variations are shown for two flange thicknesses (ti/t,= 5 and 3) i.e.
tr = 10 and 6 mm; and 150 and 90 mm, corresponding to t, = 2 mm and 30 mm,
respectively. It can be observed from Figure 4.6a that, there is a nearly linear
decrease in the value of V/Vy of ~25% and 23% with 500% (i.e. ds/hy = 0.0-0.50)
increase in perforation size, for ti/t, = 5 and 3, respectively (hy/ty, = 300). The

current finding i.e. near linear drop of shear capacity with increasing perforation
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sizes, also agrees with those reported studies in the literature e.g. FE studies on
plates (Rockey et al., 1967; Rockey et al., 1981; Roberts and Azizian, 1984,
Narayanan and Der-Avanessian, 1984b; Paik, 2007), plate girders (Narayanan and
Der-Avanessian, 1986; Shanmugan et al., 2002; Hagen et al., 2009; Hassanein,
2014); experimental study on plate girders (Narayanan and Rockey, 1981). The
reduction in shear capacity reported for a/h, = 1 and for 50% (d./h, = 0.5)
perforation size are ~ 38%, 50%, 46%, 40%, 23-51%, 48-50%, 54%, 41-54%, by
Narayanan and Rockey (1981), Roberts and Azizian (1984), Narayanan and Der-
Avanessian (1984b), Narayanan and Der-Avanessian (1986), Shanmugan et al.,
2002, Paik (2007), Hassanein (2014) respectively. Most of these values is ~ twice
the values observed in Figure 4.6a (~21-23%), and may be seen as near agreeable,
given the consideration that the present analyses are focussed on perforations
provided in one web only. It is seen from Figure 4.6b, that the decreases are ~ 8%
and 10% for hy/t, = 30 (i.e. stockier web), when ti/t, = 5 and 3 are considered
respectively. It thus suggests that perforation has relatively higher shear reducing
effect for slender webs. This observation is in accord with the results of Pak
(2007), Roberts and Azizian (1984), Narayanan and Rockey (1981), Hagen et al.,
(2009), Narayanan and Der-Avanessian (1986), Hassanein (2014), Shanmugan et
al., (2002). This may be because, as the webs gets slender, shear web buckling with
awell defined tension band would be the main failure mode of the web, thereby any
removal of material in the tension zone (note that perforation is located in the center
and hence, well within the tension band area), islikely to have more effect on shear
capacity reduction. In Figure 4.5b, the average width of the yielded diagonal tension
band for unperforated web is ~ 360 mm (cq; See Figure 4.3a), which is nearly equal
to the diameter of the largest perforation (do,larges = 300 mm) considered. On the
other hand, when web is stockyenough e.g. hy/t, = 20 (or t, = 30 mm as in the
present case), web yielding is likely to prevail (see Fig 3.9) rather than the shear
web buckling failure mode; hence the total web area (which is yielded) participates

in the resistance of load, and perforation forms a small fraction of area reduction.
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For example, in Figure 4.6b, it can be observed that for the stocky web (t, = 30
mm), at ultimate shear, the web is amost fully yielded in the unperforated beam,
and this situation remains nearly the same even after perforation, whereas the stress
around the perforation is significantly modified and appears that the yielded web
areais reduced, so as to reduce the shear capacity; for both the thicknesses of flange
(t/tw = 5 and 3) analysed. The drop in shear capacity with decrease in ti/t,, for
perforated beams is again consistent with the similar behaviour observed for the
case unperforated beams (see Figure 3.9). The observed effect of flange thickness
(or ti/ty) in reducing the shear capacity has also been reported by Narayanan and
Rockey (1981), Shanmugan et al., (2002), Hassanein (2014), Narayanan and Der-
Avanessian (1986). Similar observations have also been made for longer shear span
ratioi.e. alh,, = 2, and are presented in Figures 4.7 and 4.8. A near linear reduction
in shear capacity is seen for both the slender and stocky webs. For 500% increase in
perforation size the reduction in V/Vy is ~25% for slender web (t, = 2mm or hy/ty =
300), for both the flange thickness considered (ti/t, = 4 and 5) (see Figure 4.8a).
However the reduction appears to be a milder in the case of thicker web (hy/ty, = 20
or t, = 30mm), e.g. adrop of ~ 2.7% and 1.7% can be observed in shear capacity
for ti/t, = 5 and 4 respectively. This observation is consistent with the difference in
shear capacity observed for the unperforated case (see Figure 3.10). Furthermore, as
seen in Figure 4.6, and mentioned above, for the longer span also, the relatively
lesser effect of perforation for the thicker web is consistent with observation in
Figure 4.8 where even such large perforation such as dy/h, =0.5 did not
significantly alter the yielded web region. Whilst a decrease of ~ 15-39% in shear
capacity can be seen in the present case for do/h, = 0.50 for an increase of shear
span (a’hy) from 1 to 2 (see Figures 4.6 and 4.8), a marginal or no significant
changein the critical shear stress coefficient is seen for perforated plates, when a/h,,
is increased from 1 to 1.5 (Narayanan and Der-Avanessian, 1984b). It may be
mentioned that Narayanan and Der-Avanessian (1984b) reported an increase of
~23% in shear buckling coefficient of ‘unperforated’ plate when a/h,, is increased
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from 1.0 to 1.5, hence the findings of perforated plate (mentioned above) appears to
contradict. On the other hand, for perforated plates subjected to ‘edge’ shear
loading, it is shown that the shear capacity increases with increasing a/h,, (Paik,
2007). This may be related to the increase in edge loading area (along the two span

edges) with increasing span.

4.3.2 Variation of location

4.3.2.1 Longitudinal direction (x-axis)

In Figure 4.9, typical variation of V/Vy with & and von-Mises contour plots
corresponding to ultimate shear and onset of rapid-faling curve, for three
perforation locations viz.,, x/h, = 0.20, 0.50 and 0.80, along longitudina axis,
keeping the transverse location of the perforation at mid height of the beam i.e. y/hy,
= 0.5 (a/hy, = 1), is shown. The plots in Figure 4.9b corresponds to a perforation
size, dy/h,, = 0.10. A value of x/h,, = 0.50 corresponds to perforation located at the
center of the web, while x/h,, = 0.20 and 0.80, to the left and right of the web center,
respectively. From Figure 4.9, it can be seen that perforation located at the center
of the web (xh, = 0.5) predicted the lowest value (~3%) of V/Vy, whilst the
perforations located on the left and right of the web center predicted higher values.
Further, the values of V,/Vy for perforation located at x/h,, = 0.2 and x/h,, = 0.8 are
found to be similar, and these values are observed to be close to that of the
unperforated beam. It is also observed that in spite of the prediction of similar
ultimate shear capacities between unperforated and perforated beams (especially for
the smaller perforations which are located at regions away from the web center e.g.
for x/h, = 0.2 and x/h,, = 0.8), a much delayed occurrence of the onset of rapid-
falling curve resulted for the unperforated casei.e. 0rr isincreased by ~40% for the
unperforated beam. It can aso be seen that perforations corresponding to x/h,, = 0.2

and 0.8 predicted similar values of 4, and dre (consistent with similar predicted
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values of V/Vy), however, they showed ~65% higher in ,, as compared to that of
x/hy = 0.5 case. Notwithstanding the difference in d,, it is found that irrespective of
the longitudinal location, dgrr appears to be similar. From Figure 4.9b, it can be seen
that at the ultimate shear capacity, the region of highly stressed diagonal tension
region remains mostly unaffected by the presence of perforation at x/h,, = 0.2 and
x/hy = 0.8, athough the stress distribution is disturbed by the presence of the
perforation at x/h,, = 0.5 (see L1, C1, R1 of Figure 4.9b). It can be seen from L1 and
R1 (Figure 4.9b) that the off-center perforations are located at the edge of the highly
stressed region, suggesting that their effect on the shear capacity would be similar to
that of the unperforated beam as discussed above (see Figure 4.939). Again, as the
perforation size is small (dy/hy, = 0.1), it appears that, at drr (See L2, C2, and R2 of
Figure 4.9b), the area of highly stressed diagona tension zone appears to be similar;
and hence the activation of the yielding top and bottom flanges (at zones where the

diagonal tension band is anchored), at similar mid-span deformation.

Variation of the V,/Vy with perforation location (x/h,) aong the longitudinal or x-
direction is shown in Figure 4.10, for 400% increase in perforation size from dy/hy
= 0.1 (t:/t\=5, hy/t,=300, a/h, = 1). A horizontal line is also plotted corresponding
to unperforated case (do/hy = 0.0) for comparison. It can be observed from Figure
4.10 that, maximum decrease in the value of V,/Vy is obtained for perforations
located in the highly stressed diagonal tension band, with the maximum reduction
notably occurring for x/h,, = 0.5 for all the perforations considered. For the smallest
perforation size considered, as the perforations are moved away from the span-
center (or x'h, = 0.5), either towards the support (x'h, < 0.5) i.e. to the left, or
towards the midspan i.e. towards the right, the reduction in shear capacity gradualy
reduces and reaches the value of V,/Vy corresponding to that of unperforated case at
x/hy = 0.2 or x/h,, = 0.80. With larger perforations e.g. d, = 180 and 300 mm (or
do/hy, = 0.3 and 0.5), there appears to be have insignificant change in the values of
Vu/Vy for the perforations located over aregion of 0.30 < x/h,, < 0.70 (i.e. ~50% of

the middle shear span). This may be because, as the perforation size gets larger (e.g.
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do/hw = 0.30), significant changes in the reduction of tension band area (as a result
of perforation location), may not be expected when the perforation is moved away
for very short distance, from the center of the web or tension band (i.e. x’h,, = 0.5).
For example, when the perforation size of 180 mm and 300 mm are moved by a
distance equal to ~60 mm on either side of the span center (or Ax/h,, = 0.10), it
corresponds to 0.3d, and 0.2d, respectively, and they are likely to be still within the
major zone of influence of the tension band, hence predicted similar values of shear
capacity with that of x/h,, = 0.50. In general, the reduction in shear capacity appears
to follow a near linear trend with increasing perforation size i.e. ~20% reduction in
Vu/Vy for 400% increase in perforation size (from do/hy = 0.1), for perforations
located along the longitudinal directions passing through the mid web height
(y/h,=0.5). In particular, it can also be seen that the drop in shear capacity with the
do/hw = 0.5 perforation size located at the mid span is found ~24.6% as compared to
that of unperforated case.

Figure 4.11 shows the variation of Vy/V, with & and von-Mises contour plot for
longer span beam i.e. a’h,, = 2.0, for three longitudinal location of perforation i.e.
x/hy = 0.2, 1.0 and 1.8 (ti/ty = 5, y/hy, = 0.5). From Figure 4.11a, it can be seen that,
the value of V,/Vy for perforations located at x/hy = 0.2 and 1.8 are found to be
similar (for the beam parameters considered), but higher than that corresponding to
x/hy = 1.0 by ~2%. This may be because, when the perforation is at x/h,, = 0.20 &
1.8, it appears to be considerably away so as not to significantly influence the
diagonal tension band (see L1 of Figure 4.9b). The perforation located at x/h,, = 1.0
have interaction with the diagonal tension band, thus bringing the reduction value of
Vu/Vy, dthough the distribution of the highly stressed diagonal tension band is not
similar (seeL1 and R1to Clin Figure 4.11b).

Variation of V/Vy with x/h,, are plotted for a/h, = 2.0, for perforation size ranging

from dy/hy, = 0.1-0.5 in Figure 4.12 (ti/t,, = 5, y/h,, = 0.5). As mentioned before, for

the smallest perforation size considered i.e. do/h,, = 0.1, there appears to be no
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significant change in the value of V,/Vy value with longitudinal variation of
perforation locations, and V,/Vy vaue is found to be ~0.43, which is ~4% lesser
than that of the unperforated case. This may be because, of the lower shear capacity
associated with larger span as compared to short span (Fig. 4.10), in addition to the
small perforation (do/hy, = 0.1) size considered. However, as observed in the case of
short span beam (see Figure 4.10), anear linear decreasing value of V/Vy (~20%) is
seen for increasing perforation size (~400% from dy/h,, = 0.10), for perforation
located at 0.60 < x/h,, < 1.20 (i.e. ~50% of the middle shear span). However, unlike
the case of short span beam (i.e. a’hy, = 1.0; see Figure 4.10), the unperforated shear
strength is not recovered for the smallest perforation (do/hy = 0.1) even when the
perforation is close to the support or the mid-span of the beam (say x/h,, = 0.20 or
1.8). Asin the case of short span beam (see Figure 4.10), a slight increase in the
value of shear capacity, for perforations located away from the maor influence of
the diagonal tension band i.e. towards the left and right ends of the shear span i.e.
x/h,, =0.2, and 0.8. Similar to that of the short span beam, for the long span beam
also, the reduction in shear capacity corresponding to mid shear span located
perforation of size do/h, = 0.5, is found to be ~24.4%, when compared to the

unperforated case.

4.3.2.2 Transversedirection (y-axis)

Variation in the location of perforation along the transverse direction (y-axis) along
the mid shear span (i.e. x/hy, = 0.5) is presented for perforation located at y/h,, = 0.2,
0.5 and 0.8 (do/hw = 0.1, ti/ty, = 5) in the form of V/Vy vs & plot and corresponding
key von-Mises contour plots in Figure 4.13. As expected, for the perforation located
at the mid of highly stressed diagona tension band, the value of V,/Vy and d, are
found to be the lowest (although the difference in the values of Vi /Vy is not
significant ~3%) as compared to that corresponding to perforations located on top

and bottom (~1.5%) of it i.e. towards the top and bottom flanges and away from the
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tension band (note the location of the perforation at the edge of the highly stressed
diagona zonein B1 and T1 in Figure 4.13b). From Figure 4.133, it can be observed
that the values of V,/Vy and 9, (also Vre and dgr) are closed and this agrees with the
similarity in stress distribution as shown in Figure 4.13b (B1, B2 and T1 and T2).

Figure 4.14 shows the variation of V/Vy with y/hy (y/hy = 0.5; ti/t,, = 5, hu/ty = 300,
a’h,, = 1), for three perforation sizesi.e. dy/h, = 0.1, 0.3 an 0.5. It can be seen that
no significant variation in V,/Vy can be seen for 0.30 < x/hy, < 0.6 (i.e. ~60% middle
web height), however, a near linear reduction (~20%) in shear capacity can be
observed for 400% increase in perforation size (from do/hy, = 0.1). A dlight increase
in the shear capacity as perforations are moved away from the significance
influence of the tension band i.e towards the top and bottom flanges i.e. y/h,, = 0.2,
and 0.8 is aso observed, smilar to that of the variation of perforation in
longitudinal direction (see Figure 4.10). When the smallest perforation (ds/h,, = 0.1)
is located close to flanges (i.e. y/h, = 0.2 or 0.8) i.e. away from the mid height of
the web, the reduction in shear capacity is found to be ~ 1.4% that of the
unperforated case.

The effect of transverse variation in perforation location for the long span (a/h,, =
2.0) is presented in Figure 4.15, (do/hy, = 0.1, x'h,, = 1.0; ts/t, = 5, hy/ty, = 300) in the
form of V/Vy vs & and von-Mises contour plots. Again, like the case of short span
beams (see Figure 4.13), no significant change in the V,/Vy, values can be seen for
the three locations of perforation considered (y/h, = 0.2, 0.5, 0.8), for the small
perforation size (do/hy = 0.1). Variation of V/Vy with y/h,, for increasing perforation
size is shown in Figure 4.16. Again, similar to that of short span case (a/hy, =1),
there appears to have insignificant or little influence of the transverse variation of
perforation location on the shear capacity, for all the perforation sizes considered.
And similar near linear trend in the reduction of the shear capacity can be observed
for increasing perforation size for 0.40 < y/h,, < 0.60. It can also be seen that the
reduction in shear capacity for the smallest perforation size (i.e. dy/hy, = 0.10), is ~
100
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4.4% (note that it is ~1.4% for the short span, see Figure 4.14) as compared to that
of unperforated beam shear strength, when the perforation is located close to the
flanges (or away from the diagonal tension band), as in the case of transverse
variation for short span beams (see Figures 4.14 & 4.12).

4.3.2.3 Tensile diagonal direction (d;-axis)

The effect of variation in the location of perforation of size dy/h,, = 0.1 along the
tensile diagonal direction (i.e. along d;-axis at di/hy, = 0.2, 1.0, and 1.4) is presented
in Figure 4.17, in the form of V/Vy variation with & and corresponding von-Mises
contour plots at V, for short span beam (a/h,, = 1.0). From Figure 4.17, it can be
observed that for the values of di/h,, considered, there appears to be no significant
change in the value of V/Vy, &, and drr (see Figure 4.17a). This results also agrees
with the relatively nominal or little variation of critical shear stress coefficient (as
compared to perforations located along the compression diagonal) reported by
Narayanan and Der-Avanessian (1984b) in their shear studies on perforated plate
with circular perforations (d./hy, = 0.33; a/h, = 1.0). From the von-Mises stress
contour plot at V, (B1, C1 and T1 in Figure 4.17b), it can be seen that distribution
of the highly stressed band is seen to be similar for beams corresponding to
perforations located at di/hy, = 0.2 and di/h,, = 1.4, athough dlightly different in
distribution pattern with that corresponding to di/h, = 1.0. However, the average
area of the highly stressed region at V,, appears to be not too different, resulting in
similar values of V/Vy. Figure 4.18, variation of V,/Vy with di/h,, are presented for
perforation sizes, dy/h, = 0.1, 0.3 & 0.5. It can be observed that, there appears to be
not significant effect of the perforation location (along di;-axis) on the shear
capacity, for all the perforation sizes considered. At first, this may be related to the
size of the diagonal highly stressed tension band being nearly uniform, with almost
constant stress level all aong the diagona for the unperforated case (see Figure

4.3). Hence any perforation located aong the tensile diagona is likely to have
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similar kind of effect on the shear capacity, as long as the perforation size remains
unchanged, although a change in the pattern of the stress distribution may be
observed as aresult of the inclusion of perforation in the web.

Figure 4.19 shows the effect of perforation location along the tensile diagonal for
the long span (a’hy, = 2.0) beam (t/ty, =5, hy/ty = 300; do/hy = 0.1) in the form of
Vu/Vy variation with ¢ and von-Mises contour plots at V.. Like the case of short span
beam (discussed above), no significant effect on V/Vy, d, and dgre can be observed
when the perforation of size dy/h, = 0.1 is moved along the tensile diagonal. In
Figure 4.19b, it can be seen that at V,, the area of highly stressed diagona tensile
band appears to be similar, indicative of the same shear capacity (see B1, C1 and
T1). In Figure 4.20, variation of V,/Vy with di/h,, is presented for various sizes of
the perforations i.e. do/hy = 0.1, 0.3 and 0.5. Although the values of V,/Vy are lower
as compared to the short span beam (see Figure 4.18), similar pattern in the
variation of V,/Vy can again be seen for the long span case i.e. V/Vy values remain
nearly unaffected for different locations of the perforations along the tensile
diagonal. As stated for the case of short span, this behaviour may again be related to
the case of unperforated beam (see Figure 4.4) where nearly uniform diagonal
tensile band is seen with almost constant value of stress, and hence a smilar
structural response is expected when perforation are made along the tensile
diagonal.

4.3.2.4 Compression diagonal direction (d;-axis)

The effect of perforation location aong the compression diagonal i.e. dyx-axis is
presented in Figures 4.21, for dy/h, = 0.1, in the form V/Vy vs & and von-Mises
contour plots at V,, and post-V, deformations, for short span beam (a/h,, = 1.0, ti/ty,
=5, hy/ty, = 300), considering d»/h,, = 0.2, 0.7 and 1.0 perforation locations. From
Figure 4.21 it can be seen that perforations corresponding to d./h, = 0.2 and 1.0
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gave similar values of V,/Vy, 6, and drr (see Figure 4.214a), also the value of V/Vy is
found to be similar to that of unperforated case. This may be because, the
perforation size (do/hy) is small are located outside the influence of the highly
stressed diagonal tension band (see B1 and T1 in Figure 4.21b). However, it can be
noticed that post-V,, behaviour (e.g. drr) is much shorter for the perforated beam as
compared to that of unperforated beam (Figure 4.21a). As discussed before, thisis
essentially due to the presence of perforation which allowed enhanced web buckling
(leading to more transverse deformation of the beam) on the perforated beam span,
thereby initiating the formation of yielded zones where tension band is anchored.
However, as the perforation corresponding to di/h, = 0.7 is seen to affect the
distribution of the highly stressed diagonal tension band, resulting in the reduction
(~2.9 %) of the shear capacity as compared to those of dy/h, = 0.2 and 1.0.
Variation of V/Vy with dy/h,, are plotted in Figure 4.22 for ds/hy, = 0.1, 0.3 and 0.5.
It can be seen that the reduction in V,/Vy is seen to be larger for central region i.e.
~0.50 < dy/hy < 1.0, whereas the reduction gets smaller on either side of the central
region. This behaviour may be related to the von-Mises stress distribution along ds
axis, for unperforated beam as shown in Figure 4.3b, where maximum von-Mises
stress is located in the central region (corresponding to the highly stressed diagonal
tension band). Any perforation along this central region islikely to have the lowest,
yet similar values of reduction in shear capacity within the tension band. Outside
this central region, a reduced reduction is expected with perforation. Similar
behaviour i.e. drop in critical shear stress coefficient when the location of the
circular perforation is changed along the compression diagonal, towards the mid-
diagonal (or web center), has been reported by Narayanan and Der-Avanessian
(1984) in their shear studies on perforated plate (do/hy, = 0.33; a/h,, = 1.0). Tests
performed on plate girders with circular openings by Narayanan and Der-
Avanessian (1984a) suggested that perforations located close to corners (thus
making dy/h,, smaller) in the compression diagonal could provide higher shear

capacity; in accord with the present finding.
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Figure 4.23 presents the effect of perforation (ds/h, = 0.1) location aong the
compression diagonal (dx-axis) for long span beam (a’hy, = 2.0; ti/ty =5, hy/ty =
300). Variation of V,/Vy with 8 and von-Mises contour plot at V, and post-V, are
plotted in Figure 4.23a and 4.23b respectively, for dx/h, = 0.2, 1.1 and 1.8. Similar
to the case of short span beam (mentioned above), both perforations (d./h,, = 0.2
and 1.8) located much outside the zone of influence of the highly stressed diagonal
tension band, showed similar/identical values of V/Vy, (~0.44). In Figure 4.24,
variation in V/Vy with dy/hy for various perforation sizes are plotted. It can be
observed that perforations located in the central region ~1.0 < dyh, < 1.5,
corresponding to the highly stressed diagonal tension band, the reduction in V/Vy is
nearly same and decreases on either side of this centra region. The size of this
region may be related to the size of the highly stressed region (oyn/oy > 1.0) as
depicted in Figure 4.4b for the unperforated case. As expected, the values of V/Vy,
for the long span are seen to be lower than those of short span beam (see Figure
4.22). It is dso noticed that, in general, beams with perforations in the compression
diagonal appears to have slightly higher shear capacity as compared to perforations
located in the tension diagona (see Figures 4.18, 4.22, 4.20, 4.24). This effect is
relatively more visible in the case of long span i.e. for a/h, = 2.0. Similar
observation has aso been reported by El-Khoriby et al., (2016) based on their study

on tubular flange plate girders with square web perforations.

4.3.3 Variation of V,/Vy with hy/ty

The effect of web slenderness (hy/ty) on the shear capacity is presented in Figures
4.25 and 4.26 for short (a/h,, = 1.0) and long (a/h,, = 2.0) spans respectively, for
centraly (x'hy, = y/h,, = 0.5) located two perforation sizesi.e. dy/h, = 0.1 and 0.5
(ts/tw = 5). For comparison the corresponding results for unperforated beams are also
plotted, as benchmark curve. A decrease in the shear capacity (V./Vy) with
increasing values of web slenderness (hy/ty) can be seen for both the perforated
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short and long span beams, similar to that of unperforated beams. Similar
observations have been reported in circular perforated plates subjected to shear
loading by Robert and Azizian (1984), in circular perforated |-section steel girders
by Hagen et. al., (2009) and Shanmugam et. al., (2002), and in square perforated
tubular flange I-section steel girders by Hassanein (2014). In general, for the case of
slender webs with hy/t, = ~75, there appears to be a near parallel decrease in the
values of V/V,, for 400% increase in perforation size (from dy/h, = 0.1), for both
the short and long span beams. The paralel drop aso indicates that, the percentage
reduction decreases with decreasing in hy/t, ratios, in other words, the effect of
perforation in the reduction of shear capacity is felt most when the web become

slender.

For example, the reduction in shear capacity as compared to that of unperforated
beams, considering do/hy, = 0.5 are ~ 19.2% and 24.6% for h,/t, = 75 and 300
respectively, for the short span beam, and for the long span, the reduction are ~
19.5% and 26.6% respectively for h,/t, = 75 and 300, for the same value of dy/h, =
0.5. For stockier webs e.g. hy/ty < ~75, it can be seen that the difference between
Vu/Vy values for both the perforation sizes diminished and when the web is
sufficiently stocky e.g. hy/t,, = 20, no significant difference in the shear capacity can
be observed, for both the short and long span beams. This may be because,
sufficiently stockier webs (e.g. hy/ty, < ~75) promotes web yielding without
showing signs of lateral web buckling at V,, and hence the full net section of the
web is utilised in resisting the load. Thisis evidently seen in inset figures A, B and
C of Figures 4.25 and 4.26, where almost complete webs are yielded at V. Whereas
for dender webs e.g. hy/t,, = 300, as discussed previously, the distribution of the
highly stressed diagonal tension band is affected by the presence of perforation (see
Figure D, E and F in Figures 4.25 and 4.26). Observing the failure modes (through
visual inspection of the stress contour and deformed shapes) and analysis of the
moment-shear interaction following the procedure described in Section in 3.3.4, itis

found that the failure modes have not been significantly influenced by the presence
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of the perforation, for the parameters considered. For example, a) in the case of
short span beams, shear dominated failure occurred for both sizes of perforations
considered, similar to that of the unperforated beams, for the ranges of hy/ty
considered, and b) at low vaues of hy/t, (say hu/ty = 20), bending dominated
failure, whilst shear dominated failure occurred in higher hy/t, ratios (say hy/t, =
300), again similar to that of unperforated beams.

44 MODIFIED EN 1993-1-4 (2006) DESIGN EXPRESSIONS FOR
PERFORATED BEAMS

EN 1993-1-4 (2006/A1:2015) is not very specific to the design aspects of perforated
webs, hence it is exactly not possible to compare the present FE results with EN
1993-1-4 (2006/A1:2015). Further, as discussed in Section 3.4 (see aso Figure 3.24
and Table 3.3), the expressions of shear buckling factor (xw) provided by EN 1993-
1-4 (2006/A1:2015) are found to be very conservative for unperforated beams.
Hence, modified design expressions proposed for unperforated LDSS beams (see
Table 3.3), have been used as benchmark curve for comparison with the FE results
of perforated beams as shown in Figure 4.27 in terms of variation of ¥, (shear

buckling factor) with | w (web denderness). The FE results in Figure 4.27
corresponds to centrally located perforations of two different sizes i.e. dy/h, = 0.1
and 0.5. It may be noted that for the comparison purpose and development of design
expressions (discussed later), only results of shear failure dominated results have
been considered (through inspection of the moment-shear interaction diagram as
described in Section 3.34), to enable comparison with EN 1993-1-4
(2006/A1:2015). As in the design curves reported by Rea et al., (2007a) for
unperforated I-section steel girders (and similar to the modified design expressions

regimes as shown in Figure 3.24), the variation of X, with | ware plotted for two
span conditions viz., 1) a/h, < 1.0 (Figure 4.27a) and 2) 1 < a/h, < 2.0 (Figure
4.27b). The FE results in Figure 4.27a corresponds to a’h, = 1.0, which can be

106

TH-1910_11610407



Chapter 4 — Shear Behaviour of Single Perforated Lean Duplex Stainless Steel
(LDSS) Rectangular Hollow beams

considered as lower bound (i.e. conservative) vaues for a’h,, < 1.0. However, the
FE results in Figure 4.27b are for span values of a’h, = 1.3, 1.6 and 2 (i.e. 1 < a/h,,

< 2.0). The values of a/h,, were so chosen to depict a distributed | wvalues. The
modified or proposed curves for unperforated LDSS are marked as X, prop iN Figure

4.27. From Figure 4.27, there appears to be a near parale drop in the FE ¥, vaues

corresponding to do/hy, = 0.5 as compared to those of do/hy = 0.1, at least for | w=
1.0. Hagen et al., (2006) proposed a reduction factor, RF = [1-d/h,] for ¥, for
centrally located circular perforation in webs. The same reduction factor was also
checked for square perforations by Hassanein (2014) found to give good agreement
with FE results. In this work, a modified reduction factor, RFy, = [1- (1/2) do/hy]
has been considered, with the factor (1/2) being introduced, as the perforation is
provided only in one web of the hollow LDSS beam. Hence, the proposed value of
¥w for perforated web (O Xw, mod) = RFm (Xw, prop) = [1~ (1/2) do/b] (Xw, prop) (SE€
Table 4.1 for the expressions of X, mod)- It Can be seen from Figure 4.27 that the FE
results of x, compare well with those obtained from the modified expressions of ¥,
prop- Based on Xw, mod, the total shear capacity of the section (Vy, pp) i.€. considering
the contributions of both flanges and webs are estimated using Equations 3.3-3.12.
In Tables 4.2 and 4.3, comparison of the FE and predicted total shear capacity
results are shown for 1) a/h, < 1.0 and 2) 1 < a/h, < 2.0, respectively. In the
nomenclature of the section e.g. p60tw2tf10wf200a600, p60, tw2, tf10, wf200 and
a600 denote perforation of size 60 mm, web thickness of 2 mm, flange thickness of
10 mm, flange width of 200 mm and span length of 600 mm respectively.
Observing the Vyre/Vy, pp Values, it can be seen that proposed expressions of shear
buckling factors (Xw, mod, Se€ Table 4.2) are able to reasonably predict the FE results,
mean and COV valuesfor 1) a/h,, < 1.0 (Figure 4.27a) and 2) 1 < a/h,, < 2.0 (Figure
4.27b), are found to be 1.20 and 0.13, and 1.11 and 0.12 respectively. It may be

noted that, for | w < 0.65/n, the FE values of X, are much higher (specially for a/hy
= 1.0, owing to strain hardening) as compared to the adopted [1- (1/2) do/hw]n,

hence it has a bearing on the comparison i.e. mean and COV values are increased.
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4.5 CONCLUSIONS

Shear behavior of the circular perforated LDSS hollow rectangular beams have

been assessed in this chapter, by considering a wide range of cross sectiond

parameters e.g. flange thickness, flange width, web thickness, shear span etc.

Primarily, the effect of single circular perforation size / diameter and location

(along longitudinal, transverse, and diagonals) are estimated with a focus on the

shear load capacity, deformed shapes (or failure modes) etc.

1)

2)

3)

TH-1910_11610407

A nearly linear decrease in the value of shear capacity (V/Vy) of ~ 23-25%
for 500% (i.e. dy/hy, = 0.0-0.50) increase in perforation size can be seen with
dender (hy/ty, = 300) webs, for short span (a’h, = 1.0), whereas, the
decreases are ~ 8-10% for stockier (hy/ty = 20) webs. It thus suggests that
perforation has relatively higher shear reducing effect for lender webs. In
the case of long span (a/h,, = 2.0) the reduction appears to be a milder (~1.7-

2.7%) in the case of stockier webs.

Shear capacity is observed to increase with increasing flange thickness (or
ti/ty) for perforated beams, consistent with the similar behaviour observed for

the case unperforated beams.

When perforation location is changed along longitudinal and transverse
directions, not very significant difference in shear capacity is seen, athough
maximum reduction in shear capacity appears to occur corresponding to
perforations located in the highly stressed diagonal tension band. For the
smallest (do/hy = 0.10) perforation size considered, as the perforations are
moved away from the span - towards the supports, the reduction in shear
capacity gradually reduces and reaches the value corresponding to that of

unperforated beam. However, unlike the case of short span beam (i.e. a/hy, =
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4)

5)

6)

TH-1910_11610407

1.0), for the longer span (i.e. a’h,, = 2.0) beam the unperforated shear strength

is not recovered for the smallest perforation.

It is observed that, there appears to be not significant variation on the shear
capacity, when the location is changed along tension diagona. Whereas, for
the change in perforation location aong compression direction, the reduction
in shear capacity is seen to be relatively larger for the central diagonal region
i.e. ~0.50 < dy/hy, < 1.0, whereas the reduction gets smaller on either side of

the central region.

A decrease in the shear capacity with increasing values of web slenderness
(hw/ty) is observed for perforated beams, similar to that of unperforated
beams. In genera, for the case of dender webs with hy/t, = ~75, there
appears to be a near paralel decrease in the values of shear capacity, for
400% increase in perforation size (from do/h, = 0.1). The effect of
perforation in the reduction of shear capacity is felt most when the web
becomes dlender. For stockier webs e.g. hy/ty < ~75, it can be seen that the
shear capacity values seems not to get affected by perforation when the web
is sufficiently stocky, e.g. hy/ty = 20.

Based on the FE results, shear buckling factor expressions have been
proposed for perforated beams considering two span regimes ( a/h,, < 1.0 and
1 < a/hy < 2.0), modifying EN 1993. It can be seen that proposed expressions
of shear buckling factors are able to reasonably predict the FE results, mean
and COV vauesfor 1) a’lh, < 1.0 and 2) 1 < a/h,, < 2.0, are found to be 1.20
and 0.13, and 1.11 and 0.12 respectively.
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Table 4.1: EN 1993-1-4 (2006/A1:2015) design expressions to evaluate the web

buckling co-efficient (Xw)

Web panel ) Yo, mod
ratio
R 1d,
AR “2n, )"
ahe<10 | 2% <065 (_1d_oj069
y 2h, ) T,
I, =065 [1 1d°j 242
2h, ) 1.53+1,
e ( _1d_o)h
) 2h,
l<ah,<20 | 22 7 <065 _1d, 0675
" 2n, ) T,
[ W >0.65 1 1 d0 2.03
2h, )127+1,
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Table 4.2: Comparison between FE and proposed model results for a/h,, < 1.00, hy,
=600 mm

Sections Vi, e Vu, pp
(kN) (KN)

p60wt2ft10fw200a600 654 450 1.45
p180wt2ft10fw200a600 582 411 141
p300wt2ft10fw200a600 514 372 1.38
p60wt2ft6fw200a600 573 406 141
p60wt4ft12fw200a600 1475 1313 1.12
p60wt8ft24fw200a600 3890 3802 1.02
p60wt10ft30fw200a600 5499 5229 1.05
p60wt20ft60fw200a600 13486 | 13100 | 1.03
p60wt30ft90fw200a600 21545 | 20651 | 1.04
p300wt2ft6fw200a600 456 328 1.39
p300wt4ft12fw200a600 1176 1064 111
p300wt8ft24fw200a600 3187 3091 1.03
p300wt10ft30fw200a600 | 4433 4235 1.05
p300wt20ft60fw200a600 | 11622 | 10736 | 1.08
p300wt30ft90fw200a600 | 19549 | 17104 | 1.14
p60wt4ft20fw200a600 1655 1426 1.16
p60wt8ft40fw200a600 4420 4052 1.09
p60wt10ft50fw200a600 6118 5544 1.10
p60wt20ft100fw200a600 | 16217 | 14545 | 1.11
p60wt30ft150fw200a600 | 27296 | 24305 | 1.12
p300wt4ft20fw200a600 511 372 1.37
p300wt8ft40fw200a600 1349 1177 1.15
p300wt10ft50fw200a600 | 3631 3341 1.09
p300wt20ft100fw200a600 | 5140 4571 112
p300wt30ft150fw200a600 | 15027 | 12181 | 1.23
p60wt2ft10fw200a600 653 442 1.48
p180wt2ft10fw200a600 581 404 1.44
p300wt2ft10fw200a600 513 365 141
p60wt2ft6fw200a600 573 398 1.44
p180wt2ft6fw200a600 511 359 1.42
p300wt2ft6fw200a600 455 321 1.42
p60wt30ft90fw200a600 21545 | 20408 | 1.06
p180wt30ft90fw200a600 | 20640 | 18635 | 1.11
p300wt30ft90fw200a600 | 19549 | 16862 | 1.16
p60wt30ft150fw200a600 | 28420 | 24305 | 1.17
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p180wt30ft150fw200a600 | 27324 | 22531 | 1.21
p300wt30ft150fw200a600 | 26352 | 20758 | 1.27
p60wt2ft4fw200a600 426 378 1.13
p60wt8ft24fw200a600 3960 3590 1.10
p60wt10ft30fw200a600 5635 4925 1.14
p60wt6ft12fw200a600 2397 2288 1.05
p60wt7ft21fw200a600 3204 2948 1.09
p60wt20ft100fw200a600 | 16908 | 12888 | 1.31
p60wt30ft150fw200a600 | 27600 | 19463 | 1.42
p300wt2ft4fw200a600 326 301 1.08
p300wt8ft24fw200a600 2990 2879 1.04
p300wt10ft30fw200a600 | 4198 3952 1.06
p300wt6ft12fw200a600 1853 1821 1.02
p300wt7ft21fw200a600 2419 2361 1.02
p300wt20ft100fw200a600 | 13802 | 10524 | 1.31
p300wt30ft150fw200a600 | 25200 | 15916 | 1.58
Mean 1.20
cov 0.13

In name p60wt2ft10fw400al1200, variables indicate perforation size (d,) = 60 mm,
web thickness (t,) = 2 mm, flange thickness (tf) = 10 mm, flange width (w;) = 400
mm, shear span (a) = 600 mm.
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Table 4.3: Comparison between FE and proposed model results for 1.0 < a/hy, <
2.00, hy, = 600 mm

Sections Vire | Vu,pp g

(kN) | (kN) =

>
p60wt2ft10fw200a1200 422 365 1.16
p180wt2ft10fw200a1200 377 284 1.33
p300wt2ft10fw200a1200 331 255 1.30
p60wt2ft8fw200a1200 422 302 1.40
p60wt4ft16fw200a1200 1094 | 1025 | 1.07
pEOwWt8ft32fw200a1200 3206 | 3153 | 1.02
p60wt10ft40fw200a1200 4636 | 4418 | 1.05
p60wt20ft80fw200a1200 10541 | 12594 | 0.84
p60wt30ft120fw200a1200 16697 | 19233 | 0.87
p300wt2ft8fw200a1200 314 | 243 1.29
p300wt4ft16fw200a1200 874 | 828 1.06
p300wt8ft32fw200a1200 2660 | 2553 | 1.04
p300wt10ft40fw200a1200 3814 | 3580 | 1.07
p300wt20ft80fw200a1200 10397 | 10214 | 1.02
p300wt30ft120fw200a1200 16498 | 15687 | 1.05
p180wt2ft10fw200a1200 1142 | 1062 |1.08
p300wt2ft10fw200a1200 3206 | 3252 |0.99
pE0wt2ft6fw200a1200 4932 | 4549 | 1.08
p180wt2ft6fw200a1200 12530 | 12961 | 0.97
p300wt2ft6fw200a1200 20197 | 20576 | 0.98
p60Wt30ft90fw200a1200 329 255 1.29
p180wt30ft90fw200a1200 921 865 1.06
p300wt30ft90fw200a1200 2797 | 2652 | 1.05
p60wt30ft150fw200a1200 4022 | 3711 | 1.08
p180wt30ft150fw200a1200 12021 | 10581 | 1.14
p300wt30ft150fw200a1200 19723 | 17029 | 1.16
p60wt2ft10fw200a1200 421 314 1.34
p180wt2ft10fw200a1200 376 284 1.32
p300wt2ft10fw200a1200 330 255 1.29
p60wt2ft8fw200a1200 421 302 1.40
p180wt2ft8fw200a1200 364 | 273 1.34
p300wt2ft8fw200a1200 313 243 1.29
p60wWt30ft120fw200a1200 16697 | 19233 | 0.87
p180wt30ft120fw200a1200 16659 | 17460 | 0.95
p300wt30ft120fw200a1200 16498 | 15687 | 1.05
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p60wt30ft150fw200a1200 20197 | 20576 | 0.98
p180wt30ft150fw200a1200 20067 | 18802 | 1.07
p300wt30ft150fw200a1200 19723 | 17029 | 1.16
p60wt2.5ft6.25fw200a1200 482 425 1.14
p60wt6ft24fw200a1200 2015 | 1946 |1.04
p60wt7ft28fw200a1200 2637 | 2452 | 1.08
p60wt8ft40fw200a1200 3564 | 3379 | 105
p60wt10ft50fw200a1200 5222 | 4806 | 1.09
p60wt4ft12fw200a1200 1097 | 999 1.10
p60wt30ft150fw200a1200 20192 | 19463 | 1.04
p300wt2ft4fw200a1200 371 338 1.10
p300wt8ft24fw200a1200 1587 | 1563 | 1.02
p300wt10ft30fw200a1200 2057 | 1963 | 1.05
p300wt6ft12fw200a1200 2844 | 2779 | 1.02
p300wt 7ft21fw200a1200 4326 | 3969 | 1.09
p300wt20ft100fw200a1200 856 802 1.07
p300wt30ft150fw200a1200 19580 | 15916 | 1.23
Mean 111
Cov 0.12

In name p60wt2ft10fw400al1200, variables indicate perforation size (d,) = 60 mm,
web thickness (t,) = 2 mm, flange thickness (7)) = 10 mm, flange width (w;) = 400
mm, shear span (a) = 1200 mm.
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Figure 4.2: (a) circular perforation, (b) FE mesh of perforated beam.
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14

(b)

0 T T T T T T
0 0.2 0.4 0.6 0.8 1 12

distance/h,,

Figure 4.3: @) von-Mises stress contour, b) variation of o,m/0, vs distance/h,, for
unperforated beam (a/h,, = 1.0, ti/t,, =5, hy/t,, = 300) at V..
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——X/hy,
—Yy/hy,
—
—d,

distance/h,,

Figure 4.4: @) von-Mises stress contour, b) variation of o,m/0, vs distance/h,, for
unperforated beam (a/hy, = 2.0, ti/t,, = 5, hy/ty, = 300) at V.
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(@) 08 - —dy/h,=0.0
S1 -

07 T dO/hW_ 01

do/hy=0.3

do/hy=0.5

Vv,

Figure 4.5: @) Variation of V,/Vy vs 8, and b) von-Mises stress contour for do/hy, =
0.0 (S1, S2, S3), do/hyy = 0.1 (M1, M2, M3), do/hy, = 0.5 (L1, L2, L3) (x/hy,, = 0.5,
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Figure 4.6: Variation of V/Vy vs do/hy: () hw/ty =300 and b) hy/ty = 20 (x/hy = 0.5,
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(a) 0.5 ~
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Figure 4.7: @) Variation of V,/Vy vs 4, and b) von-Mises stress contour for do/hy =
0.0 (S1, S2, S3), do/hy = 0.1 (M1, M2, M3), do/hy, = 0.5 (L1, L2, L3), (x/hy, = 1.0,
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Figure 4.8: Variation of V/Vy vs do/hy: () hw/ty =300 and b) hy/ty, = 20 (x/hy = 1.0,
y/hy, =0.5; alhy, = 2.0, ti/ty, =4 & 5)
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(@ o - do/hy = 0.0
07 - cr Ll x/hy = 0.2

—x/h,=05

—x/h,=08

06 -
05 -
2 04 -
>
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Figure 4.9: &) Variation of V,/Vy vs d, and b) von-Mises stress contour for x/h,, =
0.2(L1,L2),x/h,= 05(C1, C2), x/h, = 0.8 (R1, R2) (do/hy, = 0.1, y/h,, = 0.5; a’hy,
= 1.0, tf/tW = 5, hwltw = 300, do/hw = 0.1).
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x/h
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Figure 4.10: Variation of V/Vy vs x/hy, (y/hy = 0.5, ti/ty, = 5, hy/ty, = 300, a’hy, = 1).

123

TH-1910_11610407



Chapter 4 — Shear Behaviour of Single Perforated Lean Duplex Stainless Steel
(LDSS) Rectangular Hollow Beams

(@) 957 R1 do/hw = 0.0
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0 | x/hw = 1.0
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Figure 4.11: a) Variation of V,/Vy vs d, and b) von-Mises stress contour for x/hy =
0.2 (L1), x/hy, = 1.0 (C1), x/h,, = 1.8 (R1) (do/hy = 0.1, y/hy, = 0.5; a/h,, = 2.0, ti/ty
=5, hy/ty = 300).
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- 0.3 A
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01 4 —u-0o/hy=03
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Figure 4.12: Variation of V/Vy vsx /hy (y/h, = 0.5, ti/t, = 5, hu/t, = 300, a’h,, = 2).
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(a) 0.8 1 81 d./hy, =0.0
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——Yy/h, =0.8
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Figure 4.13: @) Variation of V,/Vy vs d, and b) von-Mises stress contour for y/hy =
0.2 (B1, B2), y/h, = 0.5(C1, C2), y/h, = 0.8(T1, T2) (do/hy = 0.1, x/h,, = 0.5; a’hy,
= 1.0, tf/tW = 5, hwltw = 300).
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Figure 4.14: Variation of V,/Vy vsy/hy (y/hy = 0.5; ti/ty = 5, hu/ty = 300, a/hy, = 1).
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(@ 05 ——dy/hy =0.0
0.45 ——y/h, =02
003;: / y/hw = 0.5
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(b) B1 ' c1 ’

Figure 4.15: a) Variation of V,/Vy vs d, and b) von-Mises stress contour for y/hy =
0.2 (B1), y/h, = 0.5(C1), y/h, = 0.8(T1) (do/hy = 0.1, x/hy, = 1.0; a’hy, = 2.0, ti/t,, =
5, hy/ty = 300).
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Figure 4.16: Variation of V/V, vsy/h, (x/hy = 1.0; ti/t, = 5, hu/t, = 300, a/hy, = 2.0).
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Figure 4.17: &) Variation of V,/Vy vsd, and b) von-Mises stress contour for di/hy, =
0.2 (T1), di/hy, = 1.0, (C1), di/hy, = 1.4, (BL), (do/hyw = 0.1, a/h,, = 1.0; ti/t, = 5, hy/ty

= 300).
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Figure 4.18: Variation of V/Vy vsdi/hy (ti/tw = 5, hu/tw = 300 a/hy = 1.0).

128

TH-1910_11610407



Chapter 4 — Shear Behaviour of Single Perforated Lean Duplex Stainless Steel
(LDSS) Rectangular Hollow Beams

(@ 05 - do/hy = 0.0

0.45 ___di/h, =04

0.4 1 T1 di/hy, = 1.0

0357 —dy/h, =18
_ 031
i; 0.25 A
0.2 -
0.15 4
0.1 -
0.05 A

0 T T T T T T T )
0 10 20 30 40 50 60 70 80

0 (mm)

=

Figure 4.19: &) Variation of V,/Vy vsd, and b) von-Mises stress contour for di/hy, =
0.4 (T1), di/hy, = 1.1 (C1), di/hy = 1.2 (B1) (do/hy = 0.1; a/hy, = 2.0, ti/ty, = 5, hylty

=300).
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Figure 4.20: Variation of V/V, vsdi/hy (ti/ty = 5, hu/tyw = 300, a’h,, = 2.0)
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Figure 4.21: &) Variation of V,/Vy vsd, and b) von-Mises stress contour for dy/hy, =
0.2 (T1), do/hy = 0.6 (C1), do/hy, = 0.8 (B1) (do/hy = 0.1; a/hy, = 1.0, t/ty, = 5, hy/ty

= 300).
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Figure 4.22: Variation of V/Vy vs dy/hy, (a/hy = 1.0, ti/ty = 5, hu/tw = 300).
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Figure 4.23: &) Variation of V,/Vy vsd, and b) von-Mises stress contour for do/hy, =
0.2 (T1), do/hyy = 1.0 (C1), do/hy = 1.8 (B1), (do/hy = 0.1; athy, = 2.0, ti/ty, = 5, hy/ty

= 300).
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Figure 4.24: Variation of V/Vy vs dy/hy, (a/hy = 2.0, ti/ty, = 5, hy/ty = 300)

131

TH-1910_11610407



Chapter 4 — Shear Behaviour of Single Perforated Lean Duplex Stainless Steel
(LDSS) Rectangular Hollow Beams

+tf/tw - 5 do/hw - O O

2.5 A
+tf/tw - 5 do/hw - O 1
| ' t/ty = 5, o/ = 0.5
15 - ’
Z
>:
l .
0.5 4
F
O T T T T T T 1
0 50 100 150 200 250 300 350

Figure 4.25: Variation of V/Vy vs hy/ty, for do/hy, = 0.1 and 0.5 (t/ty = 5, a/hy = 1)

_——-tf/tw = 5, do/hw = 0.0
—*—-tf/tw = 5, do/hw = 0.1
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Figure 4.26: Variation of Vy/Vy vs hy/ty for do/hy = 0.1 and 0.5 (x/hy, = 1.0; y/hy =
0.5, tf/tW = 5, a/hw = 2.0)
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Figure 4.27: Comparison of FE results of circular opening sizes with proposed EN
1993-1-4 (2006/A1:2015) curve for do/hy, = 0.1 & 0.5 0f 1) a/hy, < 1.0and 2) 1.0 <

alhy < 2.0.
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CHAPTERDS

STIFFENING EFFECTS ON THE SHEAR
BEHAVIOR OF SINGLE PERFORATED
LEAN DUPLEX STAINLESS STEEL (LDSS)
RECTANGULAR HOLLOW BEAMS

5.1 INTRODUCTION

In the previous chapter i.e. Chapter 4, the effect of perforation parametersi.e. size
and location (along longitudinal, transverse and diagonas) on the shear capacity
and deformation behaviour of single perforated LDSS rectangular hollow beams. In
general, a reduction in the shear capacity (Vu/Vy) was observed when single
perforation was introduced in the web panel even for a relatively small perforation
sizei.e. dy/hy = 0.10. It then becomes pertinent to study if such reduction in shear
capacity can at least be compensated through reinforcements such as stiffener
attachment around the perforation. As discussed in the literature review (Chapter 2),
severa types of stiffeners (e.g. ring, horizontal, transverse, sleeves, doubler plate
stiffeners) were employed to augment load (shear, compression etc.) capacity of
open webs/plate perforated with circular / rectangular holes (see e.g. Narayanan and
Der-Avanessian, 1984b; Keerthan and Mahendran, 2013; Hamoodi and Gabar,
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2013; Hagen et. al., 2009; Kim et. al., 2015). It may be noted that such studies were
mainly on open sections e.g. plates, I-sections etc. Types of dtiffeners used in
members subjected to shear loading are, doubling plate (Keerthan and Mahendran,
2013; Kim et.al., 2015); ring (Keerthan and Mahendran, 2013; Hamoodi and Gabar,
2013, Narayanan and Der-Avanessian, 1984b; Kim et.al., 2015); vertica and
horizontal, inclined (Cheng and Li, 2012) stiffeners. In this study, such studies are
extended to assess the shear behaviour of stiffened single perforated LDSS
rectangular hollow beam (i.e. closed section), using FE analysis approach
considering various orientations / patterns such as vertical, horizontal, diagonal /
inclined and ring; and cross-sections i.e. flat, angular and semi-circular. More
specifically, the effect of variation in cross-sectional dimensions (or slenderness)
e.g. width (bs), thickness (ts) and length (ls) of the stiffener for the abovementioned
stiffener patterns are investigated. The results of the FE analyses are presented in
the form of variations in shear capacity (V./Vy) with respect to normalised
parameters like 14d,, bs/hy (for various values of tdt,), mid-span deformation (0),
deformation shapes etc.

5.2. NUMERICAL (FE) MODELLING

5.2.1 General

The FE modelling procedure (e.g. meshing, boundary conditions, imperfection
seeding, material modelling etc.) followed in this chapter is similar to those
described in Sections 3.2 and 4.2 for unperforated and perforated LDSS rectangular
beams respectively, and hence, are not repeated in this chapter. The key additional
difference is the incorporation of FE models for the various types of stiffeners
mentioned above. Geometry and FE mesh used for the stiffeners are presented in

the following subsections.
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5.2.2 Geometry

Figure 5.1 shows the schematic representation for a typical geometry, FE mesh and
boundary conditions considered. The various fixed cross-sectional parameters were
hy = 600 mm, a = 600 mm, w; = 200 mm, t; = 10 mm, t,, = 2 mm, such that a/h,, =
1.0 and ti/t,, = 5. A centrally located perforation with moderately large diameter, d,
= 300 mm (ds/hy, = 0.5) was chosen as the benchmark perforated beam upon which
the effect of stiffener is studied. It may be noted that the reduction maximum in the
shear capacity for the case of dy/h,, = 0.5 was seen to be about 26% as compared to
the unperforated case (see Figure 4.5), whilst it was lesser for smaller perforation
sizes (do/hy, < 0.5). Further, it was also seen that for the small perforation size (do/hy
= 0.1) considered, for the various perforation locations tested (transverse,
longitudinal and diagonals), no significant variation in the shear capacity could be
seen, athough centrally located perforation (i.e. x'hy,, = y/h,, = 0.5; see Chapter 4),
apparently gave the highest reduction in shear capacity, suggesting that central
location is the critical location. Four types of stiffener patterns viz,, inclined (1S),
vertical (VS), horizontal (HS) and ring (RS) were considered (see Figure 5.2). For
IS VS and HS two parallel stiffeners of equal length located at opposite sides of
perforation were considered. Stiffener with flat (or rectangular) cross-sections (FC)
were considered for all the stiffener patterns i.e. 1S VS HS and RS initialy;
whereas angular (AC; 90° between equal legs) and semicircular (SC) cross-sections
were considered for the inclined orientation (1S), to assess cross-sectional shape
effect (see Figure 5.3).

The values of length (ls), breadth (bs) and thickness (ts) of the stiffeners adopted in

the FE analyses ranged from 300-515 mm (or IJd, = 1.00-1.75, where d, =

diameter of opening, D, = d, + 2 x 10 mm, D, is diameter of ring stiffener), 24-72

mm (or bs/h,, = 0.04-0.12) and 2-14 mm (or tJt, = 1-7). A 10 mm clearance (st =

5, where s is the distance between edge of opening to stiffener edge) of the

stiffeners from the edge of the perforation has been maintained, such that the
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stiffeners are separated by an additional 20 mm (i.e. 2 x 10 mm) in addition to the
perforation size (or perforation diameter, d,). The clearance was assumed to avoid
the stiffener being too close to the perforation edge so that welding can be done at
ease (e.g. Hagen (2005) assumed d/t,, = ~ 0.6-1.2 i.e., 10-20 mm; Cheng and Zhao
(2010) have taken the s/t, = 0.5). The inclined tiffeners (IS) were provided
perpendicular to the diagona of the perforated web (resulting in perpendicular to
the tension band, as seen in Chapter 4); in the case (i.e. a/h, = 1), it is at 45° to the
longitudinal axis of the beam. In order to compare the effectiveness of the three
cross sections (FC, AC and SC) of the stiffeners, in the inclined mode, the material
consumption (or cross-sectional area) was kept same. To realise this, the legs of the
AC section are made equa to half of the FC breadth (i.e. byJ2); and the
circumference of the SC section was taken to be equal to bs (the diameter of the SC
section, Ds was taken as the variable; Ds = 15-46 mm in this study). Further, the
maximum length of stiffener (Is) was chosen so that the outer dimensions of the

stiffeners were limited to the inner edge of the flanges.

5.2.3 Finite e ement mesh

Typica FE mesh for perforated beam with inclined stiffeners (1S) with flat cross
section (FC) is shown in Figure 5.1c. Except for the additional FE mesh for the
stiffeners, the rest of the meshing pattern follows those discussed in Section 4.2.3.
Stiffeners were also meshed with similar elements i.e. AR elements (with aspect
ratio ~1), except that relatively finer meshes (or smaller elements) were adopted,
since the stiffener geometry is smaller in comparison to the main beam. A minimum
of 10 AR elements were adopted along the breadth of the stiffener in order to
capture the interaction of stresses between the perforated web and stiffeners, based
on mesh convergence study. The stiffeners were modelled separately using a
uniform mesh and then tied to the perforated web through ‘tie’ option available in
Abagus (2009). This makes it possible to mesh both the web and stiffener, without
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much concern on the node location compatibility at the junction. The total number

of elementsin a stiffener ranges from 50-200, depending on their geometry.

5.2.4 Parametric study

In the parametric study, the effect of various parameters of the stiffeners e.g. cross-
sectional shapes (FC, AC, and SC) and dimensions (I, bs, t) on the shear
characteristic of single circular perforated short span (a’hy, = 1) LDSS rectangular
hollow beam was investigated, for the range of parameters mentioned in Section
5.2.2. The results are presented in the form of i) variation of shear with mid-span
transverse deformation (V/Vy vs ), von-Mises stress contours, and variation of

shear capacity (V. /Vy).

5.3 RESULTSAND DISCUSSION

First, the effect of the stiffener patterni.e, 1S VS HS and RS on the shear behavior
viz., shear capacity and deformed shapes are presented in terms of variation in
stiffener lengths (ls) and breadth (bs) in Sections 5.3.1-5.3.4. This is followed by a
comparison of the effect of cross-sectional shapes viz., FC, AC and SC on the shear
capacity keeping the same material cross-sectional area and length (Section 5.3.5).
The results for perforated (without stiffeners) and unperforated beams (shown in the

previous chapter i.e. Chapter 4) are also presented for comparison.

5.3.1Inclined stiffener (1S)

5.3.1.1 Effect of stiffener length (ly)

Variation of V/Vy with & (along with von-Mises contour plots) for by = 24 mm (or
bw/hy = 0.04) are shown in Figures 5.4 and 5.5 for thin (ts = 2 mm or tJt, = 1) and
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thick (ts = 14 mm or tdt, = 7) stiffeners respectively. In Figures 5.4a and 5.5a, the
results are presented for |s = 300-525 mm (or I/d, = 1.00-1.75 i.e. 75% increasein
Is from 300 mm). It can be seen from Figure 5.4a, there is no significant change in
both the shear capacity (V./Vy or Vre/Vy) or the shape of the V/Vy vs b profile, for the
thin stiffeners considered. An increase of about 2% in V,/Vy can be observed when
Is is increased by 75%. The enhancement in V/Vy for the stiffened beam in
comparison to the perforated beam is about ~1.5-3.6%. Figure 5.4b, shows the von-
Mises contour plot a V,, Vre and post Vgre shear values, for unperforated (S1, S2,
S3), perforated (P1, P2 and P3) , and stiffened beams (inset L1, L2 and L3 for 1J/d,
=1; inset H1, H2 and H3 for IJ/d, = 1.75). It can be seen that thereis little variation
in von-Mises stress contour plot and deformed shapes for |4/d, = 1.00 and 1.75 (see
L1, L2, L3 and H1, H2, H3). This may be related to the relatively thin section (t4/ty
= 1) considered. It is also seen that due to the presence of stiffeners, the local
corrugated (accompanied by both inward and outward buckling) buckling of
perforation edges (mostly along the tension band; see inset figure P1 in Figure 5.4b)
is now changed to outward local buckling, at V,. The outward local buckling of the
stiffened web (inset L1 and H1 figures in Figure 5.5b), may be related to the weaker
cross-sectional slenderness (owing to thinner section). Very similar post-V,, failure
modes (i.e. formation of plastic hinge in the compression flange, stress distribution
pattern in the vicinity of the perforation) are aso seen for both the short and long
values of | this observation also agrees with the similar values of dgr as seen in

Figure 5.4a.

The effect of thick stiffener (tJ/ty = 7; or ts = 14 mm) is shown in Figure 5.5. (I4d, =
1.00-1.75, by/h,, = 0.04). From Figure 5.5a, a significant enhancement in the shear
capacity of the stiffened beam can be seen when the value of 14d, is increased from
1.00-1.75 (i.e. as the tiffener gets thicker). The increase in V/Vy is ~2.8, 6, and
21% for 14d, = 1.25, 1.5 and 1.75 respectively, in comparison to I/d, = 1.0. For, the
smallest length considered i.e. IJ/d, =1, the value of V,/Vy is found to be higher by

~9% compared to the perforated case. When |Jd, = 1.75, the unperforated shear
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capacity is nearly recovered. It may be noted that the value of drr for the longest
stiffener length considered (i.e. |J/d, = 1.75) is about ~25% shorter as compared to
that corresponding to |IJ/d, = 1.0 i.e. the onset of rapid-falling curve occurs much
earlier when the thickness of the stiffener is sufficiently large enough. Von-Mises
contour plot corresponding to 14/d, = 1.0 and 1.75 are shown in Figure 5.5b. It can
be observed that due to the presence of the thick stiffeners, highly stressed von-
Mises stress near the perforation is relatively distributed over a larger area, a V,
(seeinset figures L1 and H1 in Figure 5.5b). Again, corrugated local buckling at the
perforated edge of the unstiffened web, is prevented due to the stiffening effect. But
unlike in the case with thin stiffeners, the outward buckling of the stiffened web is
visibly reduced (see L1 and H1 in Figure 5.5b), when thick stiffeners are used. It
may be noted that for the longest stiffener (i.e. IJ/d, = 1.75), the formation of plastic
hinge at the compression flange is now shifted towards the unperforated side (see
H2), unlike the case for shorter stiffener (see L1 and L2). This may be because, due
to the thick elongated stiffener, significant improvement in the load capacity of the
perforated span may have achieved. The effect of | on the shear capacity is plotted
in the form of V/Vy vs IJd,, for thickness, tyty = 1-7 (or ts = 2-14 mm) in Figure
5.6. Shear capacity increased with increase in stiffener thickness (t/ty, =1to 7) ina
non linear trend. It can be seen that, for higher thicknesses e.g. tJ/t, = 3, the rate of
increase in V/Vy increases with increasing |¢/d,, thus suggesting that the role of
stiffener thickness in enhancing the shear capacity becomes more effective at longer
length (Is). For the longest and thickest stiffener (I4/d, = 1.75 & tdty = 7), the
stiffened perforated beam has already achieved the shear capacity of unperforated
beam.

5.3.1.2 Effect of stiffener breadth (bs)

The effect of stiffener breadth (bs) is presented in the form of variation of V/Vy with
9, von-Mises contour plots, and V/Vy with by/hy, for two cases viz,, short (IJ/d, = 1)
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and long (I4/d, = 1.75) stiffeners in Figures 5.7-5.9 and 5.10-5.12 respectively.
Variation of V/Vy with 8 and von-Mises contour plots are shown for thin (tJ/ty, = 1)
and thick (tt,, = 7) for short stiffener (I/d, = 1) in Figures 5.7 and 5.8 respectively,
for bs ranging from 24-60 mm (or by¢h,, = 0.04-0.10). Moreover, it can be seen
from Figures 5.7 and 5.8 that it is not able to regain the unperforated shear capacity
even after an increase of 150% in bs from 24 mm. For both the thin and thick
stiffeners, the enhancement in V,/Vy is ~8.8% as compared to the unstiffened beam.
It is also seen that the von-Mises stress distribution in the stiffened perforated web
is not noticeably changed for the change in bs (see L1, H1 in Figures 5.7 and 5.8).
Figure 5.9 shows the variation of V/Vy with by/hy, for tJ/ty, = 1-7. It can be seen that,
thereis no significant change in the value of V,/Vy for by/b,, ranging from 0.04-0.10,
for the thicknesses considered, suggesting that there is not much benefit in
increasing the cross-sectional dimension (in terms of bs and t5) for short stiffeners
(I4do = 1.0). In the case of long stiffeners (I¢/d, = 1.75), an improved enhancement
in Vu/Vy can be seen even for thin stiffeners; an increase of ~19% in V/Vy as
compared to non stiffened case, can be observed for bs/h,, = 0.10 (or bs = 60 mm).
Whereas for thick stiffeners (tJ/t, = 7), amost full strength of the unperforated beam
could be achieved at lower bs (= 0.04). A comparision of the von-Mises contour
plots between thin (Figure 5.10b) and thick (Figure 5.11b) stiffeners for longer
stiffeners shows that due to sufficiently improved shear capacity has resulted in the
occurrence of plastic hinge formation at the compression flange being shifted
towards the unperforated span (L2 and H2 in Figure 5.11b), with stress relaxation in
the stiffened webs. Variation of V,/Vy with by/hy, for long stiffeners (IJ/d, = 1.75) is
shown in Figure 5.12, for tJty, = 1-7. It can be seen that, uperforated shear capacity
has been achieved at bs/h,, = 0.04, 0.06, 0.08 for tdt, = 7, 5 and 3 respectively,
whereas it could not be attained for the thin stiffener (tJ/ty = 1). This indicates that
increase of bs has relatively more enhancement effect for thicker stiffeners (e.g. td/ty
> 3) in stiffener length I¢/d, = 1.75.
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5.3.2 Vertical stiffener (VS)

5.3.2.1 Effect of stiffener length (Iy)

The effect of vertical stiffener lengths on the shear capacity is presented in Figures
5.13-5.15. Figures 5.13 and 5.14 show V/Vy vs d and von-Mises contour plots for
thin and thick stiffeners respectively, for IJ/d, = 1.00-1.75 (bs/h,, = 0.04). Unlike in
the case of inclined stiffeners as discussed above, there appears to have no
significant effect (or enhancement) on V,/Vy due to the presence of either thin or
thick vertical stiffeners, for I4/d, < 1.5 (the V/Vy vsd profileis almost similar to that
of perforated beams), however a slight increase (~ 4%) in V,/Vy can be observed
when |Jd, is increased to 1.75. Observing the von-Mises stress contour plots at
Vu/Vy, it can be seen that the stress distribution more or less remains similar to that
of unstiffened beam. The local buckling of the perforation edge along the diagonal
tension band appears to remain unaffected by the presence of vertica stiffeners, and
most of the highly stress region is now confined within the region bounded by the
vertical stiffeners (atleast for the longest stiffener i.e. I/d, = 1.75) (seeL1 and H1 in
Figures 5.13b and 5.14b). Variation of V/Vy with IJd, is shown for tJt, = 1-7 in
Figure 5.15. Again, there appears to have no significant improvement in V,/Vy for
both the variation in length (I/d, = 1.00-1.75) and thicknesses (t/ty, = 1-7),
indicating that length effect does not make any enhancement in shear capacity.

5.3.2.2 Effect of stiffener breadth (by)

The effect of vertical stiffener width (bs) for short and long stiffeners are presented
in Figures 5.16-5.18 and 5.19-5.21 respectively. For each of the short and long
stiffeners, the results of both thin and thick stiffeners are also presented. For the
short stiffener, variation of V/Vy with & aong with von-Mises contour plots is shown

in Figures 5.16 and 5.17 respectively for thin and thick stiffeners. From Figure 5.16
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and 5.17, it can be observed that there is amost no improvement in the shear
capacity of the perforated beam, even after the bs is increased from 24-60 mm (or
bs/hy, = 0.04-0.10), for both the thin and thick stiffeners. The local buckling near the
perforation edge appears to remain unaffected by the presence of the short (both
thin and thick) stiffeners. The distribution of the highly stressed region along the
diagona tension band remains more or less unaltered (see L1 and H1 in Figures
5.16b and 5.17b). Figure 5.18 shows the variation of V,/Vy with bshy, for the short
stiffener, for thickness ranging from tJty = 1-7. Clearly, no improvement in V,/Vy
can be seen for the range of bs and t,, considered, suggesting that short vertical
stiffeners do not have any measureable effect on the shear capacity of the perforated
beam. Again, this may be related to the inability of the vertical stiffeners to arrest
local buckling around the perforation edge. The effect of bs for long stiffener are
presented in Figures 5.19 and 5.20 respectively for thin and thick stiffeners. A dlight
improvement (~5%) in V,/Vy can be seen for both the thin and thick stiffeners,
athough there is no apparent change in V,/Vy for the range of bghy, (0.04-0.10)
considered. Again, it is seen that at V,, most of the highly stressed region in the
vicinity of the perforation is now confined between the vertical stiffeners (see L1,
H1 in Figures 5.19 and 5.20). Unlike the case of short stiffeners, the increase in
shear capacity may be attributed to the enhanced restriction imposed by the
elongated (spans the web height i.e. 1J/d, = 1.75) on the local buckling in the
vicinity of the stiffeners and near the perforation edge. It may be seen that such
restriction of local buckling associated with the long stiffenersisrelatively low (see
5.16b, 5.17b and 5.19b, 5.20b). Figure 5.21 shows the variation of V/Vy with by/by
for t/tw = 1-7. It can be seen that there is no significant change in V/Vy for bs/hy, =
0.04-0.10, for al the thickness considered, athough in an average increase in Vi/Vy,
due to the presence of stiffeners is ~5%. This suggests the beneficial effect of
providing vertical stiffenersislittle.
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5.3.3 Horizontal stiffener (HS)

5.3.3.1 Effect of stiffener length (Iy)

The length effect (Is) for thin and thick horizontal stiffeners are presented in Figures
5.22 and 5.23 respectively, in the form of V/Vy vs & and von-Mises contour plots,
for 14d, = 1.00-1.75 (bd/hy, = 0.04). From Figures 5.22 and 5.23 it can be seen that,
for the case with thin stiffeners, there is no significant improvement in V,/Vy,
whereas an enhancement of ~ 5% could be obtained with thick stiffeners. However
thereislittle variation in V/V, for the range of stiffener length consideredi.e. IJ/d, =
1.00-1.75. From Figure 5.22b, it can be seen that the thin horizontal stiffeners are
not able to arrest the local buckling occurring in the vicinity of the perforation, even
after I4/d, isincreased up to 1.75. Whereas for thick horizontal stiffeners, it appears
that some resistance has been offered to the local buckling around the perforation,
especialy for the case of |Jd, = 1.75 (see H1 in Figure 5.23). Variation of V/V,
with 14d, for tJt, = 1-7 is shown in Fig. 5.24. For the range of |/d, = 1.00-1.75, it
is seen that there is no significant variation in V/Vy for the range of t4/t,, considered.
For the highest thickness considered, an average enhancement of ~5% for V./Vy
could be obtained. Thus, there appears to have little beneficial effect of horizontal

stiffenersfor the range of ts and |s considered.

5.3.3.2 Effect of stiffener breadth (by)

The effect of horizontal stiffener breadth (bs) for short and long stiffeners are
presented in Figures 5.25-5.26 and 5.28-5.29 respectively. The results are also
presented for thin and thick stiffeners. It can be seen that in the case of short
stiffener length, there is no significant increase in V,/Vy for the case of thin
stiffeners (Figure 5.25), however, an increase of ~7% in average could be obtained
for the case of thick stiffeners (Figure 5.26), with little variation in V/Vy for by/hy =
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0.04-1.0. Thus suggest that the effect of bs increases at higher thickness, and thisis
consistent with the increase in stiffener cross-sectional stiffness. From Figures
5.25b and 5.26b (inset L1 and H1), it can be seen that at V,, it appears that increase
in bs, did not significantly improve the buckling resistance of the perforated web,
with the stress distribution more or less unchanged. Variation of V,/Vy with by/h,, for
the short length stiffener is presented in Figure 5.27, for tJt, = 1-7. Again, no
significant change in V,/Vy can be seen for bshy, = 0.04-0.10, for the range of
thicknesses considered. For the case of long stiffeners, an improved V,/Vy is seen
with both thin (Figure 5.28) and thick (Figure 5.29) stiffeners with increasing by/h,,
with no substantial variation in Vi/Vy when byh,, is varied from 0.04-0.10. The
increase in V/Vy is in the range ~2.5-5%, and 5.5-8% for the thin and thick
stiffeners respectively. From Figures 5.28b and 5.29b, again, it is seen that no
substantial resistance being offered by the long horizontal stiffeners in preventing
local web buckling in the vicinity of the perforation, although the resistance appears
to have improved for the thick stiffeners (L1, H1 in Figures 5.28b and 5.29b).
Again, the effect of bs/hy,, on V/Vy, appears to be minimal, for the variation in t4t,
from 1-7 (the plot appears nearly horizontal in Figure 5.30). Thus, again, it appears
horizontal stiffeners are also not very effective in enhancing V./Vy for the perforated

beams.

5.3.4 Ring stiffener (RS)

5.3.4.1 Effect of stiffener breadth (bs)

Figures 5.31 and 5.32 shows the effect of stiffener breadth (bs) for ring stiffeners
provided around the perforation, for thin and thick stiffeners respectively, in the
form of V/Vy vs d and von-Mises contour plots. For the thin stiffeners, the increase
in VW/Vy, when by/hy, isincreased from 0.04-0.10 is ~2% in an average, whereas for

thick stiffener, the increase is in the range ~9-15%, for the same increase in bg/h,,.
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This may be because, the thin dtiffeners are apparently not able to resist
substantially, the local web buckling around the perforation (L1 and H1 in Figure
5.31b). However, with the thick stiffener, an enhanced resistance to web buckling is
visible (Fig 5.32b). In Figure 5.32b, it can be seen that at V,, the circular shape of
the ring is not distorted, especialy for bsh,, = 0.10, an indication that web buckling
is resisted. In Figure 5.33, variation of V/Vy with byhy, is shown, for tJt, = 1-7. It
can be seen from figure 5.33 that, V./Vy increases with increasing by/h,, and tdty,
although the highest increase is ~15% corresponding to bs/h,, = 0.1 and tJ/t,, = 7. The
rate of increase in V/Vy (with respect to the unstiffened beam) appearsto be slightly
higher for larger values of bgh,. This may be related to the increase in cross-

sectional stiffness due to increase in cross-sectional area of the stiffeners.

5.3.5 Comparison of flat (FC), angular (AC) and semi-cricular (SC) inclined

stiffeners

From the previous discussions on inclined, vertical and horizontal stiffeners (see
Sections 5.3.1-5.3.3), it was observed that, amongst the three types of flat
stiffeners, inclined flat stiffeners were able to achieve the full unperforated beam
strength: 1) for the shortest stiffener width i.e. bs/h,, = 0.04, the unperforated shear
capacity was reached for the thickest stiffener (tJ/t, = 7) and longest stiffener length
(I4do) provided, and 2) for the longest stiffener length i.e. IJ/d, = 1.75, the
unperforated shear capacity was reached at tJ/t, = 7, 5, 3 for bs/h,, = 0.04, 0.06 and
0.08 respectively (see Figures 5.6 and 5.12). Hence in this section, the results of
variation in cross-sectional shape of the stiffener i.e. flat (FC), angular (AC) and
semi-circular (SC) sections, for inclined stiffeners are presented considering the

same cross-sectional areafor material consumption, to check their efficiency.
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5.3.5.1 Flat (FC) vsangular (AC) cross sections

Typica dimensions for the comparison between angular and flat sections are: |¢J/d, =
1.5 and t/t, = 1 and 5, for all the cross-sections considered (see Figure 5.4). Figures
5.34 and 5.35 shows the effect of bgh,, for thin (t/ty, = 1) and thick (t/ty = 5)
angular stiffeners. It can be seen from Figures 5.34 and 5.35 that V,/Vy is found to
increase with increasing byhy,; an increase of 200% in by¢h,, (from by¢h, = 0.04),
resulted an increase in Vy/Vy of ~17% and ~32% from the unstiffened shear
capacity, for the thin (t/t, = 1) and thick (t/ty, = 5) stiffener section respectively.
Typica von-Mises contour plots are also shown for bs/h,, = 0.04 and 0.12 at V,, and
post-V, (at 3d,) in Figure 5.34b and 5.35b corresponding to thin and thick stiffeners
respectively. AtV,, it can be seen that for thin sections (L1 and H1 in Figure 5.34b)
and for bgh,, = 0.04 for the thick section (L1 in Figure 5.35b), the angular stiffeners
are not able to resist the local web buckling in the vicinity of the perforations; the
stiffeners are also seen to buckle which at later post-V, stage (L2 and H2 in Figure
5.34b; and L2 in Figure 5.35b). However, for the wider breadth i.e. bs/h, = 0.12,
thick section appears to have provided sufficient stiffness to prevent local buckling
around the perforations (H1 in Figure 5.35b). In the post-V,, such enhancement of
V., resulted in shifting of the plastic hinge formation of the compression flange
towards the unperforated span side (H2 in Figure 5.35b). This strengthening of the
perforated web aong with the non-formation of the plastic hinge on the
compression flange on the stiffened side with subsequent formation of the
compression flange plastic hinge on the unperforated span side, may have resulted
in the reduction of dRF in Figure 5.35a. Similar such observations have also been
made in the case of flat stiffeners (see Figure 5.5a8). Comparison of the effect of
angular and flat inclined stiffeners is shown in Figure 5.36 in the form of variation
of Vu/Vy with byhy, for both thin and thick sections. It can be seen that angular
stiffeners predicted lesser V/Vy for bs/h,, < 0.08 and 0.10 for thin and thick sections,
beyond which both the sections resulted in similar shear capacity values. This may

be because, for the same value of bgh,, the stiffness of the angular section may be
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relatively less in comparison to that of the comparable flat section, as the each legs
of the angular section would of (bs/2)/h,, and further, they are oriented at an angle of
45° with respect to the web surface.

5.3.5.2 Flat (FC) vssemi-circular (SC) cross sections

Figures 5.37 and 5.38 presents the effect of inclined stiffeners with semi-circular
cross-sections, for thin (tJ/t, = 1) and thick (tdty = 5) respectively. Again, similar to
the case for angular cross-section (mentioned in the previous section), the
semicircular circumferential length has been fixed at b, with 14d, = 1.5, so that it
has the same material cross-sectional area as that of flat section with breadth, bs.
This results in the outer diameter of the semicircular section in the range of 15-46
mm, corresponding to bs/hy = 0.04-0.12. It can be seen from Figure 5.37athat V,/Vy
increases with increasing bJ/hy; the increase being ~19% with bgh,, = 0.12, when
compared to the unstiffened case. For the thick section (tJ/ty = 5), the unperfroated
shear capacity has been achieved with bgh,, = 0.10-0.12. Similar to the case of flat
and angular section as discussed above, both thin stiffener and thick section with
lower bdhy, (e.g bdhy, = 0.04), the semicircular stiffener appears not to be effective
in resisting the web buckling, rather, local buckling can be observed around the
mid-length of the semicircular stiffener (along with the web). Again, for thicker
sections (t/ty = 5) and higher width (b,/hy, = 0.12), it can be seen that at V,, the
semicircular stiffener is able to resist the local web buckling, and alows for better
stress distribution in both the web and stiffeners (see H1 in Figure 5.38b). The
comparison between flat and semicircular stiffeners are shown in figure 5.39, as a
plot of V/Vy vs bdhy, for tft,, =1 and 5 (IJ/d, = 1.50). It can be seen from Figure
5.39 that, for the thick stiffeners, semicircular section showed lower values of V,/Vy
for bshy < 0.10, and for bgh,, > 0.10, both semicircular and flat section is able to
provide the unperforated strength. On the other hand, for the thin sections,
semicircular sections showed a dightly higher value of V,/V, as compared to that of

148

TH-1910_11610407



Chapter 5 - Stiffening Effects on the Shear Behaviour of Single Perforated Lean
Duplex Stainless Steel (LDSS) Rectangular Hollow Beams

flat sections, for bgh, > 0.08. This may be related to the enhanced stiffness
associated with the semicircular section as compared to flat sections, for higher
values of bdhy (e.g. 0.08).

Comparison of angular and semicircular section for both thick and thin stiffenersis
presented in Figure 5.40. It can be observed that the variation of V./Vy with by/hy
due to angular and semicircular (keeping the same material consumption), for both
thick and thin sections are very similar. V/Vy is found to increase with increasing
bs/hy till ~0.1 and plateaus for bgh, > 0.10, indicating that for the stiffeners
dimensions analyses, both the stiffeners behaved similarly. Hence both may be used
with equal efficiency for enhancing the shear capacity of perforated beam, although
athicker section with longer bs/hy, is desirable.

5.4 CONCLUSIONS

FE studies on shear behavior of stiffened single perforated LDSS rectangular
hollow beam have been investigated considering various stiffener parameters viz.,
stiffener orientations / patterns such as inclined / diagonal, vertical, horizontal and
ring; and stiffener cross-sections viz, flat, angular and semi-circular. More
specifically, the effect of variation in cross-sectional dimensions (or slenderness)
e.g. width (bs), thickness (ts) and length (I) of the stiffeners for the abovementioned
stiffener patterns and cross sections have been investigated. Based on the present

study, the following key conclusions are drawn:

1) For the inclined stiffeners, it is observed that the rate of increase in shear
capacity (Vu/Vy) increases (in a non linear trend) with increasing stiffener
length for higher thicknesses (e.g. tJ/ty = 3), thus suggesting that the role of
stiffener thickness in enhancing the shear capacity becomes more effective at
longer length. It is also seen that it is possible to achieve the strength of

unperforated beam, with larger stiffener length and thickness, e.g. for the

149

TH-1910_11610407



Chapter 5 - Stiffening Effects on the Shear Behaviour of Single Perforated Lean

Duplex Stainless Steel (LDSS) Rectangular Hollow Beams

2)

3)

4)

TH-1910_11610407

longest and thickest stiffener (I/d, = 1.75 & tdt, = 7) considered, the
stiffened perforated beam has achieved the shear capacity of unperforated
beam. It is found that, there is no significant change in the value of shear
capacity for increase in stiffener width, suggesting that there is not much
benefit in increasing the cross-sectional dimension (in terms of bs and ts) for
short length stiffeners (Is/d, = 1.0). In the case of long stiffeners, an improved
enhancement in shear capacity can be seen even for thin stiffeners e.g. an
increase of ~19% in V/Vy as compared to non stiffened case, can be
observed for bdhy, = 0.10 (or bs = 60 mm). Whereas for thick stiffeners (e.g.
tftw = 7), dmost full strength of the unperforated beam could be achieved at
lower bs (e.g. bs = 0.04).

In the case of vertical and horizontal stiffeners, there appears to have
no/little significant improvement in shear capacity for both the variation in
length, width and thickness, indicating that providing vertica and
longitudinal stiffeners are not very beneficia (lesser than ~ 5%
enhancement) in enhancing the shear capacity of the perforated beam.

For the ring stiffeners, it is found that, shear capacity increases with increase
in both breadth and thickness of the stiffeners (i.e. when the cross section
gets stockier). The rate of increase in shear capacity (with respect to the
unstiffened beam) appears to be slightly higher for larger values of stiffener
thickness and breadth.

A comparison of the effect of angular and flat inclined (also flat and
semicircular) stiffeners (keeping the same cross sectiona area) shows that,
angular/semi-circular stiffeners predicted lesser V,/Vy for bsh, < 0.08 and
0.10 for thin and thick sections respectively, beyond which both the sections
resulted in similar shear capacity values. However, comparison made

between angular and semi-circular sections showed that both the sections
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predicted similar behavior of shear capacity: shear capacity is found to
increase with increasing stiffener width for smaller values of stiffener width

(e.g. bs/hy, < 0.10) and a plateauing effect is seen for larger stiffener widths.
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t

S Circular & Inclined

A 0 t . stiff . Liad
L
B IWI
(@ (b) (©) (d)

Figure 5.1: (a) Geometry (b) stiffener (c) Mesh (d) Loading and support condition.

Stiffener
Stiffener  Perforation
Perforation \

@ Indlined (IS (b) Vertical (VS (c) Horizontal (HS  (d) Ring (RS

Figure 5.2: Patterns of straight stiffeners (a-c), non straight stiffener (d)

I 7N

(@) Flat (FC) (b) Angular (AC) (c) Semicircular (SC)

Figure 5.3: Cross-section of stiffeners (a) Flat (F), angular stiffener (A), (b) semi-
circular stiffener ().
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(@058 - ——do/hy = 0.0 (Solid)

do/hy = 0.5 (Unstiffened)
|/d, = 1.00

l/do = 1.25

|/do = 1.50

l/do = 1.75
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Figure 5.4: (a) Variation of V/Vy vs (I4 d, = 1.00-1.75, b/hy, = 0.04, tJt,,= 1) for
inclined stiffeners, (b) von-Mises stress contour for do/h,, = 0.0 (S1, S2, S3), do/hy =
0.5 (P1, P2, P3) (x/h,, = 0.5, y/h,, = 0.5; a’h,, = 1.0, ti/t,, =5), with inclined flat
stiffenersl4d, =1.00 (L1, L2 & L3) & 1.75 (H1, H2 & H3) and thickness of tdt,, =
1.0.
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@) 0.8
0.7

0.6

H1 —dy/hy= 0.0 (Solid)
........ do/hw = 0.5 (Unstiffened)
IJdo = 1.00
IJdo = 1.25
—14dy=1.50
IJdo = 1.75

20 30 40 50 60
0 (mm)

Figure 5.5: (a) Variation of V/Vy vsd (I/d, = 1.00-1.75, bs/h,, = 0.04, t/t, = 7) for
inclined flat stiffeners, (b) von-Mises stress contour for length effect (I/d, = 1.00
(L1& L2) & Idd, =1.75 (H1 & H2)) of inclined flat stiffener (bs/hy, = 0.04, tdt,, =

7.0).
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0.8 1 tftw = 1
0.7 —atftw = 3
06 | = =S
[0 13 i === —etdfty = 7
5 oa | —dgh, = 0.0 (Solic)
> _ — dgh, = 05 (Unstiffened)
0.2 1
0.1 A
0 - T T )
0.00 0.50 1.00 1.50 2.00

l/d,

Figure 5.6: Variation of V/Vy with IJd, (bs/hy = 0.04) for inclined flat stiffeners.
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(@) 0.& - —dy/h,= 0.0 (Solid)
074  — do/hw = 0.5 (Unstiffened)
06 - —_bJh,=0.04
o5 | —bJh,=0.06

g 04 - _Ej:::gﬁ
0.3 - )

02 -
0.1 -
0 :
0 10 20 30 40 50 60
0 (mm)
(b)

Figure 5.7: (a) Variation of V/Vy vs b (bs/hy = 0.04-0.10, |/d, = 1.00, tJty = 1.0) for
inclined flat stiffener, (b) von-Mises stress contour for bs/h,, =0.04 (L1 & L2) & 0.10
(H1 & H2) with length of 14/d, = 1.0 (tJ/t,, = 1.0).
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(8) o3 ____dJh.= 0.0(Solid)
,,,,,,,, dyh,= 0.5 (Unstiffened)
____bJh,=004

__ bJhy=006

_ bshy=008

__ bsh,=0.10

0 (mm)

Figure 5.8: (a) Variation of V/Vy vsd (bs/hy = 0.04-0.10, |/d, = 1.00, tJ/ty = 7.0) of
inclined flat stiffener, (b) von-Mises stress contour for bs/h, =0.04 (L1,L2& L3) &
0.10 (H1, H2 & H3) with length of 1/d, = 1.0 (tJ/ty = 7.0).
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07 —a—tJty = 3

0.6 - tw = 5

I SETEITETTY L. ttu = 7
e —dy/hy = 0.0 (Solid)
2 04 | :
> ----dy/hy = 0.5 (Unstiffened)

0.3 -

0.2 1

0.1 1

0 T T 1
0 0.05 0.1 0.15

bdh,

Figure 5.9: Variation of V/Vy with bs/h,, (I¢/d, = 1.0) for inclined flat stiffeners.
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—dy/hy= 0.0 (Solid)
........ do/hy = 0.5 (Unstiffened)
__ byhy=004
—__byhy,=0.06
____byhy,=0.08
—_ bghy=0.10

0 10 20 30 40 50 60
0 (mm)

Figure 5.10: (a) Variation of V/Vy vsd (bs/hy, = 0.04-0.10, |/d, = 1.75, t4ty, = 1) for
inclined stiffeners, (b) von-Mises stress contour for bs/h, =0.04 (L1, L2 & L3) &
0.10 (H1, H2 & H3) of inclined flat stiffener with length of 1/d, = 1.75 (tJ/tw = 1.0).
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(@) 08 - do/hw = 0.0 (Solid)
071 e e do/hy, = 0.5 (Unstiffened)
0.6 - —bydh,=0.04
05 - —bgh,, =0.06
< o4l [ —bgh,=0.10
> |k —bgh,=0.08
0.3 -
0.2
0.1
0

0 (mm)

Figure 5.11: (a) Variation of V/Vy vsd (bs/hy = 0.04-0.10, |/d, = 1.75, tfty = 7) for
inclined stiffeners, (b) von-Mises stress contour for bs/h, =0.04 (L1 & L2) & 0.10
(H1 & H2) of inclined flat stiffener with length of 14/d, = 1.75 (td/tw = 7.0).
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o et
E/@)ﬁ —E—tg/tw =3
0.6 @/e/’*—'e tJty = 5
- ety = 7
§3 0.4 1 ——dy/hy = 0.0 (Salid)
0.3 - = do/hyy = 0.5 (Unstiffened)
0.2 -
01 -
0 : :
0 0.05 0.1

bdh,,

Figure 5.12: Variation of V,/Vy with bghy, (Is/d, = 1.75) for inclined flat stiffeners.
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(@) 08 7 ——do/hy, = 0.0 (Solid)
074 d/hw = 0.5 (Unstiffened)
s /i —14dy=1.00

V2T _:jjziég

2 04 - e

> 0a . +|Jdo =1.75
02 A
01 -

0

0 10 20 30 40 50 60

6 (mm)

(b)

Figure 5.13: (a) Variation of V/Vy vsd (I/d, = 1.00-1.75, bu/hy = 0.04, t4t, = 1) for
vertical flat stiffeners, (b) von-Mises stress contour for I¢/d, =1.00 (L1) & 1.75
(H1) of vertical flat stiffener with width of by/h,, = 0.04 (tJ/ty = 1.0).
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()08 ; —do/hyy = 0.0 (Solid)
074 — do/hy = 0.5 (Unstiffened)
0.6 - L1 ——IJdo=1.00
05 | —ldd,=1.25
2 04 ] H1 —14ds =150
> —l4dy=1.75
0.3 - -
0.2 |
0.1 -
0

0 (mm)

(b) H1

Figure 5.14: (a) Variation of V/Vy vsd (I4 d, = 1.0-1.75, b/hy, = 0.04, tJt,,= 7) for
vertica flat stiffeners, (b) von-Mises stress contour for I¢/d, = 1.00 (L1) & 1.75
(H1) of vertical flat stiffener with width of by/h,, = 0.04 (t/tw = 1.0).
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0.8 -
—etdty = 1
0.7 —
—tdtw = 3
e —— _
os === ==-< = = - - —)(—ts/tw =7
5 04 ——dy/hy, = 0.0 (Solid)
> - = do/hy = 0.5 (Unstiffened)
0.3 4
0.2 4
0.1 4
0 T
0 0.5 1 15 2 25
lJ/dy

Figure 5.15: Variation of V/Vy with I¢/d, (bw/hy = 0.04) for vertical flat stiffeners.
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(a) 038 - ——dy/hy = 0.0 (Solid)
079  — e do/hw = 0.5 (Unstiffened)
0.6 - H1 ——bdh, =0.04
05 4 —bgh, =0.06
> o4 | L1 —bgdh, =0.08
= 0s . —bygh, =0.10
0.2 - L3
0.1 -
0

6 (mm)

(b)

Figure 5.16: (a) Variation of V/Vy vsd (bs d, = 0.04-0.10, IJ/d, = 1.00, tJt,, = 1) for
vertical flat stiffeners, (b) von-Mises stress contour for bg/h,, =0.04 (L1) & 0.10
(H1) of vertical flat stiffener with length of 14/d, = 1.0 (tdty = 1.0).
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(@) 08 —do/hy = 0.0 (Solid)
07  — do/hy = 0.5 (Unstiffened)
0.6 - H1 ——Dbdh, =0.04
05 | —bgh,=0.06
S o4 . L1 —_bJh,=0.08
> —bgh,=0.10
0.3 -
0.2 -
0.1 -
0

6 (mm)

(b)

Figure 5.17: (a) Variation of V/Vy vsd (bd d, = 0.04-0.10, IJ/d, = 1.00, tJt,, = 7) for
vertical flat stiffeners, (b) von-Mises stress contour for bg/h,, =0.04 (L1) & 0.10
(H1) of vertical flat stiffener with length of 14/d, = 1.0 (tdty = 7.0).
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0.8 1 —tfty = 1
0.7 —m—tty = 3
0.6 1 tftw = 5
o5& ——-- - - ____tJt, = 7
2: 04 ——d./hy, = 0.0 (Solid)
> 03 - = = -do/hy, = 0.5 (Unstiffened)
0.2 -
0.1 -
0 T T
0 0.05 0.1

bdh,

Figure 5.18: Variation of V,/Vy with bghy (Is/d, = 1.00) for vertical flat stiffeners.
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(@) 08 4 —dy/hy = 0.0 (Solid)
07 1  — e do/hy = 0.5 (Unstiffened)
0.6 - ——Dby/hy, =0.04
05 - —bJhy=0.06

< o4 - — bJhy=0.08

> — bgshy=0.10
0.3 -

0.2 -

0.1 -
0 T T T T T 1
0 10 20 30 40 50 60

6 (mm)

(b)

Figure 5.19: (a) Variation of V/Vy vsd (bs/hy, = 0.04-0.10, |/d, = 1.75, td/ty = 1) for
vertical flat stiffeners, (b) von-Mises stress contour for bg/h,, =0.04 (L1) & 0.10
(H1) of vertical flat stiffener with length of 14d, = 1.75 (tJ/tw = 1.0).
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(a) 08 1 ——dy/hy = 0.0 (Solid)
074  —— e do/hy, = 0.5 (Unstiffened)
0.6 - —bgh, =0.04
05 ——by/h,, =0.06
§> 04 —_bgh,, =0.08
. —__bgh,=0.10
0.2 A
0.1 A
0

6 (mm)

(b)

Figure 5.20: (a) Variation of V/Vy vsd (bs/hy, = 0.04-0.10, |/d, = 1.75, tftw = 7) for
vertical flat stiffener, (b) von-Mises stress contour for bg/h,, =0.04 (L1) & 0.10
(H1) of vertical flat stiffener with length of IJ/d, = 1.75 (tdty = 7).
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0.8 -
_e_tJtW =1
0.7
06 1 — , y tJt, = 5
051 = ettty = 7
S 04 —dy/hy = 0.0 (Solid)
03 | — — .do/hy= 0.5 (Unstiffened)
0.2 A
0.1 A
0 T T
0 0.05 0.1
béh,

Figure 5.21: Variation of V,/Vy with bdhy (I/d, = 1.75) for vertical flat stiffeners.
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(a) 0.8 1 do/hw = 0.0 (Solid)
........ do/hy = 0.5 (Unstiffened)
__14dy=1.00
—_lJd,=1.25
=3 ___lddy=1.50
> _ 1ddo=175
60

6 (mm)

(b)

Figure 5.22: (a) Variation of V/Vy vsd (I/d, = 1.00-1.75, bshy,, = 0.04, t4/t,,= 1) for
horizonta flat stiffeners, (b) von-Mises stress contour for |¢/d, =1.00 (L1) & 1.75
(H1) of horizonta flat stiffener with width of bsh,, = 0.04 (tJ/t, = 1.0).
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(a) 08 1 ——dy/hy, = 0.0 (Solid)
074  — e do/hyy = 0.5 (Unstiffened)
06 1 —I4dy=1.00
05 4 lJ/do = 1.25

S o4 lJ/d, = 1.50

= —lddy=1.75

0.3 A

0.2 A

01 A
0

6 (mm)

(b)

Figure 5.23: (a) Variation of V/Vy vsd (I/d, = 1.00-1.75, bw/hy = 0.04, t4ty = 7) for
horizonta flat stiffeners, (b) von-Mises stress contour for |¢/d, =1.00 (L1) & 1.75
(H1) of horizonta flat stiffener with width of bsh,, = 0.04 (tJ/t, = 7.0).
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0.8 1 =1
0.7 ety = 3
0.6 A tty = 5
o5 F---- — =7
= o4 __do/hw= 0.0(Solid)
g 0.3 1 — — .Oo/hy = 0.5 (Unstiffened)
0.2 A
0.1 ~
0 T T T T ,
0.5 1 15 2 25 3
140,

Figure 5.24: Variation of V/Vy with 1Jd, (bs/hy = 0.04) for horizontal flat stiffeners.
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(8) 08 - ——dy/hy = 0.0 (Solid)
074 e do/hy = 0.5 (Unstiffened)
o ——bgh,=0.04
—bgh,=0.06
- zj ——bgh, =0.08
g ——bgh,=0.10
0.3
0.2

0 10 20 30 40 50 60
6 (mm)

(b)

Figure 5.25: (a) Variation of V/Vy vsd (bs/hy, = 0.04-0.10, |/d, = 1.00, 4ty = 1) for
horizonta flat stiffeners, (b) von-Mises stress contour for bs/h, =0.04 (L1) &
0.10(H1) of horizontal flat stiffener with length of I4/d, = 1.0 (tJ/t, = 1.0).
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(2) 0.8 - — dy/hw= 0.0 (Solid)
........ do/hw = 0.5 (Unstiffened)
—bgh, =0.04
— by/hy=0.06

> — byhy,=0.08

> —bydh,=0.10

60

6 (mm)

(b)

Figure 5.26: (a) Variation of V/Vy vsd (bs/hy = 0.04-0.10, |/d, = 1.00, 4ty = 7) for
horizonta flat stiffeners, (b) von-Mises stress contour for bs/h,, =0.04 (L1) & 0.10
(H1) of horizontal flat stiffener with length of 14/d, = 1.0 (t4/t,, = 7.0).
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0.8 - =1
0.7 et = 3
0.6 - tJtW = 5
05 &~~~ e -ty =7
= o4 ___do/hy= 0.0(Solid)
g 0.3 - — - .do/hy = 0.5 (Unstiffened)
0.2 -
0.1 -
0 T T 1
0 0.05 0.1 0.15

bdh,

Figure 5.27: Variation of V/Vy with bsh,, (Is/d, = 1.00) for horizontal flat stiffeners.
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(@) 08 - —dy/hy = 0.0 (Solid)
o7l do/hy = 0.5 (Unstiffened)
o6 . —bJh,=0.04
. ——bgh, = 0.06
2o ——bgh,=0.08
S —bJh,=0.10

0.3 A
0.2 A
01 A

6 (mm)

Figure 5.28: (a) Variation of V/Vy vsd (bs/hy, = 0.04-0.10, |/d, = 1.75, tty = 1) for
horizonta flat stiffeners, (b) von-Mises stress contour for bs/h, =0.04 (L1) &
0.10(H1) of horizontal flat stiffener with length of |J/do = 1.75 (tJ/t, = 1.0).
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(a) 08 - ——dy/hy = 0.0 (Solid)
o7d e do/hy = 0.5 (Unstiffened)
———bysh,, =0.06
L2 —byh, =0.08
S 04 —bgh,=0.10
03 A
02 A
01 A
0 .
0 20 40 60

0 (mm)

(b)

Figure 5.29: (a) Variation of V/Vy vsd (bs/hy = 0.04-0.10, |/d, = 1.75, tfty = 7) for
horizonta flat stiffeners, (b) von-Mises stress contour for bs/h,, =0.04 (L1) & 0.10
(H1) of horizonta flat stiffener with length of I1J/do = 1.75 (t4/t, = 7.0).

179

TH-1910_11610407



Chapter 5 - Stiffening Effects on the Shear Behaviour of Single Perforated Lean
Duplex Stainless Steel (LDSS) Rectangular Hollow Beams

> o tty = 1

07 —=—tty = 3

06 1 PR tty = 5

O —etdty = 7

2 044 —dy/hy = 0.0 (Solid)

03 - - — -do/hy = 0.5 (Unstiffened)
0.2 -

0.1 A

0 T T )
0 0.05 0.1 0.15
byh,,

Figure 5.30: Variation of V/Vy with bdh,, (IJ/d, = 1.75) for horizontal flat stiffeners.
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(@) 08 —dy/hy, = 0.0 (Solid)
074 e do/hw = 0.5 (Unstiffened)
0.6 A —bdh,=0.04
05 | —bdh, =0.06
o T T,  b/h,=008
2 04 _
> ——bdh,, =0.10

0.3 A
0.2 A
01 A

6 (mm)

Figure 5.31: (a) Variation of V/Vy vsd (bs/hy = 0.04-0.10, tJ/ty = 1.0) for ring
stiffener, (b) von-Mises stress contour for bs/h, =0.04 (L1, L2 & L3) & 0.10 (H1,
H2 & H3) of ring stiffener (t/ty = 1.0).
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(a) 98 7 —dy/hw = 0.0 (Solid)
071 AT~ e do/hw = 0.5 (Unstiffened)
06 - — byhy=0.04
05 - —byhy = 0.06
§ 04 | [f — byh,=0.08
03 | —byhy=0.10
0.2 A
0.1 A
0

0 10 20 30 40 50 60
6 (mm)

Figure 5.32: (a) Variation of V/Vy vsd (bs/hy = 0.04-0.10, tJ/ty = 7.0) for ring
stiffener, (b) von-Mises stress contour for bs/h, =0.04 (L1, L2 & L3) & 0.10 (H1,
H2 & H3) of ring stiffener (t/ty = 7.0).
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Figure 5.33: Variation of V,/Vy with bghy, of ring stiffeners.
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(@) 0.8 - ——dy/hy= 0.0 (SO'Id)
I R — do/hw = 0.5 (Ungtiffened)
. — _bJ/h,=0.04
0.6 1 —_bJh,=0.06
0.5 - —bdh,=0.08
2 04 — bJh,=0.10
03 byhy = 0.12
0.2
0.1 ‘
0 |

6 (mm)

Figure 5.34: (a) Variation of V/Vy vsd (bs/hy = 0.04-0.12, tJ/t,,= 1.0, I/ d, = 1.50)
for angular stiffener, (b) von-Mises stress contour for bs/h, =0.04 (L1 & L2) &
0.12 (H1 & H2).
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—do/hy, = 0.0 (Solid)
........ do/hy = 0.5 (Unstiffened)
—bdh,=0.04
—bdh, =0.06
—bdgh,=0.08
—bgh,=0.10

bs/h,, = 0.12

0 10 20 30 40 50 60
0 (mm)

Figure 5.35: (a) Variation of V/Vy vsd (bs/hy = 0.04-0.12, t/t,,= 5.0, I/ d, = 1.50)
for angular stiffener, (b) von-Mises stress contour for bs/h, =0.04 (L1 & L2) &
0.12 (H1 & H2).
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0.75 - do/hy, = 0.0 (Solid)
0.7 — = -Oy/hy, = 0.5 (Unstiffened)
0.65 ——tJty = 5(F)
- 06 —a—tJty = 5(A)
2 ——tJty, = 1(F)
> 055
tftw = 1(A)
0.5
0.45 -
0.4 ; . .
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Figure 5.36: Variation of V/Vy vs bdhy, of angular stiffeners.
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—dy/hy= 0.0 (Solid)
........ do/hw = 0.5 (Unstiffened)
— _bJh,=004
— _bJh,=006
—bJh, =008
—bJh,=0.10

bhy = 0.12

0 (mm)

(b)

@WVy

Figure 5.37: (a) Variation of V/Vy vsd (bs/hy = 0.04-0.12, t/t,= 1.0, I/ d, = 1.50)
for semi-circular stiffener, (b) von-Mises stress contour for bs/h, =0.04 (L1 & L2)
& 0.12 (H1 & H2).
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—do/hw = 0.0 (Solid)
........ do/hw = 0.5 (Unstiffened)
—bgh, = 0.04
—bghy = 0.06
—byhy=0.08
——byhy =0.10

bhy = 0.12

0 10 20 30 40 50 60
0 (mm)

(b)

@ Vy @ 3dy

Figure 5.38: (a) Variation of V/Vy vsd (bs/hy = 0.04-0.12, tJ/t,,= 5.0, I/ d, = 1.50)
for semi-circular stiffener, (b) von-Mises stress contour for bs/h, =0.04 (L1 & L2)
& 0.12 (H1 & H2).
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0.75 - —do/hy, = 0.0 (Solid)
0.7 — — -do/hy = 0.5 (Unstiffened)
0.65 ——tJtw = 5(F)
> 06 —atdty = 5(5)
> 055 ——UJtw = 1(F)
o | tfty = 1(5)
0.45 -
0.4 ; ; .
0 0.05 0.1 0.15

bdh,

Figure 5.39: Variation of V/Vy vs bs/h,, of semi-circular stiffeners.

0.75 ~
tftw = 5(A)
071 - tftw = 1(A)
0.65 - —=—tfty = 5(9
> 06 1 tdtw = 1(S)
S e ——dy/hy = 0.0 (Solid)
& ____. - — dy/hy = 0.5 (Unstiffened)
0.5 A
0.45 ~
04 T T )
0 0.05 0.1 0.15

bJh,

Figure 5.40: Variation of V/Vy vs by/h,, for the comparison of angular and
semicircular stiffeners (made of same materia quantity).
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CHAPTER ©

CONCLUSIONS AND SUGGESTIONS FOR
FURTHER WORK

6.1 INTRODUCTION

Lean Duplex Stainless Steel (LDSS/ EN 1.4162 / UNS 32101) is relatively a new
type of duplex stainless steels which offers considerable advantages such as better
economy (lower nickel content = ~1.5% i.e. much lower in comparison to austenitic
stainless stedl), improved strength compared to commonly used austenitic grades,
high temperature properties, acceptable weldability and fracture toughness
properties etc (e.g. Theofanous and Gardner, 2010; Saliba and Gardner, 2013a).
Recently, LDSS has been included the newly amended Eurocode (EN 1993-1-4,
2006/A1:2015) for stainless steel. In particular, new expressions on the design shear
curves for stainless steel sections have been affected, based on the work of Saliba
et. a., (2014). Notwithstanding, the increasing interest shown on LDSS structural
members (e.g. Theofanous and Gardner, 2010, Saliba and Gardner, 2013a, Huang
and Young, 2013, 2014a, 2014b), detailed investigations (both experimental and
numerical studies) on LDSS is limited. In the light of expanding the understanding
of the structural performance of LDSS sections or members, an investigation is
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initiated in this thesis, on the parametric study of hollow LDSS beam (or box
girder). The effects of single circular perforation and stiffeners on the perforated
rectangular hollow beams have aso been studied. The present study, is believed to
aid in augmenting the confidence of practising engineers and architects in using
LDSS structural elements, especialy for the shear design of rectangular hollow
beams. Key conclusions drawn from the present work are presented in this chapter

along with suggestions for future work.

6.2 CONCLUSIONS

6.2.1 Shear behavior of LDSS rectangular hollow beams

An investigation of the effect of cross sectional parameters such as flange thickness
(tr), flange width (ws), and shear span (a) on the shear behaviour viz., shear capacity
and failure mechanisms, of LDSS rectangular hollow beams (box girders) has been
attempted in this, using finite element (FE) analysis, via Abagus. On the basis of the
understanding acquired from the FE analyses, presented herein, appropriateness of
the design rules of EN 1993-1-4 (2006/A1:2015) and Direct Strength Method
(DSM) are assessed. Based on the comparison, possible modifications to both EN
1993-1-4 (2006/A1:2015) and DSM have been proposed by bifurcating into two
gpan ratios: 1) a/h, < 1.0 and 2) 1 < a/h, < 2.0. Main conclusions are provided
below:

1) Ingenerd, it is observed that increasing flange thickness for the same web
thickness, can enhance both the ultimate shear capacity and ductility. An
asymptotic drop in shear capacity (V) has been observed with increasing
values of web dslenderness (h/ty), the decrease in V, being relatively

steeper till hy/ty, < 75. The variation of ti/t, is found to have little effect on
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2)

3)

4)

5)

6)

V, for hylty = ~75, whereas for stockier web sections e.g. hy/ty < ~75, an

increasing risein V, can be seen with increasing ti/t,,.

The effect of t; is more pronounce both for lower and higher values of t,,
(i.e. towards left and right extremes of hy/ty, = ~75), whilst the effect is
relatively less for intermediate values, on keeping ti/t,, constant.

The shear capacity (V,) of the beam is seen to decrease with increasing

shear span for both the stocky and slender web sections.

The effect of increasing flange width (wr) is found to be significant for

stockier sections as compared to the slender sections.

Three failure mechanisms have been identified viz.,, 1) shear dominant, 2)
bending dominant, and 3) combined shear and bending, in consistent to the
observation made on LDSS plate girdersin the literature.

In general, both EN 1993-1-4, 2006/A1:2015 and DSM are found to be
applicable for the shear design of LDSS rectangular hollow beams
(athough their predictions are conservative), in comparison to the FE
results presented herein. Hence, a possible modifications to both EN 1993-
1-4, 2006/A1:2015 and DSM have been suggested by bifurcating two span
ratios: 1) a’/hy, < 1.0 and 2) 1< a/hy, < 2.0.

6.2.2 Shear behavior of single perforated L DSSrectangular hollow beams

Effect of single circular web perforation in the shear characteristic of LDSS

rectangular hollow beams. Primarily, the effect of single perforation size / diameter

(do) and location (along longitudinal (x), transverse (y), and diagonals (d; & dy)) are
assessed with afocus on the shear load capacity (V/Vy), deformed shapes (or failure

TH-1910_11610407
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modes) etc. is presented, through FE analyses. Further, following the method
proposed by Hagen, (2005), the proposed modification to EN 1993-1-4,
2006/A1:2015 (mentioned above) for unperforated LDSS hollow beam has been
further modified to incorporate the effect of circular perforation, considering two

gpan cases 1) a/h, < 1.0 (short span) and 2) 1 < a’h, < 2.0 (long span). Main

conclusions are provided below:

1)

2)

3)

4)

TH-1910_11610407

It has been found that perforation has relatively higher shear reducing effect
for dender webs. A nearly linear decrease in the value of shear capacity
(VulVy) of ~ 23-25% for 500% (i.e. do/hy = 0.0-0.50) increase in perforation
size can be seen with dlender (hy/ty = 300) webs. Whereas, arelatively lesser
drop ~ 8-10% and ~1.7-2.7% can be observed for stockier (hy/ty = 20) webs,
for short and long spans respectively.

Shear capacity is observed to increase with increasing flange thickness (or
ti/tw) for perforated beams, consistent with the similar behaviour observed for
the case unperforated beams.

When perforation location is changed along longitudinal and transverse
directions, not very significant difference in shear capacity is seen, athough
maximum reduction in shear capacity appears to occur corresponding to
perforations located in the highly stressed diagonal tension band.

It is observed that, there appears to be no significant variation on the shear
capacity, when the location is changed along tension diagonal. Whereas, for
the change in perforation location along compression direction, the reduction
in shear capacity is seen to be relatively larger for the central diagonal region
i.e. ~0.50 < dy/hy, < 1.0, whereas the reduction gets smaller on either side of

the central region.
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5)

6)

A decrease in the shear capacity with increasing values of web slenderness
(hw/ty) is observed for perforated beams, similar to that of unperforated
beams. In genera, for the case of dender webs with hy/t, = ~75, there
appears to be a near paralel decrease in the values of shear capacity, for
400% increase in perforation size (from do/h, = 0.1). The effect of
perforation in the reduction of shear capacity is felt most when the web
becomes slender.

Based on the FE results, shear buckling factor expressions have been
proposed for perforated beams considering two span regimes ( a/h,, < 1.0 and
1 < alhy < 2.0), modifying EN 1993-1-4, 2006/A1:2015.

6.2.3 Stiffening effects on the shear behavior of single perforated LDSS

rectangular Hollow beams

Shear behavior of dtiffened single perforated LDSS rectangular hollow beam,

considering various orientations / patterns viz, inclined (1S), vertica (VS),

horizontal (HS) and ring (RS); and cross-sectionsi.e. flat, angular and semi-circular,
are determined, in this work. Based on the study, it has been found that inclined

stiffener (with flat cross-section) is relatively most effective in enhancing the shear

capacity of perforated beams. Main conclusions are given below:

1)

TH-1910_11610407

For the inclined stiffeners the role of stiffener thickness in enhancing the
shear capacity becomes more effective at longer length, e.g. the rate of
increase in shear capacity increases (in a non linear trend) with increasing
stiffener length for higher thicknesses (e.g. tdty = 3). For short length
stiffeners (I4/d, = 1.0), little benefit could be seen by increasing the cross-
sectiona dimension (in terms of by and tg), athough an improved
enhancement in shear capacity can be seen even for thin stiffeners, for long
stiffeners IJ/d, > ~1.0. Whereas for thick stiffeners (e.g. tJt, = 7), dmost full
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2)

3)

4)

strength of the unperforated beam could be achieved at lower bs (e.g. bs =
0.04).

In the case of vertical and horizontal stiffeners, there appears to have
no/little significant improvement in shear capacity for both the variation in
length, width and thickness (lesser than ~ 5% enhancement) in enhancing

the shear capacity of the perforated beam.

For the ring stiffeners, it is found that, shear capacity increases with increase
in both breadth and thickness of the stiffeners (i.e. when the cross section
gets stockier), The rate of increase in shear capacity (with respect to the
unstiffened beam) appears to be slightly higher for larger values of stiffener
thickness and breadth.

A comparison of the effect of angular and flat inclined (also flat and
semicircular) stiffeners (keeping the same cross sectional area) shows that,
angular/semi-circular stiffeners predicted lesser V./Vy for bsh, < 0.08 and
0.10 for thin and thick sections respectively, beyond which both the sections
resulted in similar shear capacity values. However, comparison made
between angular and semi-circular sections showed that both the sections
predicted similar behavior of shear capacity: shear capacity is found to
increase with increasing stiffener width for smaller values of stiffener width
(e.0. bshy, < 0.10) and a plateauing effect is seen for larger stiffener widths.

6.3 SUGGESTIONS FOR FUTURE WORK

In thisthesis, alarge number of FE models (approximately ~520 models) have been

anaysed systematicaly, considering pertinent geometrical parameters, to

understand the shear behaviour of LDSS rectangular hollow beams (unperforated,

perforated and stiffened perforations). In addition, proposed new design expressions

TH-1910_11610407
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have also been suggested for unperforated and perforated beams. Notwithstanding
such effort, considerable work may be identified and enumerated to expand the
understanding of LDSS rectangular hollow beams. Some such topics are suggested

for extension, for future, in the following sections:

6.3.1 L oading conditions

The current thesis work focussed on the shear behaviour of LDSS rectangular
hollow beams. Hence, it may be extended to address the effects of torsion,
combined torsion and bending, combined torsion, bending and axia loadings etc,
considering both static and cyclic load cases. Also, such members may aso be
studied for impact and blast loadings. Therma effects / loading may aso be

considered, to assess its structural behaviour.

6.3.2 In-fill material

The structural behaviour of the LDSS rectangular hollow beams, may be enhanced
by using suitable materials as in-fill, viz., ordinary concrete of various strengths,
steel fibre reinforced concrete, light weight concrete, recycled concrete etc. In
addition, another hollow beam/tube can also be placed aong with the concrete, to
constitute a double skin type of member. The inner tube, can be of various cross-
sections such as circular, eliptical, rectangular etc.; and made of another material

such as carbon sted!.

Different material can be filled inside the tube for increasing the load carrying
capacity by restricting the local buckling and confinement of concrete by steel tube.
The infill materials which may be fly ash concrete, fibre reinforced concrete,

rubberised concrete, recycled material concrete, soil etc.
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6.3.3 Geometrical considerations

Instead of straight beams, the effects of various loading conditions may also be
considered for curved beams. Investigations on the effects of other perforation
shapes like square, rectangular, elliptical etc. may be carried out. Interactions of two

or more perforations (similar or different perforation sizes) can be looked into.

6.3.4 Design Considerations

In this thesis, Direct Strength Method and EN 1993-1-4 (2006/A1:2015) has been
extended for the current work on unperforated beams. Such design proposals may
be extended to address the structural behaviour of perforated and stiffened
perforated beams. Further, Continuous Strength Method (CSM) which is a new
design approach, may also be explored for possible application to the problems
considered herein.
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APPENDIX A

DESIGN SAMPLE OF LDSS RECTANGULAR
HOLLOW BEAMS

Shear capacity based on class 4 from EN 1993-1-4 (2006/A1:2015) is explained
below and also based on Direct strength method and Continuous Strength method.
The cross section taken for explaining an exampleist, = 2 mm, t; = 8mm, L = 1200

mm, ws = 200 mm, h,, = 600 mm.

Al Classification of cross-section elements (Table 5.2 of EN 1993-1-4
(2006/A1:2015))

Material properties
E=2x10°MPa, v =0.3,0,= 711 MPa, 0, = 839 MPa

a) Web

For bending member

¢/t =600/2 = 300, 90 = 90 x 0.57 = 51.3
c/t > 51.3 therefore class 4
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Appendix A
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Figure Al: A) Cross-section, B) Stress-distribution of a) compression flange, b)
web, ¢) tension flange, C) Stress distribution in web and shifted neutral axis for

Cross-section

b) Compression Flange

Similarly from Table 5.2 of EN 1993-1-4 (2006/A1:2015) for internal compression
members

c=200-2x 2 =196 mm

c/t =196/8 =24.5

Checking for Class 4, 37¢ = 37 x 0.57 = 21.09

c/t > 37¢, therefore it is class 4

Flange and web are in class 4, hence it is aclass 4 cross-section.

A2 Eurocode (EN 1993-1-4 (2006/A1:2015)) Design Calculation

Effective widths in Class 4 cross-sections

A2.1 Effective widths of e ementsin Class 4 cross-section
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Appendix A

Cold formed or welded internal elements

a) Web

Reduction factor due to buckling of plateis

(0T 0079, 0TR2 0079
I, (i 3.79 3.79

According to Clause 5.2 of EN 1993-1-4 (2006/A1: 2015)

05
235 E
e=| =—x
f 210000

y

0.5

=0.57

_[235_ 210000
711" 210000

Equation 5.1 from Clause 5.2.3 of EN 1993-1-4 (2006/A1:2015) or Equation 3.11,
o b/t
" 28.4ek

3 600/ 2
28.4x0.57x+/23.9

t isrelevant thickness
k, is the buckling factor corresponding to the stress ratio y and boundary

=3.79

conditions from Table 5.1 or Table 5.2 in EN 1993-1-5 as appropriate

b = clear distance

b =flat element width for webs of RHS

b = flat element width for RHS flanges, which can be taken asb - 2t

e isthe material factor defined in Table 5.2 of EN 1993-1-4 (2006/A1:2015)
fy="711 MPa

y =-1; k, =23.9 from Table 4.2 of EN 1993-1-4 (2006/A1:2015),
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Mt = b, = rb _ 0.19><600=58mm
(1-y ) (1+1)
hw.ef1 = 0.4 hyeif, hweiiz = 0.6 Ny ety hwern = 23 mm, hy e, = 35 mm

Non-effective areain web, hy non-et = 300 — (23 + 35) = 241 mm

b) Flange

y =1, k, =4fromTable4.1 of EN 1993-1-4 (2006/A1:2015),

wi =200-2 x 2 =196 mm
Reduction factor due to buckling of plate according to Clause 5.2.3 of EN 1993-1-4
(2006/A1:2015),

20772 0125 g 0772 015 g
TR 074 0.74
- __ bt _ 1968 _ .

"~ 284e k. 284x057xy239

From Table 4.2 of EN 1993-1-4 (2006/A1:2015),
Wi ef =1 b, = 0.75 % 196 = 172 mm

W, efft = 0.5Wietf, Wrefr2 = 0.5W gif

Wi et = 86 MM, Wi g2, = 86 mm

A2.2 Neutral axis depth calculation

Take moment of area about bottom edge of the compression flange

Neutral axis depth from bottom (tension) flange (NAg)
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h, +2xt, —t, —0.5}
x 2

W o1 X T ><(hN+2><tf —t, x0.5)><2+ N, a1 X T, X
X Pyt

h, x0.5
+hNeﬁ2><tW><(thO.5+tf+hweff2><0.5)><2+ h, x0.5xt,, x x 2
' ’ x 0.5+t

w, xt, xt; x0.5

A

86x 8x (600+ 2x 8—8x0.5)x 2+ 23x 2x (600 + 2x 88— 0.5% 23)x 2+ 35x 2
x (600x 0.5+ 8+ 35x 0.5)x 2+ (600x 0.5x 2x (600x 0.5x 0.5+ 8))x 2

_ +196x8x8x0.5
4156
=261 mm
@ w; = 200 mm 86mm 86 mm
[
<—| % t, = 8 mm _>|H6H<¥ t
@ 23 mm
hw=600 mm 355m 242 mm
W
N A ] |35 mm
______________ Lo JA
1 261 mm
>"F = e
ty=2mm

Figure A2: A) Cross-section B) dimensions of effective cross-section

Effective Area, Ags =86 X 8X 2+ 23 x2x2+74x2x2+253%x2x2+196 % 8
= 4344 mm?

Neutral axis depth from top (compression) flange (NAT) = hy + 2t — NAB = 600 +
2 x 8-261=355mm
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A2.3 Effective section modulus

Moment of inertia
Wef, min =

Yhighest

{[V\If'e;f-l;t?]+ W grq X Ty X (Wf eff1 X (NAr —0.5xt; )2)}X 2

+{ WJﬁLm,ﬁlthx(NAr —t _hw,efflxo's)z}xz
-}-{ hi’e;-z;tWJ—i-hN’eﬁlxth(NAr _tf _hw,effl_hw,non—eff _hw,effZXO'S)Z}XZ

th(hm+2tf B NAB _hw,effl_hm,non—eff _hN'eﬁZ)SJ-F
12

i (th(hm+2tf = NA; = Ny = Ny pon-et _h/v,effz))x x2

[erth_NA‘a_ ]x0.5
hN,effl i h/v,non—eff - hN,effZ

+{ tWX(Nlp; _tf)g}th(NAB —t, )x((Na —tf)xo.5+tf)2}x2

+(Wfil.zt?} \ (Wf xt, x(NA, ~05xt, )2)
NA
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g 3 355-8 \°
808" | | g6x8x(355-4) |x2+| | 2% 2 |4 23x2x x
12 12 _23x05
3
+((7412X2]+2x74><2><74><522]x2

(2><(600+ 2x8-261-23- 242—35)3]

12
x 2

600+ 2x8—261— 23— ’
+| (600 +2x 8~ 261 23— 242 35)x x 0.5
242 -35x0.5

3 3
+((2X12253 j+ 2x 253><1272J>< 2{(19?;8 J+196><8>< 2572J

376

=8.7 x 10° mm°
For Class 4 sections EN 1993-1-4 (2006/A1:2015),
Effective bending resistance,

MC’Rd — Weff,min fy

Gvo

_ 8.7x10°x 711
1.0

= 618 kNm

A2.4 Plastic section modulus of cross-section

Wi, ra =86 x8x355x2+23x2x3265%x2+74%x2x37x2+253x2x%x126.5
x 2+ 196 x 8 x 257

=1.06 x 10° mm?®
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6
My ra = 1.04x10° x 711 — 755 KNm

1.0

Plastic section modulus for flange,

3 3
X011 (g6 x8x3517) |2+ 5| 196 x8x 257°)
" 12 %
f:

355
=0.76 x 10° mm®
W, x f
M rg= ——
LR
6
r 0.76x10 ><711: 540 KNm
1.0
A2.5 Web Slenderness

Considered as webs are stiffened at support and midspan (coupled),

I_W = —hw
37.4t.e\k
tw = isthe web thickness
ke = isthe minimum shear buckling co-efficient for the web panel
=534+ 4.oo(ﬂj when 2 >1
a h,
=4.00 + 5.34(ﬁj when & <1
a h,

aisthe shear span, hy is clear distance between the flanges.
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For the present example, a_ 60 _

h, 600
a
for 2 1, k=534+4x1=934

I, 600 =461

" 37.4x2x057x~9.34

A2.6 Design strengths

The design resistance is the total of shear contribution from web (Vpw, rg) and flange
(Vbf, Ra)

hf . h t
Vb, Rd = Vw, Rd + Vb, rd < yly , (Equation 3.7)

M1

V =————, iscontribution from web (Equation 3.8),

bw, Rd
Y
c,, Is shear buckling factor, which is the contribution of the web to shear buckling

resistance as shown below (Clause 5.6 of EN 1993-1-4 (2006/A1:2015)),

156 _ 156

c,= 2 £ =0.28for | ,>0.65
0.91+1, 091+4.61

c __ 242 _ 242 _
WPP T 15340, 153+4.61

Contribution of shear from flange (Clause 5.4 of EN 1993-1-4 (2006/A1:2015)),
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2
Vot ra = Wty fy 1- Me,
’ COwm1 M ra
c is the distance which the position of plastic hinge in ultimate shear capacity

(Olsson, 2001).

3.5x196x 8% x 711
4x 600° x 711

¢ =600 x (0.17 + ] =136 mm

Med = Vi, ke X 0.6 = 650 x 0.6 = 390 KNm

2 2
L dsexeau [ 30
; 16.7x1.0x10 540

_ 0.28x711x600x 2x 2

Vbwrd = =277 kN
' J3x1.0
0.39x 711x600x 2x 2
V = =387 kN
bw, Rd, prop \/§ <10
According to Clause 5.2 of EN 1993-1-4 (2006/A1:2015)
hf  h,t
Vb, Rd = Viow, Rt + Voo, Rt £ —=-
M1
Vb, ra= 277 + 65 = 342 kN
Vb’Rd’ prop = 387 + 65 = 452 kN
hf, ht
Wby _1.2x711x600% 2x 2 _ 11000
NEW J3x1.0
hf, h t
Vb, rd < wfl
M1
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Vu,FE =650 kN

Vure -850 ) 43
452

V,

b,Rd, prop

A2.7 Moment-Shear (M-V) Interaction calculation (Clause 7.1 of EN 1993-1-4
(2006/A1:2015))

Interaction avoids when design shear force is less than the 50% of the shear
resistance of web alone, Vg < 50%Vpw, rd

Vu, FE — 650 kN
50%Vpw, rg = 0.5 x 277 = 138.5 kN
VEd > 50%Vpw, rd

Therefore, the interaction should be considered.

M
o+ 1- —-R (o, —1F <1.0
pl,Rd
— Meq
I\/lpI,Rd
— Ve

wa, Rd

hy

M
e 94079
Myrs 755

Table A1 M-V interaction from EN 1993-1-4 (2006/A1:2015)
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Vb, Rd = be,Rd M/MC,Rd V/Vb,Rd
MEeqd Vbt, Rd
+Vow, Rd
0 64.36 343.05 0.00 1.23
50 63.93 342.62 0.07 1.23
100 62.66 341.35 0.13 1.22
200 57.58 336.27 0.26 1.21
300 49.10 327.79 0.40 1.18
400 37.24 315.93 0.53 1.13
500 21.98 300.68 0.66 1.08
550 13.09 291.78 0.73 1.05
600 3.34 282.03 0.79 1.01
616 0.00 278.69 0.82 1.00
650 0.86 0.93
675 0.89 0.88
680 0.90 0.87
690 0.91 0.84
700 0.93 0.82
710 0.94 0.79
725 0.96 0.73
755 1.00 0.50
1.00 0.00
2.00
180 - B W600WF200TF8TW4
1.60 -
1.40 -
3 1.20 A ' Meff,Rd/Mc,Rd
R R e e CEE R
> 0.80 -
601 /N
0.40 - (Vowrd DV b rd
0.20 -+
0.00 T T T T }
0.00 0.20 0.40 0.60 0.80 1.00 1.20
M/Mc, Rd
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Figure Al: M-V interaction curve based on EN 1993-1-4 (2006/A1:2015) for

sample, t, =2 mm, t; = 8mm, L = 1200 mm, w; = 200 mm, h,, = 600 mm.
Mira = 616 KNm
Mest = 619 KNm
Mg, ra = 755 kNm
Meg = 390 KNm
c=138mm
Vow,rd = 278 kN
Vowprop = 551 kN
Mure =390 kNm
Vure =650kN
Mp, rd = Plastic moment resistance of a cross-section class.

Mes, ra = Effective moment resistance for Class 4 sections

Mure - 063
M pl,Rd
Vre _ 1 05
b,Rd
Vare 97
Vb,Rd,prop

A2.8 Comparison of V, e with EN 1993-1-4
229
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_ flange
w,prop vV
y

c

65066
985

=0.59

_ f,xh,xt,

Y
SE

_ 711x600x 2x 2

V3

=985kN

A3 Shear capacity based on Direct Strength Method (DSM)

Vu,FE -V

For example, t, = 2 mm, t; = 8mm, L = 1200 mm, w; = 200 mm, h,, = 600 mm

alhy,<1.0

V. is determined from FE

= 2 38
68

Shear capacity with post buckling

DSM design rules proposed by Keerthan and Mahendran (2015)

Vo,
V

y
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V, 0815 1, 0815 0.815<| <1.23
v, |

v, L F{l_%} | >1.23

VA |

A3.1 Post buckling coefficient (P,,) for LCBs (Keerthan and Mahendran, 2015)

Keerthan and Proposed
Mahendran (2015) for | a/hy<1.0 | 1.0<a/h,<2.0
open sections

Pn 0.25 0.52 0.33

where Vyy, = yield shear capacity of web based on an average shear yield stress of
0.6 fy ; Ve = elastic shear buckling capacity of web, for more unigque cross-sections
it is determined by finite element analysis (Schafer, 2008).

Forl >123 W_ 1 +o.52(1— L ZJ
vy 388 388

=0.55

Vprop’ DSV = 562 kN

Vu,FE = 650 KN
V
Hence, — >~ = e =115
Vprop'DSM 562

231

TH-1910_11610407



APPENDIX B

DESIGN SAMPLE FOR CIRCULAR WEB
OPENING IN LDSS RECTANGULAR
HOLLOW BEAMS

Shear capacity of circular perforated L DSS beam

Circular opening

e.g. hy, =600 mm, t,, = 2 mm, t; = 10 mm, L = 1200 mm (a’h,, = 1.0), do/h,,=0.5,
vertical side of opening = 300 mm, longitudinal side = 450 mm, V, e = 514 kN.

Shear resistance of web with regularly shaped opening, ¢, .., isthe modified shear
buckling factor is afunction of reduction factor c.

c =ccC

w,mod

Cy,prop 1S the proposed shear buckling factor for solid websis shown in Table 3.3.

W, prop

2.42 2.42
153+1, _153+4.61 = 939

494-80
= =0.44
Xu.Fe ( 985 j

W, prop =

c isreduction factor, depends upon the factors web slenderness (h,/t,), opening size

d ield stress(f)and\/z
h )Y Y E
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c= (1_ 1&]
2h,
d

Reduction factor for 1y - = 0.5, (opening sizesis 50% of web height)

c=1-05x%(0.5)=0.75
Expressions to calculate web slenderness parameter (I ) (Equations 3.11-3.13)
2
k.= 5.34+ 4x[ﬂ =934
0.5x1200

) A 600
" (37.4x2x0.57x+/9.34)

Modified shear capacity web,

=4.60

Vow, Rd, mod = €, mog LT
™ gu:3

¥ (Cx C i, prop X fythxtW)
(9 x+/3x1000)

_(0.75x0.39x 711x 600 2)
(L.0x~/3x1000)

=288 kN
Shear capacity of flangeis,

b t?f ?
Vi mg = il ™ h
COm1 M e

1.6bt7 f,
c=a 0.25+—— |=176 mm

2
w yw

Moment due to flange to calcul ate the shear capacity of flangeis given below.
Mt ra = Adhufys

Mt ra = 867 KNm

A is area of flange considered by effective width (W)

Vbt rd = 80 kN
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Shear capacity of perforated beam,
Total shear capacity, Vi, pp = Viw, rd + Vior, ra = 288 + 80 = 368 kN

Vu,FE= 514 kN
v,
wre 221 g 39
V., 368

u, pp
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APPENDIX C

ADDITIONAL VALIDATION

In this appendix, additional validations of the present FE procedure using shell FE
elements are provided by comparison with the available experimental dataon LDSS
hollow beam (Theofanous and Gardner, 2010) and plated | girder (Saliba and
Gardner, 20134). Beam dimensions as well as the material properties are shown in
Tables C1-C2 and Tables C3-C4 respectively. Comparison of the present FE and
experimental responses are given in Figures C1-C3. It can be seen from Figures 1-3,
that the present FE modelling approach is able to capture accurately both the
Moment-Rotation (and Load-deformation) profiles and deformed shapes.

Table C1: Beam dimensions (Theofanous and Gardner, 2010) of LDSS hollow

beam
L s A\O) 11
. mm mm W,
Specimen (mm) | (mm) | (mm) |
SHS 100x 100 x 4-B1 | 1100 100 100 3.92 3.8 Eq. 2.8

L = Length, B = Width, D = Depth, t = thickness, r; = internal corner radius, wp =
local geometric imperfection

235

TH-1910_11610407



Appendix C

Table C2: LDSS material properties of 100 x 100 x 4 — B1 (Theofanous and

Gardner, 2010)

SHS 100 x 100 x 4 — B1 specimen
Cross-section ( ) (MPa) ( Jou ) Compound R-O

; Eoc (MPa) (002 (MPa) 010 (MPa)o, (MPa :
regions = Y ) coefficients

n n(').Z,O.l

a) Tension flat 198771 586 632 761 2.8
b) Compression flat| 198238 560 642 8.3 2.6
c) Tensile corner 206000 811 912 917 6.3 4.1

Table C3: Beam dimensions (Saliba and Gardner, 2013a) of LDSS plated I-girder

. L a Tw t Wi ts bs e
Specimen (mm) (mm) (mm) (mm) (mm) (mm) | (mm) | (mm)
| -600x 200x 12x 4 -1 1360 600 | 4 12 | 200 | 209 | 98 80

L = Length, a = shear span, t,, = web thickness, t; = flange thickness, w; = flange

width, e = centre to centre distance between the stiffeners in support

Table C4: Average of material properties of LDSS plated I-girder (Saliba and

Gardner, 2013a)

a) Tensile material property

TH-1910_11610407

| -600x200x 12x 4 -1
Cross-section  |E, (MPa)  (002(MPa) [010(MPa) (o, (MPa)[CompoundR - O
regions/parts coefficients
n n (’).2 ,0.1
a) Web 199500 513 583 755 10 3.7
b) Flange 210000 489.5 538.5 709 9.9 2.05
236
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b) Compressive material property

TH-1910_11610407

Cross-section  |Eo (MPa)  (002(MPa) (010(MPa) (Compound R - O
regions/parts coefficients
n n(').Z,O.l
a) Web 207000 522 599.5 6.1 1.8
b) Flange 204000 467.5 545 5.65 |17
c) Stiffeners ~ |202000 464 543 5.9 1.6
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45 -
40 -
35 -
30 -
25 -
20 -
15 -
10 -

Mid-span moment (kNm)

= - = 100x 100 x 4 -B1 (Experiement)

~. FE (100 x 100 x 4 - B1)

01 015 02 025 03 035 04
Rotation 6 (radian)

Figure C1: Comparison of FE and experimental (Theofanous and Gardner, 2010).
mid-span moment vs rotation, for hollow LDSS beams.

1200

1000

800

600

Load (kN)

400

200

0

T - e —— —— -
)

- = = Experiment (Salibaand
Gardenr, 2013a)

——FE

5 10 15 20 25
Mid-span vertical displacement (mm)

Figure C2: Comparison of FE and experimental (Saliba and Gardner, 2013a) load vs
mid-span vertical displacement, for LDSS plated I-girder.

TH-1910_11610407
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FE Experiemntal (Saliba and Gardner,
2013a)
Figure C3: Comparison of FE and experimental (Saliba and Gardner, 2013a)
deformation modes, for LDSS plated I-girder.
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