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ABSTRACT

A unified design method incorporating tee-section approach and perforated
section approach 1s developed. The method provides a harmonized design method
for steel beams and composite beams with web openings of various sizes and shapes.
Hot rolled or fabricated compa;ct steel sections with symmetric cross-section
geometry are coveréd. No local buckling problem is considered.

In the tee-section approach, simple design formulas for the determination of
plastic moment resistances of both composite tee-sections and steel tee-sections at
the low moment side and the Ahigh moment side of the web openings under co-
éxisting axial force and shear force are derived anafytically based on plastic stress
blocks. The beneficial effect of axial force on the moment resistances is 1dentified.
Complete shear-axial-moment interaction curves are produced for the tee-sections.

In order to assess the load capacities of beams with web openings, the design
formulas from the tee-sections approach are extended for the analyses of the entire
perforated sections by considering the equilibrium of forces around the web
openings. Moment-shear interaction curves are generated for steel beams with web
openings and the results are compared with those obtained from a separate finite
element study. Similar moment-shear interaction curves for composite beams with
web openings are also produced and discussed.

Harmonized design of beams with web openings of different shapes is
achieved through the use of equivalent octagonal .openings. Transformation
expression for steel beams with circular web openings has been proposed. Moment-
shear interaction curves for these beams have also been generated and compared

with linite element results.



Over a hundred test data have been collected from various sources and a
comprehensive database is established. Forty test data of composite beams with
rectangular web openings, fourteen test data of steel beams with rectangular web
openings, and nine test data of steel beams with circular web openings are selected
from the database for the calibration of the proposed unified design method with the
use of a specifically developed computer program.

The proposed unified design method is considered to be straightforward and
easy to understand. ﬁ inay facilitate practicing engineers to take advantages of
composite construction to build commercial buildings with improved performance
and full integration with building services. Furthermore, based on the step-by-step
design procedures provided, engineers will be able to perform quick and practical

scheming design on steel and composite beams with large web openings.
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CHAPTER 1

INTRODUCTION

1.1 Background

Steel beams with muitiple web openings found applications for ships, aircrafts
and vehicles in early days because .of their increased section moduli and stiffnesses
over the un-perforateci steel beams. Due to their easy and economic fabrication, these
beams have been used in exposed roof structures for architectural reasons, as shown
in Figure 1.1. They are also used with concrete slabs in modern composite
commercial buildings, as shown in Figure 1.2. The regular spacing of the web.
openings along the beam length allows flexible layout for the passage of building
services such as air &ﬁcts and water pipes. The result is a combination of reduced
storey height and more efficient use of steel materials, and easy installation of
building services, leading to significant saving of overall construction cost. When
irregular layout of building services is required, discrete or single web openings can
be provided at specific locations along the beam span.

The strength and stiffness of a beam with web openings are often reduced
when compared to its un-perforated counterpart, and the reduction is a function of
the opening configuration such as:

. Shapes and sizes of the web openings,

. Locations of the er openings along the beam span,

. Spacing between adjacent web openings,

. Reinforcement or stiffener plates provided around the web openings, and

. Position of the web openings with respect to the mid-depth of the steel beam.



Due to the presence of openings in the web of the steel sections, both the
moment and the shear resistances of the steel or composite beams are reduced. As
the size of the web openings increases, the flexural and the shear failures may be
found at points of high bending moment and high shear force along a beam as shown
in Figure 1.3a and 1.3b. Furthermore, depending on the length of the web openings
and the moment to shear (M/V) ratio at the perforated sections, the shear force acting
across the web openings produces “Vierendeel” moments which may cause local
flexural failure in the top and the bottom tee-sections above and below the web
openings, as shown in Figure 1.3c. This mode of failure is usually referred as the
Vierendeel mechanism, which deserves much attention in studying the structural
behavior of beams with web openings. All the three failure modes may occur in
composite beams with web openings as well. However, the Vierendeel mechanism is
more complicated due to the presence of the concrete slab and the different degrees
of shear connection at the low moment side (LMS) and the high moment side (HMS)
of the web opening. As shown in Figure 1.3d, concrete cracking may occur at the top
of the concrete slab at the LMS while there is concrete crushing at the top of the
concrete slab at the HMS. Thus, the stress distributions of the composite tee-sections
at the LMS and the HMS above the web opening are different.

1.2 Current Design Rules

The provision of web openings in structural members is a subject of extensive
research for the last few decades and there are many experimental tests, analysis
techniques, and design methods available in the literature, For beams with multiple
web openings, that is, castellated beams, many design rules are usually simple,
emprrical, and ‘product-specific’. Their applications are very restrictive and are not

valid for large web openings with different opening conligurations.



For beams with discrete or single web openings without web buckling
problems, most of the works are only intended for small openings with an opening
depth of less than 60% of the section depth of the steel beam. There are also no
consistent design methods for beams with different opening shapes. All strength
design methods based on plastic stress block analysis may be classified into two
categories as follows:

1)  Design methods .utiIizing moment-shear interaction curves on perforated
sections

2)  Design methodsr based on interaction of shear force, axial force, and bending
moment acting on tee-sections

The stress distribution around a perforated section at failure varies according to
the M/V ratios at the centerline of the perforated section. Design methods utilizing
the moment-shear interaction curve approach involves, based on a particular stress
distribution, the evaluation of the global moment resistance of the perforated section,
M4, under a specific applied shear force, V,zs. Complete interacti?m curves can be
generated by calculating the global moment resistances at different M/V ratios and
thus, many different stress blocks must be considered in order to achieve a complete
solution. A typical moment-shear interaction curve is shown in Figure 1.4. To
simplify the calculation efforts, many design methods require only the calculation of
the resistances of two or three stress blocks for the perforated sections, typically the
pure moment and the pure shear resistances. Interaction curves are then generated by
joining these points with simple empirical curves. |

These stmplified design methods have the advantages of being easier to apply
because closed-form formulas arc usually given, and manual calculations are usually

performed to give conservative results. Morcover, the same interaction curve can be



used for the same beam section even when the web opening is placed at a different
location, provided that the size of the opening does not change. However, since
different design methods may adopt different stress blocks, the formulas derived are -
unique and thus are not compatible with other methods. Some of the formulas may
also be considered to be “over-developed”, as the structural principles are usually
implicitly stated and often quite complicated for comprehension.

In the tee-section approach, the moment resistances of the tee-sections above
and below the web openings are evaluated explicitly under co-existing axial force
and shear force due to global actions. The three failure modes mentioned in Section
1.1 are then checked to ensure that the beam is structurally adequate. Since this
méthod considers directly the applied force and moment against the corresponding
resistances of the beam, it does not involve any pre-determined stress distribution.
Furthermore, the generation of interaction curves is not always necessary. A
complete interaction curve for a steel tee-section subjects to different combinations
of axial force and bending moment under constant shear force is shown in Figure
1.5, where the moment and the axial force ratios are defined as the applied moment
divided by the moment resistance, and the applied axial force divided by the axial
resistance of the tee-section, respectively. As all the formulas are based on simple
structural principles, the design method may be considered to be simplistic and
easily understood while the calculation effort may be considerable. The calculations
of the moment resistances of the tee-sections are rather inaccurate in some cases as
only empirical design rules are used for the shear force-axial force-moment (V-N-
M) interaction on the tee-sections. Moreover, calculations have to be repeated if

either the location or the size of the web opening is changed.



1.3

b)

d)

1.4

Objectives

The objectives of this research project are:

To predict analytically the plastic moment resistances of both steel and
composite tee-sections in the presence of co-existing axial force and shear
force.

To develop analy_tical moment-shear interaction curves for perforated sections
of both steel and corﬁposite beams for general design.

To develop a unified design method for steel and composite beams with large
web’ openings of various sizes and shapes based on plastic design method and
formulated in accordance with analytical structural design principles.

To propose transformation expression for converting a circular web opening
into equivalent octagonal opening.

To implement a specialist computer program for the calibration of the
proposed unifted design method with test data. Step-by-step design procedures
in accordance with Eurocodes are also provided to assist engineers to perform
practical scheming design.

Scope of Work

This thesis reports the findings of a two-year research project in which a

unified design method for both steel beams and composite beams with large un-

reinforced concentric web openings is developed through basic structural design

principles. The design development involves the harmonization of both the tee-

section approach and the perforated section approach for both steel beams and

composite beams with single rectangular or circular web openings of various sizes.

However, instabilities such as web buckling, web post buckling, and local flange

buckling are not considered. Neither ts Mlexural deflection considered.



The scopes of the research project are:
a)  Literature review

Comprehensive study on published research works is carried out to collect and
extract information on the structural behavior of steel and composite beams with
single and multiple web openings. Based on published experimental investigations, a
database for steel and composite beams with web openings is established, which is
then used subsequently in the calibration of the proposed unified design method.
b)  Design method for steel beams with single web openings

Following the direction of the tee-section approach and based on structural
design principles with rectangular stress blocks, a set of analytical design formulas is
developed for the evaluation of the moment resistances of tee-sections in the
presence of co-existing axial force and shear force. Moreover, complete interaction
curves of tee-sections under a full range of tensile and compressive forces and shear
force, or the local (V-N-M)r interaction curves, may be traced out analyticaliy.
Based on the tee-section analysis and by considering web openings subject to
different M/V ratios, a set of moment-shear interaction curves for perforated section,
or the global (M-V), interaction curves are generated following the perforated
section approach. It is, thus, possible to evaluate both the applied moment, My, and
the applied shear force, Vi, at failure of the perforated section along the beam span.
These (M-V), interaction curves are compared with those derived from a separate
finite element study. The proposed design method for steel beams with single web
openings Is also calibrated with test data, and a step-by-step design procedure is
presented together with a fully worked example.
c) Traunsformation expression for beams with circular web openings

The proposcd analytical design method is suitable tor beams with rectangular



web openings assuming the formation of four plastic hinges at the comer of the web
openings. Its applicability to beams with circular web openings requires a
transformation expression in which the circular web opening is trarisformed into an.
equivalent octagonal web opening, resulting in tee-sections of constant depth so that
the tee-section analysis can be perfonned. Different transformation expressions
assuming different octagonal web openings are investigated to establish analytical
global (M-V), interac;tion curves for direct comparison with results derived from
finite element study and other design methods. After calibration against the finite
element results, a transformation expression for converting circular web opening into
an equivalent octagonal web opening is proposed. Transformation expressions for
other opening shapes are not considered in this project.

d) Design method fof composite beams with single web openings

A similar set of analytical design formulas for composite tee-sections is also

developed, taking into account the effect of the degree of shear connections. In order
to illustrate the effect of shear connections on the moment resistance of the
composite tee-sections, local (V-N-M)r interaction curves are generated for
comparison. These design formulas are then used to generate global (M-V),
interaction curves for the perforated sections based on the equilibrium condition
around the web openings. Since no results from finite element study are available,
the proposed design method for composite beams with single web opening is directly
calibrated with test data, and a step-by-step design procedure is presented together
with a fully worked example.

1.5 Layout of Thesis

The layout of thesis is divided into the following chapters:



a}  Chapter 2

Available literature on the topic of steel and composite beams with web
openings is reviewed in details. Major aspects on structural performance of steel and
composite beams with web openings such as failure behaviors, yielding pattern of
steel, crushing of concrete, and slippage of shear connectors are summarized. Key
design assumptions and principles in current design methods directly relevant to the
research project are dis..cussed. The design procedures of two widely used design
guides are selected and discussed in order to illustrate the primary difference
between the perforated section approach and the tee-section approach. Abstracts of
three publications which are published by the candidate as an author or as a co-
author related fo the research project are also included.
b)  Chapter 3

Practical analytical design formulas based on structural design principles with
rectangular stress blocks are derived for determining local moment resistance of steel
tee-section under co-existing axial and shear forces and local (V-N-M)r interaction
curves may be generated for the tee-sections. The proposed design formulas for tee-
section are then extended and a complete analytical design method for perforated
section is proposed to generate global (M-V), interaction curves for practical design.
The design results are then compared with those obtained from a separate finite
clement study. Test results of steel beams with rectangular web openings are used to
calibrate the proposed design method.
¢)  Chapter 4

Three transformation expressions using equivalent octagonal web openings are
incorporated in the proposed design method in order to extend the method for the

design of steel beams with circular web openings. The results are then compared



with those obtained from a finite element study and the best transformation
expression is chosen for use with the proposed design method. Finally, test data of
steel beams with circular web openings are used to calibrate the proposed design
method.
d)  Chapter 5

A similar set of analytical design formulas is also developed for composite
beams with web openings. Composite tee-sections with both full and partial shear
connections and different slab details such as solid slabs and slabs with profiled steel
decking placed either transversely or parallel to the steel beam are included. The
tee-section analysis of the bottom steel tee-section and the composite tee-section
analysis of the top composite tee-section are then combined to derive a complete
analytical design method for composite perforated section. The method is then
calibrated with test data from the established database of composite beams with web
openings.
e) Chapter 6

A step-by-step design procedure is presented for each of the steel and the
composite beams with web openings. The design procedures are fully illustrated with
two worked examples. A description of the capability of the specialist computer
program specifically developed in this project for calibration of the proposed design
method is also provided.
/) Chapter 7

This chapter presents the conclusion to the research project.
g Appendix A

This appendix presents a comprehensive listing of test data for both steel

beams and composite beams with web openings collected from the literature.



1.6 Related Publications Published by the Candidate
In conjunction with the development of this research project, three papers are

published by the candidate as an author or as a co-author and they are listed as

follows:

1. Chung, K. F,, Liu, T. C. H,, and Ko, A. C. H. “Investigation on Vierendeel
mechanism in steel beams with circular web openings”. Journal of
Constructional Steel Research, Vol. 57, pp. 467-490 (2001)

2. Ko, C. H. and Chung, K. F. “A comparative study on existing design rules for
steel beams with circular web openings”. In Yang, Y. B., Leu, L. L., and
Hsieh, S. H., eds., Proceedings of the First International Conference on
Structural Stability and Dynamics, Taipei, Taiwan, December 2000, pp. 733-
738 (2000) :

3. L, T. C. H, Chung, K. F,, and Ko, A. C. H. “Finite element modeling on
Vierendeel mechanism in steel beams with large circular web openings”.
Proceedings of the International Conference on Structural Engineering,
Mechanics and Computation, Cape Town, South Africa, April 2001, pp. 1567-
1574 (2001)



Figure 1.1 Typical usages of steel beams with web openings
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CHAPTER 2

LITERATURE REVIEW

2.1 General

A large number of experimental investigations and numerical analyses have
been carried out to study the behavior of steel and composite beams with web
openings over the past few decades. Alongside with these studies was the
establishment of theoretical detailed strength design models and simplified design
methods to predict the load capacities of beams with web bpenings. Amongst the
methods proposed, almost all of them are for single rectangular web openings since
multiple web openings are usually associated with castellated beams, which are often
“product-specific” and are analyzed empirically. Single circular web openings are
usually treated with the same methods through the use of equivalent rectangular
openings.

In the analysis and design of steel beams with web openings, the plastic stress
block method is usually employed because of its simplicity in analysis and
rationality in design. However, it should be noted that its application is guaranteed .
only for compact sections that can undergo considerable inelastic rotation without
local buckling. Elastic analysis is also used, particularly for non-compact sections,
which is outside the scope oftﬁe current project.

With the advance of composite construction techniques, steel beams are readily
connected to concrete slabs via shear connectors to develop composite action. The
two materials act as a monolithic unit when subject to loading in order to provide
greater strength and stiffness over that of a non-composite stecl section. Much larger

web openings can be provided in the steel scctions without reinlorcements around
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the web openings. The concrete contributes to both the moment and shear resistances
of the composite section, thus reduces both the fabrication and the construction cost.
The failure behavior of such composite beams with web openings is similar to that of
steel beams with web openings, although force distribution is much more
complicated, and more design efforts are needed in general. |

* This chapter summarizes irﬁportant experimental observations and structural
behavior of both steel and composite beams with web openings relevant to the
current research project. The design procedures from two widely used design guides -
are briefly discussed in order to illustrate the difference between the perforated
section approach and the tee-section approach in the design of beams with web
openings.

There is a large amount of experimental irivestigations on the structural
behavior of both steel and composite beams with Web openings. The test programs,
details and scopes of the steel beams and the composite beams with web openings,
and also the test loads are re-presented in a consistent format for ease of comparison
in Appendix A.

2.2 Steel Beams with Web Openings

A large number of test data have been collected for steel beams with web
openings. The test beams are generally short in span with a maximum span llength of
about 5 meters. These beams aré usually loaded under concentrated loads to simulate
the situation of a primary beam (or girder) in a floor system. A summary of test data
for steel beams with web openings is presented in Appendix A. In most of the tests,
rectangular web ope_nings are present because of their prevalelhce in practice.
Furthermore, the test results may be directly compared with analytical design

mcthods derived from plastic stress blocks. Various key observations [rom the tests



are discussed below.
2.2.1 Failure mechanisms

Elastic stress analysis of steel beams with web openings was quite popular in
the early days. However, when the size of a web. opening is larger than 50% of the
beam depth or when a more accurate design is needed, plastic stress analysis should
be uséd. Steel beams with single web openings subject to pure bending are found to
be failed in a way similar to that of un-perforated beams, that is, complete yielding
of the top and the bottom tee-sections (Redwood & McCutcheon, 1968) as shown in
Figure 2.1. However, in the presence of a shear force, the mode of failure will be
different. The beams wiil exhibit “Vierendeel” behavior, which is related to the
transfer of shear force across the web openings by the top and the bottom tee-
sections. Under the Vierendeel action, each end of the tee-sections above and below
the web Openings is subjected to co-existing shear force, axial force, and bending
moment. At_ failure, these local forces and moments will cause the tee-sections to
yield, forming plastic hinges as shown in Figure 2.2.

The plastic analysis of the Vierendeel mechanism usually assumes the
formation of plastic hinges atr both ends of the tee-sections above and below the
rectangular web openings. In the rare case when the perforated section is subject to a
very high shear force and that the opening depth is rlarge but the opening length is
. short, the perforated section may exhibit a pure shear failure as sﬁown in Figure 2.3.

tt should be noted that in order to utilize the plastic design method, local
buckling of various elements, especially the web, of the steel member around the
web opening must be prevented. Web instability problems have been investigated by
. Redwood et al. (1978) for un-reinforced web 0bening, Shrivastava and Redwood

(1977} lor web opening reinforced on both sides ol the wcebh, and Lupien and



Redwood (1978) for web opening reinforced on one side of the web.
2.2.2 Moment-shear interaction curves

A number of plastic design methods for beams with un-reinforced rectangular
web openings are very similar in checking against both the moment and the shear
resistances of the perforated section. However, they differ in the assumed stress
distributions corresponding to the relative values of shear force, axial force, and
bending moment in the tee-sections above and below the web openings. Except
Lawson’s design method (1987), a number of the methods require the strength of the
perforated section to be plotted in the form of a complete moment-shear (M-V},
interaction curve. These methods are usually simplified in practical design in which
it is only required to calculate two or three points on the graph. Then the points will
be either connected by straight lines, or curves to obtain an approximate interaction
curve, as shown in Figure 2.4, The applied moment and shear forces at the centerline
of the web openings will then be pinpointed on the graph. If the design point falls
below the strength curve, then the design is structurally adequate. Although it seems
to be quite simple to calculate only two or three points on the graph, the expressions
are often quite involved when calculating the Vierendeel shear resistance of the
perforated section.

A number of design methods (Bower, 1968; Redwood, 1968; Aglan and
Qaqish, 1982) have been derived for beams with un-reinforced web openings. All of
these methods consider the interaction of the aésumed local uniform shear stress and
the bending stress in the steel web according to von Mises’ yielding criterion. The
predictions by all these methods have made use of the complete (M-V), interaction

CLUIVES.

It should be noted that as moment to shear (M/V) ratio changes from zero 0

2-4



infinity at the perforated section, the plastic neutral axis (PNA) usually remains in
the flanges of the tee-sections at the LMS. However, the PNA may shift from the
flanges to the webs at the HMS. Figure 2.5 illustrates the stress distributions at the
plastic hinges when M/V ratio is equal to zero or infinity. As a result, several
combinations of stress blocks of the tee cross-sections at the LMS and the HMS have
to be considered if a complete (M-V), interaction curve is to be generated. Redwood
(1968) has compared several stress blocks and amongst all the stress blocks the one
giving the highest load capacity is adopted. Thus, this method does not necessarily
produce a lower bound solution since equilibrium is not achieved in every aspect.

While most methods assume the pure shear yielding load to be the maximum
value of the shear resistance, the effect of strain hardening ignored in those methods
can cause the beams to sustain shear loads considerably above their pure shear
resistances in the case of high M/V ratio. Shrivastava and Redwood (1979) has
extended Redwood’s method to consider explicitly the shear force carried by the
flanges, and they also point out the possibility of horizontal shear yielding at the
web-flange interface, which introduces a restriction on the shear resistance in some
cases. In general, the consideration of horizontal shear yiclding may lead to under-
estimation of load capacity in those cases where horizontal shear yielding does not
arise, 1.e. when ‘the shear force 1s low.

In all these design methods using the von Mises’ yielding criterion, a minor
error is usually introduced. As there is no shear force at the edge of the web opening,
the shear stress is theoretically zero at the edge. Thus, the assumed shear stress
distribution violates this boundary condition. However, since the shear stress may
increase rapidly from zero at the opening edge to a high value over a short distance

from the edge of the opening, this violation is prohably not serious. as suggested by
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Bower (1968).
2.2.3 Explicit consideration of shear-axial-moment interaction in tee-sections

Lawson has proposed a unique design method for beams with web openings in
which the moment and the shear resistances of a perforated section at the mid-length
of the opening are first assessed. Then the applied Vierendeel moment across the
o'pening is compared with the total local moment resistances of the tee-sections
above and below the opening, as modified according to the co-existing axial and
shear forces due to global éction. Thus, it is not required to generate the complete
(M-V), interaction curve and this method can be referred to as a point-by-point
method.

Under normal circumstances, there is seldom a chance for a single tee-shaped
member to be subjected to co-existing axial force, shear force, and bending moment.
However, such situation always occurs in a beafn with web opening whenever shear
force 1s preseﬁted, as shown in Figure 2.6. Cantilever beams are often used to
investigate the interactions among shear force, axial force, and bending moment. For
beams with symmetrical cross-sections, the effect of axial force on the plastic
moment resistance is well understood 1n the absence of sﬁear force. Studies on the
effect of shear force on the plastic moment resistance were made for rectangular
beams (Drucker, 1956; Hodge, 1957) and for [-beams (Heyman and Dutton, 1954,
Hodge, 1957; Neal, 1961a). Extension to incorporate the effect. of axial force was
undertaken by Neal (1961b) for rectangular beams, and by Horne (1958) and Neal
(1961¢) for I-beams. A lower bound solution has been suggested by Sherbour.m and
Qostom (1972a) for a long cantilever beam with a tee cross-scction, under the effect
of co-cxisting shear force z;nd low axial force. As inI]lC([ out by Drucker (1956), a

general true interaction curve for co-existing shear toree, axial foree. and bending
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moment is never attainable whenever a shear force is present, as the solution for any
particular situation is uriique, depending on the loading and the support conditions.
As a result, the outcomes of all of the aforementioned studies may be considered as
lower bound or upper bound solutions with empirical formulation.

Since this resef;\rch project has adopted the point-by-point method of Lawson’s,
it is thus important to evaluate the plastic moment resistances of the tee-sections
under co-existing axial and shear forces in order to assess the Vierendeel resistance
of a perforated section. In his method, Lawson has proposed the use of reduced web
thickness to allow for the effect of shear force on the axial and the moment
resistances rather than the reduced bending strength in accordance with von Mises’
yielding criterion, which is normally used. Moreover, his method also ignores the
beneficial effect of axial force on the plastic moment resistance through the use of a
linear equation for the axial-moment interaction, leading to significant conservatism.
Chapter 3 is devoted to the derivation of simplq design formulas for the calculation

of moment resistance of tee-section under the effect of co-existing axial force and

shear force.

2.2.4 Equivalent rectangular web openings

If the Vierendeel mechanism of steel beams with rectangular web openings is
considered in terms of localized plastic hinges, the positions of them may be
considered to be located almost exactly at the corners of the web openings. However,
the Vierendeel mechanism of steel beams with circular web openings under shear
force is not as clear as those observed in steel beams with rectangular web openings.
Insteaa of localized hinges. it appears that extensive shear yielding of the web takes
place between these positions. In general the yielding is not symmetri;:al about the

centerline of the web opening, but is slightly displaced towards the loaded position

O]
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(Redwood & McCutcheon, 1968), as shown in Figure 2.7.

The curve beam analysis proposed by Olander (1953) and Sahmel (1963)
cénsiders the section capacities of the tee-sections arou;ld the circular web openings
explicitly under both global and local actions, and the location of the first plastic
hinge in the tee-sections is established through iterations. This method was adopted
by Ward (1990) to assess the load capacities of composite beams with multiple
circular web openings. After minor modification, the methed was incorporated into
the Amendment A2 of Eurocode 3: Part 1.1: Annex N in 1998 for steel beams with
multiple circular web openings. However, the curve beam analysis is very tedious
and it considers only the formation of plastic hinges on one side of the web openings
only, which can lead to either conservative or un-conservative results (Chung, Liu,
and Ko; 2001).

In general, most of the current design methods adopt the use of equivalent
rectangular transformation as suggested by Redwood (1969) to analyze and design
beams with circular web openings as shown in Figure 2.8. However, the
transformation ekpression 1s only suitable for a specific design method (Ko and
Chung, 2000) and thus, new transformation expression is needed whenever a new
design method is proposed. This is fully discussed in Chapter 4.

Through finite element analysis, Chung, Liu, and Ko (2001) have investigated
the Vierendeel mechanism in steel beams with circular web opening. The load
carrying capacities of typical universal steel beams with circular web opening are
presenled and discussed. An empirical moment-shear interaction curve at the
perforated sections is also suggested for practical ﬁesign of steel beams with circulaf

weh opening.
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2.3 Composite Beams with Web Openings

Before 1970s, design methods for non-composite steel beams with web
openings have been indirectly applied to the widely used composite beams, which
were becoming more popular at that time. However, these design methods often
result in uneconomic and over-conservative design of the steel sections since they do
not take into account of any strength contribution of the concrete slab. The concrete
contributes to both the moment and the shear resistances of the beams, and improves
their structural behavior significantly. The need to understand the structural behavior
of composite perforated sections and the urge to devise more suitable strength
models have initiated a series of experimental investigations on composite beams
with web openings. A summary of the tests data for composite beams with web
openings is presented in Appendix A. Along with the tests, many strength design
models have also been developed to predict the structural performance of the test
beams. The failure behavior of composite beams with web openings is similar to that
of steel beams with web openings, although force distribution around the web
opening is more complicated. Besides, concrete cracking and shear connection are
also very important factors in determining the stress distribution in the concrete
slabs, the force distribution around the web openings, and also the load capacities of
the beams. The force distribution around the web opening in a composite beam under
intermediate M/V ratio is illustrated in Figure 2.9,

2.3.1 Failure mechanisms

The failure of composite beams with web openings was found to be quite
ductile for both solid slabs and slabs utilizing profiled stcel deckings (Clawson and
Darwin, 1980; Donahey and Darwin, 1986; Lawson, 1992). For composite beams

under high M/V ratios, the mode of deformation and [ailure is primarily flexural in
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nature. At the ultimate load, the concrete at the top of the slabs failed by crushing,
preceded by the full yielding of steel section as shown in Figure 2.10. In this case,
secondary moments and shear forces have only minor effect on the overall behavior
of the composite beams.

As the shear force increases, the Vierendeel effect becomes more dominant.
Under medium M/V ratios, the bottom steel tee-section is subjected to a combination
of local axial force, shear force, and bending morﬁent. At failure, two plastic hinges
will form at both ends of the bottom steel tee-section. However, only the cross-
section of the top tee at the HMS of the web opening will fail because this is the
critical section where the secondary bending moment adds to the primary bending
moment. As a result, the Vierendeel failure is initiated by the formation of a “three-
hinge mechanism”, named by Clawson and Darwin (1980), as shown in Figure 2.11.

Under high shear force or low M/V ratios, the Vierendeel moment is severe
and may cause one of the following two failure modes. The first one is a “four-hinge
mechanism” shown in Figure 2.12 in which plastic hinges are formed at both ends of
the top and the bottom tee-sections, resulting in a traditional Vierendeel mechanism
as those observed in steel beams with web openings. Another failure mode, which is
called the “shear failure”, maybe resulted .when the shear resistance of the top
composite tee—seqtion (concrete and steel) is exceeded at the point of contraflexure
before the Vierendeel mechanism occurs. In this latter case, the bottom tee-section
again fails with the formation of two plastié hinges at its ends as shown in Figure
2.13. It should be noted that the “shear failure” was not considered by-l Wong and
Redwood (1982), and Poumbouras and Redwood (1983) since they observed that
this failurc mode always leads to a higher load ;:apacily than those associated with

the *towr-hinge™ Vierendeel mechanism. Clawson and Darwin {(198(}) suggested that



the load capacities of the beams obtained for the two failure modes are within 10%.

All of the beam behaviors discussed so far are related to short span beams. For
long span beams, similar behaviors may occur; ho‘;wever, the Vierendeel effect
reduces in significance as the beam becomes longer. In the tests carried out by
Lawson in 1992, neither concrete splitting or crushing, nor bridging (separation
between the concrete slabs and the Steel beams) was observed. However, on breaking
out the concrete after the tests, it was clear that the shear connectors adjacent to the
web openings had deformed considerably. Moreover, it ‘was very difficult to
differentiate the pure flexure failure at high M/V ratios from the Vierendeel
mechanism at low M/V ratios by judging merely from the deflected shapes of the
beams around the web openings.
2.3.2 Moment-shear interaction curves

Clawson and Darwin (1980), Donahey and Darwin (1986), and Lawson (1992)
have observed that steel yielding always occurred at relatively low loads and thus,
they concluded that the first yield does not give an accurate measure of the load
capacities of the composite beams with web openings. As a result, most of the
analytical design methods adopt plastic design, which employs the ultimate
capacities of the beams with rectangular stress blocks. In the experimental
investigations, most of the test beams were loaded to failure with prohibition on
lateral torsion buckling, local bucking, or any otherAeffects that might initiate
premature failure in the beams. It is common to ignore the effect of strain hardening,
which in fact, may increases the strength of a section significantly, especially for
web openings located at points of high M/V ratios (Clawson and Darwin, 1980).

The interaction between moment and shear is usually considered to be weak

for composite beams with web openings. The composite section can carry
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considerable moment without a significant reduction in its shear resistance, or vice
versa.

Based on test observations, many researchers (Todd and Cooper, 1980;
Clawson and Darwin, 1980; Poumbouras and Redwood, 1983; Donahey and Darwin,
1986) have derived detailed strength design models which require the geﬁeration of
moment-shear (M-V) interaction cur.ves by varying the value of applied shear force
to a perforated section and calculating the corresponding moment resistances of the
top and bottom tee-sections, similar to those used for the design of steel beams with
web openings. Again, since this type of detailed models involves very complicated
procedures and iterations, it is meant primarily for research purposes and thus, not
suitable for practical uses. Considerable efforts have been made to simplify the
detailed models into practical design methods through rational assumptions and
approximations.

Some of the simplified strength methods (Clawson and Darwin, 1980; Darwin
and Lucas, 1990; Oehlers and Bradford, 1995) involve calculations of only two
points on the moment-shear interaction curves, namely, the maximum moment
resistance at zero global shear and the maximum shear resistance at zero global
moment. Other methods (Wong and Redwood, 1982; Poumbouras and Redwood,
1983, Redwood and Cho, 1993) require the calculation of one additional point,
which corresponds to the maximum moment resistance that can be carried by the
beam under maximum shear force. However, since only the end points of the curve
are calculated in these methods, the actual resistance of the composite perforated
section under any intermediate value of the M/V ratio can onty be approximated by
the actual curve used. Typical (M-V), interaction curves suggesied by various design

methods are shown in Figure 2.14. It should also be noted that since no point is



calculated for any intermediate value of the M/V ratio, the three-hinge Vierendeel
mechanism is usually ignored, and thus all of the methods are based on a four-hinge
Vierendeel mechanism.

Lawson’s fnethod (1987) also covers composite beams with web openings by
considering the Vierendeel resistance contributed by the concrete slab, in addition to
the moment resistances of the steel tee-sections under co-existing axial force and
shear force. As a result, this method doesn’t consider explicitly the moment
resistances of the composite tee-sections.

2.3.3 Shear connection

Shear connectors play an important role in both solid slabs and slabs with
profiled steel decking. The degree of shear connection is a very important structural
parameter in composite structure in many experimental investigations (Poumbduras
and Redwood, 1983; Donahey and Darwin, 1986; Cho and Redwood, 1992, Lawson,
1992). It can affect slippage, modes of concrete cracking, and the load capacities of
the beams.

Transverse cracks often form at the top of a composite slab at the LMS of the
web openings due to the Vierendeel effect and also the slippage at the concrete-steel
interface. Experiments indicate a lack of strain compatibility between the top and the
bottom tee-sections, and also between the top steel tee-section and the composite
slab. Since a web opening is frequently placed away from the region of maximum
moment, where lower degrees of shear connection are provided, and where the M/V
ratios are low, large slippage may usually be expected at these locations. The
slippage will place the lower portion of the concrete slab in compression and the
upper portion of the concrete slab in tension at the LMS of the perforated section,

which results in transverse cracking as shown in Figure 2,13, Such compressive
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stress has been observed by Clawson and Darwin (1980) in composite beams with
solid slabs and slabs with profiled steel decking (Donahey and Darwin, 1986). As the
M/V ratio decreases, transverse cracks tend to appear at lower applied loads. As the
applied load increases, the cracks increase in width and in depth, and eventually may
propagate to the bottom of the concrete slab.

Some analytical design methods (Clawson and Darwin, 1980; Wong and
Redwood, 1982) assume the concrete slab is fully cracked at the LMS so that no
compressive force exists at all. However, Clawson and Darwin have considered the
contribution of bending resistance of steel reinforcement. While the concrete slab
appears to be cracked at the LMS under the Vierendeel effect, it will crush at the
HMS at failure and thus it is usually assumed that the full concrete slab at the HMS
can contribute to the moment resistance of the composite tee-section. Wong and
Redwood (1982) have assumed that the compressive resistance of the concrete slab |
at the HMS is equal to the shear resistance of the shear connectors provided over the
length of the web opening; this was generally considered to be conservative. The
compression is assumed to be located at the top of the concrete slab where
compressive strains are often very large as shown in Figure 2.15.

Poumbouras and Redwood (1983) have developed a detailed analysis
procedure for beams with web openings that incorporates the compressive strengths
of the concrete slab at both the LMS and the HMS of the web openings. The
compressive force of the concrete slab at the LMS is assumed (o be located at the top
of the concrete slab at zero global shear; however, it is allowed to shift to the bottom
of the concrele slab as the shear force at the web opening increases. The compressive
force of the concrete slab at the HMS is selected in such a way that moment

equilibrium is satisfied at the web opening. In their simplificd version of the method,



Poumbouras and Redwood (1983) proposed that the compressive force in the
concrete slab at the HMS is limited to the smaller of the resistances of the shear
connectors at this point or the full compressive resistance of the concrete slab. All
other design methods (Redwood, 1986; Donahey and Darwin, 1986; Lawson, 1987,
and Cho and Redwood, 1993) thereafter have included the compressive force in the
concrete slab at both the LMS and the HMS of the perforated section. Their
difference being the assumptions made regarding different stress blocks and the
positions of the resultant axial forces.

For beams subjected to high M/V ratios, the omission of a shear connector
between the ends of the web opening may not lead to any problem since the concrete
slab over the web opening is subjected to high compressive stresses. However, the
omission of shear connectors between the ends of the web openings may prevent the
concrete slab in participating fully in the Vierendeel action at the web opening under
low M/V ratios. This will cause a significant reduction in the ultimate capacity of the
beams in the region of the web opening (Wong and Redwood, 1982; Poumbouras
and Redwood, 1983). As a result, any shear connector in the proximity of the web
opening should be included for strength calculation in order to produce load
capacities close to test results.

Solid slabs and composite slabs with longitudinal profiled steel decking can
accommodate more shear connectors than composite slabs with transverse profiled
steel decking. In addition, the strength of shear connectors decreases progressively
from solid‘concrele slabs to concrete slabs with longitudinal profiled steel decking,
then to composite slabs with transverse ribs. As a result, for solid concrete slabs, the

resistance of shear connectors is generally large enough to force crushing or diagonal

tension failure in the slabs, while for composite slabs with profiled steel decking,



strength 1s usually limited to the resistance of the shear connectors. This strongly
suggests that for composite slabs with profiled steel decking, any increase in the
resistance of the shear connectors will also increase the load capacities of the
perforated sections. As a general rule, both the moment and the shear resistances of a
composite beam with web openings will be increased as the number of shear
connectors is increased over the web opening, and also between the openings and the
closest point of zero moment.

2.3.4 Shear force distribution

The mechanism with which the concrete slab carries shear force in a composite
beam with web openings has long been an unknown. In the absence of a clear
understanding of this mechanism, all theories or strength design methods have taken
steps either to assign vertical shear forces to the concrete slab and the steel tee-
section arbitrarily, or to limit the shear resistance of the composite tee-section.

In the detailed model reported by Clawson and Darwin (1980) for unreinforced
web openings, a biaxial state of shear and compressive stresses is assumed in the
concrete slab; the tensile strength of the concrete slab is ignored. Shear stresses
based on a punching shear phenomenon in the concrete slab are assumed to be
effective over a width of the concrete slab equal to three times the slab thickness.
The shear force is assumned to be carried by both the steel web and the steel flange in
the composite tee-section; however, only the steel web of the bottom tee-section is
assumed to resist any shear force. Furthermore, the combined direct and shear stress
in the steel section is accounted for through the reduction of the bending strength
using the von Mises’ yielding criterion. This method is generally considered to be
conservative, except at low M/V ratios.

Although Wong and Redwood (1982) recognmize that the mclusion of the

2-16



compression in the lower part of the concrete slab at the LMS together with the
compression near the top of the concrete slab at the HMS of the web opening has
allowed the concrete slab to carry certain shear force, the shear resistance at the
HMS of the perforated section is limited to that of the resistance of the steel web as
there is only a limited number of shear connectors placed within the opening length.
The steel flanges are assumed not to resist any secondary bending moment. The
method is conservative when compared against test data, and Wong suggested that
the conservatism comes mainly from the fact that i) the compressive stress in the
concrete slab at the LMS of the web opening resulted from the slippage between the
concrete slab and the steel decking is ignored, and ii) the resistance of the shear
connectors obtained from the push-out tests was lower than the actual values for
shear connectors embgdded in concrete slabs. In fact, the ignorance of tht_a shear
resistance of the concrete slab may .also contribute to the conservatism. |

In order to calculate the shear resistance of a concrete slab, Lawson (1987) has
suggested that the permissible shear stress in BS 8110 may be used, taking into
account the steel areas of the profiled steel decking, and also the mesh reinforcement
in resisting shear in the zone of the web opening. However, this should not exceed
0.25 Vf, as suggested by Donahey-and Darwin (1986). The shear resistance of the
concrete slab is then obtained by considering an effective width against local
punching shear of 1.5 times the slab depth on either side of the beam. Then the
remaining shear force may be distributed to the top and the bottom steel tee-sections.
In order to simplify the calculation, Lawson has suggested that the shear force
resisted by the steel web in tlﬂe bottom tee-section may be conser;'ativeiy ignored.

In 1990, Cho has proposed a theory utilizing the truss analogy in an attempt to

clariiv the fundamental behavior of the concrete slab and the shear connectors in



resisting vertical shear. In this theory, the shear connectors above the opening region
are considered as vertical tension-carrying members, while inclined struts in the
concrete are considered to act between the bearing zones near the heads of the shear
connectors and at their bases at the steel flange as shown in Figure 2.16. The action
between the concrete slab and the shear connectors is thus identified and the shear
resistance is found to be related directly to the Vlocation of the shear connectors. Refer
to the reference for details. This method predicts explicitly the shear resistance of the
concrete slab for different shear connector configurations and the result may be used
in the usual way to determine the load capacities of composite beams with web
openings. Comparison qf the results of this theory with available test data from the
literature has proven that the model is generally satisfactory despite some
conservatism is inherent, particularly for beams with solid slabs. Although the truss
analogy does not give any more accurate results than other available models based
on pre-determined shear distribution, it does provide a morz satisfactory conceptual
model for the determination of the shear resistance contributed by the concrete slab.

With the help of the truss analogy, it is confirmed that for those shear
connectors placed either within the opening length or sufficiently close to the ends of
~ the web opening_, they should be incorporated in the assessment of the shear
resistance of the perforated section in composite beams. It is also showed that the
shear resistance of the concrete slab is largely dependent on the tensile capacity of
the shear connectors near the HMS ofthe web opening.
2.4 Summary of Experimental Test Data

Seventy tests data of steel beams with web openings and forty-four tests data
of composite beams with web openings have been coilected. A database is

cstablished for casy interpretation ol the data. All test beams were loaded with point
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loads to failure and the failure locations were constrained to the regions of the web
openings. Load-deflection curves were re-presented based on the information
provided by various researchers wherever available.
2.4.1 Test data for steel beams with web openings

All of the seventy test beams collected from nine test series were carried out
before 1980 and the details of each individual test series are presented in Table 2.1.
The span/depth ratios of the test beams range from 4.6 to 13.2. The measured yield
strengths of the components of the steel beams vary greatly from 222 N/mm? to 461
N/mm?®. Only one test was performed on each beam and the moment to shear (M/V)
ratios fall in the range of zero to 10.54 m. Out of the seventy test beams, fifty-three
of them have rectangular web openings and the rest have either circular or extended
rectangular web openings. Twenty-nine of the rectangular web openings are
reinforced with either one sided or two sided reinforcement plates on the webs above
and below the openings. Overall, only six of the web openings are placed
eccentrically to the mid-depth of the beams. The opening height ranges from 13% to
67% of the depth of the steel beams, and the aspect ratios for rectangular web
openings range from 1.0 to 3.0. A detailed re-presentation of the tests is presented in
Appeﬁdix A
2.4.2 Test data for composite beams with web openings

Six test series are reported by various researchers in both North America and
the UK, and the details of each individual test series are tabulated in Table 2.2. In
some of the test series two individual tests were carried on the same beam and there
are forty-four tests in total. Thirty-three tests utilize profiled sicel decking placed
transverscly to the steel heams while three tests utilize profile steel decking placed

parallel 1o the steel beams. Solid slabs are used in the remaining cight tests. The
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span/depth ratios of the beams range from 7.3 to 15.9 while the strength of the steel
beams and the cylind'er strength of the concrete slabs range from 238 to 386 N/mm®
and 17.1 to 48.2 N/mm’, respectively. Rectangular web openings were tested in all
test series and only two of the openings were reinforced with reinforcement plates,
which were placed on one side of the web openings. The smallest size of the web
opening has a depth equal to 37% of the depth of the steel beam while the largest one
is equal to 71% depth of the steel beam. The aspect ratios of the openings range from
1.0 to 3.0 and the moment to shear ratio ranges from 0 to 13.66 m. A detailed re-
presentation of the tests is presented in Appendix A.
2.5 Selected Current Design Methods
As discussed previously, all strength design methods based on plastic stress
analysis may be classified into two categories as follows:
1)  Design methods utilizing moment-shear interaction curves on perforated
sections
2)  Design methods based on interaction of shear force, axial force, and_ bending
moment acting on tee-sections
One design method chosen from each of the category .is elaborated in this
section so as to illustrate the primary difference between the two approaches.

2.5.1 Design methods utilizing moment-shear interaction curves on perforated
sections

This approach involves the calculation of the maximum moment resistance
under zero shear force and the maximum shéar resistance under zero bending
moment at the perforated sectton. Then the capacity of the perforated section is
checked using an interaction expression. Among all design methods following this
approach, the one developed by Darwin and Lucas (199() remains the casicst (0

apply and is the most comprehensive and accurate. [t should be noted that the
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method has been adopted in the Steel Design Guide series (Darwin, 1990) of the
American Institute of Steel Construction (ASIC). It is also the principal design
technique in the Structural Engineering Institute/American Society of Civil
Engineers (SEI/ASCE) Standard 23-97 (1997).

This method gives explicit, closed-form formulas to calculate the maximum
moment resistance and the maximul;n shear resistance.
a) Maximum momeﬁt resistance under zero shear force

The design expressions for maximum moment resistance of the perforated
sect.ion, M, rq are based on well-established strength procedures. They involve the
subtraction of the moment resistance contributed by the removed web element from
the oniginal plastic moment resistance of the composite section. Depending on the
opening configurations, the expressions may take several different forms. The design
expression for the maximum moment resistance, M, gy, of a steel beams with

rectangular web opening is given by:

1-84,(2)
Mo.Rd = MRd [—T]

pl

where W, is the plastic modulus of the un-

in which A4, =it and M., = f W

Pl
perforated section.
b)  Maximum shear resistance under zero bending moment

The maximum shear resistance of the composite perforated section, ¥, zq, is the
sum of the shear resistance of the top composite tee-section, V,ps and the shear

resistance of the bottom steel tee-section, ¥, za.
Vn..‘M = V:.Ru’ + V.m.m.'

Both ¥ gy and V1 can be expressed as ratios of the plastic shear resistance of

a steel wee-seetion, ¥y gy und they are given by
) . ] -
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V6 +

" Bottom steel tee-section: Visoa = (=—=Wr 24 SVr pa
7++3

V6 +u

Top composite tee-section: ¥, o, = (——=)W;py SV 01
7+3

Vone = %Vw <V, 0 +01A T, if % >1

fytwdl _ aa

3 ”_tf+d,

is the aspect.ratio of the tee-section, A, =3d, b,

where V; ., =

is the effective concrete shear area, and p is given by:

u= NH.RddH - NL.RddL
VT,Rd (tf + d.1 )

where Ny zs and N g4 are the compressive forces in the concrete slab at the HMS and
the LMS of the perforated section, respectively, and dy and d; are their respective
distances to the top of the steel section.
c) Moment-shear interaction curve

After M, rqs and ¥, p, are determined, the following cubic interaction curve is

used to check the structural adequacy of the perforated section:

(MSd )3+( V.S'd' )3 Sl
Mo..Rd Vo.Rd

where M, and Vs, are the applied moment and shear at the centerline of the

perforated section, respectively.

2.5.2 Design methods based on interaction of shear force, axial force, and bending
moment acting on tee-sections

This approach involves the direct calculation of the moment and the shear
resistances of a perforated section. Moreover, it is required to evaluate the plastic
moment resistances of individual wp and bottom tee-scctions at both the HMS and

the LMS ol the web opening under co-extsting axtal foree and shear toree. The
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prime example of this approach appears in the joint publication by the Construction
Industry Research and Information Association (CIRIA) and the Steel Construction
Institute (SCI) (Lawson, 1987). This design method involves the checking of the
flexural, the shear, and the Vierendeel failures of the perforated ;ection as follows:
a)  Flexural failure of the perforated section

The applied moment at thé LMS of the web opening i’s. used to determine the
axial forces in the bottom steel tee-section, the top steel tee-section, and the concrete
slab. The axial resistances of the steel tee-sections and the concrete slab are also
evaluated accordingly. Then the flexural failure of the perforated section is checked
by comparing the axial resistances of the bottom steel tee-section and the concrete
slab with the applied axial forces. It should be noted that iterations are required to
establish equilibnum in order to determine the applied axial forces.
b)  Shear failure of the perforated section

The maximum shear resistance of the perforated section, ¥, g4, is the sum of
the shear resistances of the top steel tee-section, the bottom steel tee-section, and the
concrete slab given as follows:

Vo.Rd = Vt.Ra’ +Voppa + Verd

[¢]

The shear resistances of both the top and the bottom steel tee-sections, ¥V gy

and Vo, pa, are based on the following formula:

Vit OUY g =092, (d, +£,)0.6f)
while the shear resistance of the concrete slab, V, x4, is given by:
V py =30l v <025 f

tel

where v, and £, are the shear strength and the compressive cube strength of the
concrete. respectively. The shear failure is then checked using the following

cyuition:
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Vo.Rd 2 VSd

¢}  Vierendeel failure of the perforated section

The Vierendeel resistance of a composite perforated section, M, g4, consists of
the plastic moment resistances, Mr yn g4, Of the individual top and bottom steel tee-
sections at both the HMS and the. LMS of the web opening under co-existing axial
force and shear force, and also the moment resistance, M, g, derived. from the
composite action of the top steel tee-section and the concrete slab. Thus,

M vRd = aM rongd T M ve.Rd

The moment resistance of a steel tee-section under shear force alone, M7y a4, is
determined on the basis of the first moment of area of the section using a reduced

web thickness, ¢, which is given by:

¢ V.

T.Rd

where V74 is the applied shear force on a tee-section and Vrg. is the shear resistance
of the section. The effect of axial force on the moment resistance is then considered

through the linear equation:

NT.Sd )

MT.VN.Rd = MT.V,R:! (1-

T Rd

where Ny, is the applied axial force on a tee-section and Ny g, is the axial resistance

of the section. Referring to Figure 2.17, the Vierendeel moment resistance of the

concrete slab is given by:

: N N
Mgy =L+ X IN, o+ /’er..\'.{[] - y -
o/

where Ny g and Moy, are the forces transferred by the shear connectors {rom the

support to the LMY of the web opening and over the web opening. respectively. M, g .



is the axial resistance of the concrete slab. The Vierendeel resistance of the

perforated section is finally compared to the applied Vierendeel moment across the
web opening:

Mv,Rd 2 VSdao

Complete design procedures of the two methods can be found in the literature.

e
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Figure 2.4 Moment-shear interaction curves suggested by various design
methods for steel beams with web openings
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Figure 2.5 Stress distributions at plastic hinges when M/V ratio
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Figure 2.14 Moment-shear interaction curves suggested by various design
methods for composite beam with web openings
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Figure 2.16 Truss idealization for the slab at the composite perforated section

Figure 2.17 Equilibrium of forces in top composite perforated section
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CHAPTER 3

V-N-M INTERACTION FOR STEEL TEE-SECTION
AND PERFORATED SECTION ANALYSIS

3.1 General

As depicted in Figure 3.1, global actions acting at the perforated section of a
beam may be resolved into local axial force (tension and compression), shear force,
and bending moment, all of which acting simultaneously on the cross-sections at
both ends of the top and the bottom tee-sections. Thus, it is important to evaluate the
plastic moment resistances of tee-sections under the effect of co-existing axial and
shear forces in order to assess the Vierendeel resistance of a perforated section.
Section 3.2 presents the basic resistances of a tee-section against axial force, shear
force, and bending moment separately. Simple design formulas based on plastic
stress blocks are derived in Section 3.3 to allow for the effect of axial force on the
moment resistance of a tee~éection. Also, the beneficial effect of axial force on the
plastic moment resistance will also be discussed. Interaction curves generated by the
proposed design formulas are compared with those obtained by other empirical
formulas. Effect of shear on both the axial and the moment resistances of a tee-
section is considered in Section 3.4. In order to propose a design method for the
analysis of beams with web openings, the design formulas for tee-sections are
extended for analysis of perforated section in Section 3.5. Finally, results predicted
by the proposed design method are compared with those obtained from finite
element analyses and experimental investigations.
3.2 Basic Resistances of a Tee-section

While application of heavy concentrated load directly over a perforated section

ol a beam should be avoided whenever possible, uniformly distributed load is olten
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encountered in beams with web openings such that variation of applied shear force
occurs along the length of the web opening and so does the applied bending moment.
For simplicity, values of applied shear force and bending moment at the centerline of
the web opening are often used for analysis and design, leading to a constant value of
applied shear at both ends of the tee-sections above and below the web opening. The
applied shear force is assumed to be distributed equally between the top and the
bottomn tee-sections in tfle case of a concentric web opening. The axial force, arising
from global bending action, is assumed to act at the elastic or plastic centroid of the
tee-sections. Local bending moment is caused by the transfer of shear force between
the two ends of the tee-sections above and below the web opening. This is shown in
Figure 3.1, where “HMS” and “LMS” denote the high moment side and the low
moment side of the perforated section, respectively.
3.2.1 Axial resistance

A tee-section is shown in Figure 3.2a. The greatest possible axial force, or the
squash load, that the cross-section can resist occurs when it is fully yielded in tension
or compression, so that

Nyga = Nf.Rr! + N, g

where N p, =t,b,f and N ., =t.d [,

In case of pure axial force, it must be distributed over the tee-section in such a
way that no moment is created, as shown in Figure 3.2b. In other words, the axial
force resultant is considered eis being applied at a specific point on the tee-section
creating no moment. This point is referred to as the plastic axial centroid (PC), and
its distance from the top of the flange is designated as v,,., which is given as follows:
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The plastic axial centroid will coincide with the elastic centroid of the tee-
section if the yield strengths of both the flange and the web are the same.
3.2.2 Shear resistance
According to Eurocode 3, the ultimate shear resistance, Vr g4, of the tee-section
is limited to that contributed by the full depth of the web and a portion of the flange,
and is given by:
, :

rad =Vina tVra Equation 3.1

where V., =4, (%) and V., =4, (J\}_—;) are the shear resistances of the flange

and the web, respectively. The flange shear area, Ay, and the web shear area, 4,,,
defined in Eurocode 3 are 1,4 and d,1,,, respectively, if fillets are ignored. However,
in a parallel study by Chung, Liu, and Ko (to be published),_a finite element analysis
of the perforated section has consistently shown that the flange shear area is actually
larger than assumed conventionally. In the perforated section analysis, the upper and
lower tee-sections are separated and the shear stress distribution becomes
independent from each other. The centroid of shallow tee-sec-tions, where maximum
shear flow is found, may lie near to or even inside the flanges. The shear resistance
of the flange in a tee-section at failure is found to be larger than that of a
symmetrical [-section. The equivalent shear area contributed by the flange as
obtained from the calibration against the finite element results is

Ay =075, +¢ ),
This flange shear area is used instead of that given by Eurocode 3 throughout this
text.
3.2.3 Plastic moment resistance

The strength distribution of u tee-section under pure bending is depicted in
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Figure 3.2c, where “C” denotes compressive strength and “T” denotes tensile
strength. Under the principle of equilibrium, the compressive force is equal to the
tensile force and the dividing line is referred as the plastic neutral axis (PNA). The
distance of the PNA from the top of the flange is denoted as Ypo , Which is given as
follows:

Nw..Rd + Nf,Rd

()
2N s 4

Yoo =

The plastic moment resistance of the tee-section, Mt e may be evaluated by

taking moment of the forces about the PNA as follows:

2+(tf _ypo)z
!

Yy
MT.Rd = f,Rd'[ = 2

d .
1+ N, g [?' +t, —-y,] Equation 3.2
f .

Obviously, the plastic moment resistance can also be taken about any axis and
still gives the same answer. Thus, if moment is to be taken about the axis passing

through the PC, the expression of the plastic moment resistance is given by:

ypa)+(tf_ypa)(tf+ypc

d,
3 ' > _ypc)]+Nw.Rd[_2—_+tf—ypc]

Y go
M raa =N f.Rd [("IL)(J’ e
f

if the PNA is located within the flange. For hot rolled I beams with web openings of
practical sizes, the PNA of the tee-sections always falls within the flanges, and thus
only this case is considered.
3.3 Axial-Moment Interaction for Tee-section

It is well known that the presence of axial force to a symmetrical [-section will
have a penalty on its plastic moment resistance. However, for an asymmetrical tee-
section, the effect of axial force on its plastic moment resistance is not so clear as it
is related to the distribution of the axial force. the sense of axial force (tenston or

compression) and hending moment (sagging or hogging). and aiso the relative
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position of the axis to the centroid about which the moment is calculated. In the
following sections, formulas for the interaction of axial force and bending moment
are derived for a tee-section. Both axial force and bending moment are considered to
be positive if they produce compressive stress in the flange of a tee-section. The sign
convention is shown in Figure 3.3 for both the top and the bottom tee-sections above
and below a web opening and is used primarily for the plotting of the interaction
curves discussed in the néxt section.
3.3.1 Complete axial-moment interaction curve

A complete interaction curve for a tee-section subjects to different
combinations of bending moment and axial force is plotted in Figure 3.5. The curve
is explicitly calculated for a tee-section of the dimensions shown in Figure 3.4. Each
quadrant of the interaction curve contains an axial-moment interaction curve for each
individual tee cross-section at different locations of a perforated section and is
identified in Figure 3.5. For example, the interaction curve in Quadrant I is identified
as the top tee-section at the HMS of the perforated section. The axial force ratio, #,

and the bending moment ratio, m, are defined as follows:

NT.S(I M?‘.Sd
n=——-— and m=
/ T.Rd MT.Rd

where Nrsq and M5, are the axial force and the bending moment applied to a tee-
section, respectively. Nrgys and My g, are the axial and the moment resistances of the
ee-section, respectively. The stress blocks for # =1 and m = | are drawn next to the
rerforated section for the four tee cross-sections in Figure 3.5. In general, there is
1s0 a co-existing shear force acting at the centerline of the web opening, ¥y, and the

hear force ratio, v, is defined as follows:

Vi
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is also zero where Frsqs and Vg are the applied shear force and the shear resistance
of the tee-section, respectively. In subsequent discussions, references are frequently
made to the interaction curve shown in Figure 3.5, where Vg, and hence v are equal
to zero.
3.3.2 Top Tee-section at LMS: Quadrant IV

The top tee-sectiqn at the LMS of the perforated section is subjected to a
compressive axial force and a negative bending moment causing tensile stress in the
flange. The situation is depicted by the axial-moment interaction curve in Quadrant
IV in Figure 3.5. Consider a tee-section shown in Figure 3.6a, the moment resistance
of the tee-section under zero axial force is equal to its nominal value M7 g4, whiéh
corresponds to a point with the coordinates (0,-1) in the interaction curve. The
corresponding stress block is shown in Figure 3.6b. If a compressive axial force,
Nrsq, 1s applied to the tee-section, a stress block of depth ¢y, is thus introduced as:

_ NT.SJ
af——
2bffyf

as shown in Figure 3.6¢. The PNA will shift towards the top of the flange to maintain
equilibrium, and the result is a shifted PNA as shown in Figure 3.6d.

The application of the axial force, which is deviated from the plastic axial
centroid, causes a reduction in the plastic moment resistance and the modified

moment resistance, Mty rq, 1S given by:

M]'",N,Rd = MT.M - Nf.Sd ﬁf

where £ is the distance from the center of the axial stress block to the plastic axial
centroid. The modified moment resistance, My yrs, can also be found by using
Equation 3.2 based on the shifted PNA. It can be seen that a positive axial force

acting in addition 10 a ncgative hending moment always causcs a reduction in the
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moment resistance of the tee-section since the PNA shifts towards the top of the
flange. The reduction of the moment resistance due to the presence of axial force is
also shown by the interaction curve in Quadrant IV in Figure 3.5, where it can be
seen that the moment resistance reaches zero when the axial force ratio is unity. The
reduction in the plastic moment resistance is gradual and slow.

3.3.3 Top Tee-section at HMS: Quadrant I

The top tee-section at the HMS of the perforated section is subjected to a
positive axial force and a positive bending moment, and the axial-moment
interaction is represented by the Quadrant [ of the interaction curve in Figure 3.5. A
brief look at the interaction curve reveals that the effect of a positive axial force on a
tee-section subjected to a positive bending moment is somehow complicated as the
plastic moment resistance may be either increased or decreased, depending on the
magnitude of the axial force.

Consider a tee-section under a positive pure bending moment, the stress block
is shown in Figure 3.7b. This corresponds to a point with the coordinates of (0,1) on
the interaction curve. Suppose a positive axial force of magnitude Nrs, is applied to
the tee-section and assuming that Nrss is less than or equal to the residual
compressive strength of the flange, 2(1~1,0)b4,, then the shifted PNA of the section
will remain within the flange as shown in Figure 3.7d. The axial stress block can be
assumed to act at a distance of / (see Figure 3.7¢) from the plastic axial centroid as
discussed previously, but this time it induces a beneficial effect to the piastic
moment resistance as it is acting in the same sense of the moment resistance. Thus,
the modified moment resistance, My gy, is larger than the nominal value of My,
and is given by:

"1"’."\ oo =My Nf .\}Iaﬁf



a :
where N, g, =2a, f,  and Br=Yoe =¥, +—2i). However, if the axial force

continues to increase and exceeds the residual compressive strength of the flange, the
axial stress block will extend to the web, which shifts the PNA down to the web as
illustrated in Figures 3.8c and 3.8d. The axial force resisted by the web is then given
by:

Nos =Ny —Nf,Sd
where N g, =2(t, -y, )b +f,r- The depth of the axial stress block in the web is
" given by:

Nw.Sd
@&, =
thfw

The modified plastic moment resistance is given by:
My yga =My + N, wBr +N, b,

where £, is the distance between the center of the axial stress block in the web and
the plastic axial centroid. The plastic moment resistance will increase with an
increase in the axial force until a peak value is reached on the interaction curve in
Quadrant I in Figure 3.5. The peak value represents a specific stress block at which
the applied axial force is large enough to shift the PNA below the plastic axial
centroid, and hence further increase in the axial force will have a non-beneficial
effect on the moment resistance. The non-beneficial effect may be significant and
cause large reduction in the moment fésistance as shown by the steep slope of the
interaction curve when the axial force ratio is large. The moment resistance will drop

to zero eventually when the axial force is large enough to yield the entire section in

compression.
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3.3.4 Bottom Tee-section at LMS: Quadrant II

The bottom tee-section at the LMS of the perforated section is subjected to a
negative (tensile) axial force and a positive bending moment. The axial-moment
interaction is a duplication of that shown in Figures 3.6b to 3.6d, only with the stress
blocks and the forces being reversed in direction. The interaction curve for this tee-
section is shown in Quadrant II of the complete axial-moment interaction curve in
Figure 3.4. The moment resistance of the section always decreases gradually from its
full value to zero when axial force is applied. The procedures for the calculation of
the modified moment resistance are identical to those given in Section 3.3.2, hence
they are not repeated here.
3.3.5 Bottom Tee-section at HMS: Quadrant {IT

Quadrant III of the complete axial-moment interaction curve in Figure 3.5
shows the axial-moment interaction curve for the bottom tee-section at the HMS of
the perforated section. The section is subjected to both a negative (tensile) axial force
and a negative bending moment causing tensile stress in the flange. With the increase
of axial force, the moment resistance of the section is first increased gradually until a
peak value is reached. Then it decreases sharply to zero when the axial force ratio
reaches unity. This resembles the case of the top tee-section at the HMS of the
perforated section, as shown in Figures 3.7 and 3.8 with the stress blocks and the
forces being applied in the opposite direction. As a result, the procedures for the
calculation of the modified moment resistance are identical to those given in Section

3.3.3, and hence they are not repeated here.

It is interesting to note that for steel beams with concentric rectangular web
openings, the axial-moment interaction curves for the bottom tee-sections can be

obtained by rotating those of the top tee-scction about the origin by 180" Thus, the
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modified moment resistances for the bottom tee-section at the LMS and the HMS
under the effect of axial force are the same as those for the top tee-section at the
LMS and the HMS of the perforated section, respectively, and they need not be
calculated again. Similar axial-moment interaction curves are also commonly used in
designing reinforced concrete and composite columns. However, the sections are
often symmetrical in practice and thus, the interaction curves are very similar to the
interaction curve shown in Quadrant I of Figure 3.5, as concrete cannot resist
significant tensile force. In the presence of small axial force, the moment resistance
of a short column may be larger than its moment resistance under zero axial force
because the compressive force prevents concrete cracking, and thus makes the cross-
section of the short column more effective in resisting moments (Kong and Evans,
1987; MacGinley and Choo, 1990).
3.3.6 Comparisons of proposed interaction curves with other empirical formulas

Current design methods often use empirical interaction formulas with different
power indices to allow for axial-moment interaction. Linear and quadratic interaction
curves are drawn together with the proposed interaction curves in Figure 3.9 for the
tee-section shown in Figure 3.4. As iﬁdicated by the interaction curves obtained by
the proposed design formulas, there is always reduction in the plastic moment
resistance of the tee-sections at the LMS of the perforated section whenever an axial
force is presented. However, the movement of the PNA from the flange to the web in
the tee-section at the HMS of the perforated section renders an increase in the plastic
moment resistances; the increase can be as high as 20%.

As shown in the figure, the linear interaction curves are always below the
curves derived from the proposed design formulas, indicating that the linear

interaction curves are always conservative. However, the conservatism muay



considered to be acceptable.

Although the quadratic interaction curves have less conservatism than the
linear ones, they still ignore any beneficial effect of the axial force on the plastic
moment resistance of tee-sections and thus, they fall far below the curves derived
from the proposed design formulas in both Quadrants I and III. Meanwhile, the
quadratic interaction curves are @-consewative as shown in both Quadrants II and
V.

So far, no shear force is present yet, and the effect of shear force is considered
in the next section.

3.4 Shear-Axial-Moment Interaction for Tee-section

The interaction of shear force, axial force, and bending moment is very
complicated, and a general analytical solution for sections of arbitrary shapes has not
been obtained so far. Instead, it is more practical to obtain general and simple design
formulas for typical sections based on rational assumptions. To this end, the effect of
.shear force on a tee-section is allowed for through reduced bending strengths of both
the web and the flange based on von Mises’ yielding criterion. For a given tee-
section, the shear resistance is given by Equation 3.1. The applied shear force is
assumed to be distributed between the flange and the web according to their

respective shear resistances:

Vj’.Rd‘
” (=—)

V _ Vu'_Rri V
wst =Vl ) and Vo =V, ”

T.Rd T.Rd

where Vys; and V,, 54 are the shear forces resisted by the shear areas of the web and

the flange, respectively. Fryy is the applied shear force on the tee-section. Other

terms have been defined previously. The effect of shear stress is then taken into

account by reducing the bending strengths of the flange and the web through von



Mises’ yielding criterion as follows:

fw = fyz —3Z'wz and f‘!ﬂ = }fyz _37}'2

V
Ly S and fiyy are the reduced bending strengths of

Vde
where 7, =——and 7, =
A

v uf

the shear areas of the web and the flange, respectively. Since the bending strength of
a significant area of the flange is not reduced, an average reduced bending strength,

S5 1s calculated for the whole flange as follows:

=.fy(Af —Ayf)+fvflA|gf
4.

Ly

.
where 4 is the total area of the flange and A,y is the sheaf area of the flange. After
the reduced bending strengths of both the web and the flange are found, the basic

| axial and the moment resistances of a tee-section are then calculated. Finally, the
effect of axial force on the plastic moment resistance can be considered using the
proposed design formulas given in Section 3.3. The axial-moment interaction curves
for the tee-section shown in Figure 3.5 are plotted in Figure 3.10 for various shear
force ratios.

The shear force ratio, the axial force ratio and the momeﬁt ratio have been
defined previously. It is shown in Figure 3.10 that when the shear force is small, the
reduction in the plastic moment resistance is insignificant. However, when the shear
force ratio is large, say 0.8, the plastic moment resistance under zero axial force
reaches only about 70% of its nominal value. In general, the reduction in the axial
resistance is less severe for all values of shear force ratio as the shear area of the
flange is only a fraction of the total area of the flange. All interaction curves are

found to be of similar shapes.
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3.5 Perforated Section Analysis

The proposed design formulas presented in Sections 3.3 and 3.4 are primarily
for analysis of interaction of co-existing axial force, shéar force, and bending
moment occurring on individual tee-sections. By considering the four critical cross-
séctions at the top and the bottom tee section; in a perforated section under specific
combination of global shear force and moment, the proposed design formulas are
integrated to predict the resistances of the perforated section against shear and
flexural failures, and also Vierendeel mechanism. Comparisons are also made with
results obtained from finite element analyées and experimental investigations.
3.5.1 Extension of proposed design formulas for perforated sections

The global and the local actions in a perforated section are illustrated in Figure
3.1. Based on equilibrium of the HMS of the perforated section, the global moment
at the centerline of the web opening may be expressed as:

Va

2

o

Mg = Np gy + My + My, o, —

where z is the lever arm between the axial forces acting on the top and the bottom
tee-sections. Similarly, considering the equilibrium of the LMS of the perforated

section, the global moment may also be expressed as:

Vaa,

Mg =2zNpgy ~M, ¢, - My g + 5

For concentric web opeqing, the local bending moments My, s; and My sq are
the same as My, ss and M), 54, respectively. By summing the above two equations and
eliminating Mjy, sy and My, s in terms of M, ¢ and M, 54, the moment becomes:

+ M -M

My =N, e et oS5

For any given global bending moment, the axial force acting on the top and the

bottom tee-sections may be found alier manipulation on the above equation as

3-13



follows:

My -M,,-M
N, g =—"2 ( "’z'“w o) Equation 3.3

The axial force is used to obtain the modified moment resistances of the top
tee-sections through the proposed design formulas presented in Sections 3.3 and 3.4.
Vierendeel failure is then checked by cdnsidering the equilibrium of the top tee-
section as follows:

Myy+M,q =V, ,a, Equation 3.4

Ve o g . :
where V, o, = TS"' - Since the axial force calculated using Equation 3.3 also depends

on the magnitudes of the moment resistances of the top tee-sections, an iteration
process is required until both Equations 3.3 and 3.4 are satisfied. A detailed design
procedure for steel beams with web openings is presented in Chapter 6.
3.5.2 Finite element analysis results

A finite element model was set up by Liu, Chung, and Ko (2001) to investigate
the global moment-shear (M-V), interaction at the perforated sections of four
universal steel beams. The beam sizes used are:
. SeriesI:  UB457x152x52 and UB457x152x82,
. Series [I:  UB610x229x101 and UB610x229x140

All beams are of grade S275 and have yield strengths of 275 N/mm?. The two
series are chosen to cover a range of steel beams used in practice. Two different
section sizes in each series are used for the illustration of the effect of flange
thickness on the shear resistance of the perforated section. Rectangular web openings
with an aspect ratio of two, and square web openings are investigated. The openings
have a height equal to either 50% or 75% depth of the beam. Refer to the reference

paper for details of the modeling. The (M-V), interaction curves based on finite
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element results have been plotted in Figures 3.11a to 3.11d for each beam section
using resistances of the perforated sections with respective opening shapes and sizes.
In the figures, the shear force ratio, v, and the moment ratio, m, are defined as:

V. M
d
po S m= s
Vo.Rd Mo.Rd

where Vgs and Mg are the glob.al applied shear force and the applied bending
moment at the centerline of the web opening, respectively. ¥, zs and M, gq are the
shear and the moment resistances of the perforated section, respectively.

A comparison of Figures 3.11a to 3.11d reveals that all steel beams have
interaction curves of similar shapes. This suggests that the use of the new flange
shear area has taken into account the effect of the flange thickness on the shear
resistances of the perforated sections.

3.5.3 Comparisons of the proposed design method with finite element analysis

The (M-V), interaction curves for the beam sections of Series I from finite
element analyses are re-plotted in both Figures 3.12 and 3.13 together with the
results predicted by the proposed design method for perforated sections. The results
from the current SCI design method for beams with web openings (Lawson, 1987)
are also included for comparison. In addition, two different variations for the
calculation of shear area, 4., of the flange are used with the proposed design method
to illustrate the relative contribution of shear resistance of the flange. These
variations are:

a)  VarationI: 4, =1 ¢ from Eurocode 3 and

by  Variation II: 4, =(0.75¢, + )¢, from Chung, Liu, and Ko (to be published)

In gencral. the current SCI destgn mcethod always gives the most conservative
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results, except for very low moment ratios. Moreover, since the SCI method assumes
there is no reduction in the moment resistance when the shear force ratio is less than
0.5 according to BS5950, there is a sudden drop in the moment resistance when the
shear force ratio is equal to 0.5. This is shown as a “horizontal slope” on the SCI
curve in both Figures 3.12a and 3.13a. However, no sudden drop in those SCI curves
in other figures is found since the shear force ratios of the perforated sections do not
.exceed 0.5.

The different variations of the proposed design method for perforated sections
produce results that lie between the SCI curve and the FEM curve. Variation I
‘always predicts shear resistances less than thbse by Variation II as a smaller shear
area in the flange is assumed. The difference is apparent when the shear force ratio is
large as shown in Figures 3.12a and 3.13a. However, the difference becomes
negligible when the shear force ratio is small as shown in the case of small square
openings and rectangular openings as depicted in Figures 3.12b,c,d and 3.13b,c,d.
All design methods are generally conservative when compared with the FEM results
as the interactions curves are below the FEM curves.
3.5.4 Comparisons with the proposed design method with experimental results

The established database contains twenty-two test data of steel beams with
concentric rectangular web openings. However, among the twenty-two test data,
only fourteen of them with compact steel sections can be used directly to verify the
validity of the proposed design method. The remaining eight test beams failed in
modes associated with instability and are thus not included for calibration.

The depths of the selected test beams range from 206mm to 454mm and the
span/depth ratios range from 4.6 to 12.5. All of them are loaded with concentrated

loads at specific locations along the spans to give particular M/V ratios at the

3-16



perforated sections. The sizes of the openiﬁgs range from 45% to 63% depth of the
test beams. During the calibration exercise, measured dimensions and properties of
the test beams are used and all material partial safety factors of the proposed design
method are set to unity.

In order to illustrate the improvement of the proposed design method over the
current SCI design method, both o.f them are used in the calibration of the test data
and the results are compared. Table 3.1 presents the results from calibrations of the
selected test data with the two design methods, together with other information for
the test beams. Items in the columns of the table are self-explanatory, except that a
few of them deserve more attention and they are described below.

There are six sub-columns under the main column of the results predicted by
each design method. The first four sub-columns (m, v, mv, and FM)} indicate whether
a test beam fail in flexural, shear, or Vierendeel mode, as predicted by the design
method. For example, both design methods indicate that the Test Beam RM11H has
a moment utilization ratio (m) of 1.0, thus both of the methods predict that the beam
fails in a flexural mode (F) as indicated in the “FM"’ sub-column.

A model factor for load capacity is calculated for each test beam for both
design methods. The model factor is considered as a measure on the adequacy of a
design method against a specific type of failure mode, and it is defined as:

Capacity measured from tests
Predicted capacity

Model factor, =

An improvement is achieved whenever the proposed design method predicts a
model factor that is closer to unity than that predicted by the SCI design method.
From Table 3.1, it can be seen that the mlode[ factors predicted by the proposéd
design method range from 1.01 to 1.49 with an average of 1.18 for model factors that

are above unity, while those predicted hy the SCT design method range from 1.03 to

-
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1.59 with an average of 1.29 for model factors that are above unity. It is thus

observed that the proposed design method can produce more consistent results and

an average improverment of about 8% can be achieved when compared with the SCI

design method. The proposed design method is shown to be effective with high

structural adequacy and economy.

3.6 Conclusions

Based on the study of the tee-sections and the ﬁérforated section of steel beams

with rectangular web openings, the following conclusions can be made.

1)

2)

Design formulas for the axial resistance, the shear resistance, and the nominal
plastic moment resistance of a tee-section are derived in accordance with basic
structural design principles and plastic stress blocks. A modified formula is
used to evaluate the flange shear area in order to incorporate the effect of the
flange thickness. The axial forces arising from global bending action are
assumed to act at the plastic axial centroid of the tee-section.

Simple design formulas for tee-sections based on plastic stress block are also
derived analytically to allow for interaction of axial force and bending
moment. It i1s found that the plastic moment resistance of a tee-section can
either be increased or decreased, depending on the signs and the magnitudes of
both the moment and the axial force acting on the tee-section. The moment
resistances of the tee-sections at the LMS are always reduced while those of
the tee-sections at the HMS are increased under low axial force, but both of
them are decreased under high axial force. In general, the current empirical
interaction formulas with different power indices are conservative as they do
not account for the possibility of any increase in the moment resistance of the

tee-section n the presence of low axial force



3)

4)

5)

The shear effect on the plastic moment resistance of a tee-section is allowed
for through the reduction of the bending strengths of both the web and the
flange based on von Mises’ yielding criterion. A complete axial-moment
interaction curve for a tee-section under different values of shear force is also
developed. It is found that low shear force often has a smaller effect on the
plastic moment resistance of a tee-section than the axial force. However, a high
shear force can cause significant reduction in the plastic moment resistance
even when the co-existing axial force is low. A high axial force can cause
stgnificant reduction in the plastic moment resistance for all values of applied
shear force.

In order to assess the load capacities of steel beams with web openings, the
design formulas for tee-section analysis are extended for analysis of perforated
section by considering the equilibrium of forces around the perforated section.
The proposed design method is used to generate moment-shear interaction
curves for a number of steel beams with rectangular web openings, which are
compared with those obtained from finite element analyses. The results
indicate that the proposed design method is accurate and conservative.

Fourteen test data of steel beams with rectangular web openings are selected
from the established database for the calibration of the proposed design
method. Model factors predicted by both the proposed design method and the
current SCI design method are compared. It is confirmed that the proposed
design method is more accurate than the current SCI design method for design
of steel beams with rectangular web openings and an average improvement of

about 8% on the model factors is achieved.
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CHAPTER 4

DESIGN OF STEEL BEAMS WITH
CIRCULAR WEB OPENINGS

4.1 General

The proposed design method presented in Chapter 3 is developed for steel
beams with rectangular web openings and thus, it is not applicable for beams with
circular web openings. It is considered that the use of a transformation expression is
effective to design beams with circular web openings using design methods
developed specifically for beams with rectangular web openings. Conventionally, the
circular web opening is converted into a rectangular web opening with
predetermined transformation parameters for both opening length and height. This
procedure and an alternate transformation expression to convert the circular opening
into an equivalent octagonal web opening are incorporated in the current SCI design
method to investigate the structural behavior of steel beams with circular web
openings. The results al;e compared with those from a finite element study and the
findings are presented in a publication (Ko and Chung; 2000). It is shown that the
accuracy of the current SCI design method is improved when the equivalent
octagonal web opening is used in designing steel beams with circular web openings.
This implies that specific transformation expressions should be used for different
design methods. For this reason, it is necessary to re-formulate the transformation
expression for the proposed design method when designing steel beams with circular
web openings. In this chapter, different transformation expressions for equivalent
octagonal web openings are investigated. After comparison among themselves, the
best transformation expression is selected for use with the proposed design method

to generate moment-shear (M-V), interaction curves to compare with those obtained
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from finite element analysis and other design methods. The proposed design method
has also been calibrated with test data to establish its validity.
4.2 Finite Element Modeling

In order to simulate the structufal behavior of steel beams with circular web
openings, a ﬁnite- element model was established with both material and geometrical
non-linearity incorporateq. The finite element model is calibrated against the test
data of two steel I beams with single circular web openings, reported by Redwood
and McCutcheon (1968). It is shown that both the moment resistances of the
perforated sections and the deformation characteristics of the beams are modeled
satisfactorily. A parametric study is then performed to assess the structural
performance of simply supported steel beams with circular web openings of different
sizes at different locations along the beams. The finite element model shown in
Figure 4.1 is used to generate the moment-shear (M-V), interaction curves of the
perfora’ted sections for these beams. By varying the position of the opening along the
beam span, a non-dimensional interaction curve, namely, Curve FEM, relating the
shear force ratio, v, and the moment ratio, m, was obtained. The shear force ratio and
the moment ratio are defined previously in Chapter 3. Figures 4.2a to 4.2d present
the (M-V), interaction curves for four beams of different sections, and the beam
sizes used are:
. Series I:  UB457x152x52 and UB457x152x82,
o Series [I:  UB610x229x101 and UB610x229x140

All beams are of grade S275 steel and they have yield strengths of 275 N/mm®.
The two series are chosen to cover a range of steel beams used in practice. The two
different beam sizes used in each series are for the illustration of the effect of Mange

thickness on the shear resistance of the perforated section. For cach steel beam, two



FEM curves for a web opening of diameter d, equals to both 0.54 and 0.75h are
plotted together in the same graph for direct comparison. It is shown that in all cases
both curves are highly non-linear, and they are very close to each other in shape,
despite the significant difference in the opening sizes. The Vierendeel action is less
severe in beams with circular web opening when compared with beams with
rectangular web openings.

The basic moment and shear resistances of the perforated section are given by:

A) Moment resistance:

M, g =W, 2Mg, Equation 6.1
doztw
Wo.pl = Wp[ - 4

where

Wy 1s the plastic modulus of the un-perforated section,
t»  1s the web thickness,
d,  isthe diameter of the opening, and

Jy  1sthe design yield strength of the steel beam

B) Shear resistance:

Vora = oA 2V, Equation 6.2

AVO = Al’ - datll'

where

/e

Jv  is the shear strength of the steel, which is taken as —=

Y3y,

A, is the shear area of the un-perforated section, and
4.3 Equivalent Web Openings |
4.3.1 Different rrtm.sfomnatiof.! expressions
In order to achieve a simple and yet accurate prediction of the load capacity of

steel beams with circular web openings, {our scts ol transtormation cxXpressions arc
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investigated and the best is selected for use with the proposed design method
developed in Chapter 3. The first three sets of transformation expressions require the
transformation of the circular web opening into equivalent octagonal web opening,
as shown in Figure 4.3. Figure 4.3b illustrates Transformation Expression-1 (TE-1)
in which the transformed octagonal web opening circumscribes the circular web
opening. The transformed octagonal-web opening has a length of @, and a depth of

ho, which are given as follows:

1) TE-1: a,=/f,d, where g, = tan% and

h, = f,a, where g, =1++2
This expression is simple because it only involves one simple transformation
parameter for the equivalent opening length.
In Figure 4.3c, the transformed equivalent octagonal web opening has the same
area as the circular web opening. This is referred as Transformation Expression-2
(TE-2). The transformed octagonal web opening has a length of a, and a depth of 4,,

which are given as follows:
2) TE-2 a, = fB.d, where 3, = %tan(-g) and

h, = f,a, where 5, =142
Finally, the Transformation Expression-3 .(TE-3) is 1llustrated in Figure 4.3d
where the transfonﬁed octagonal web opening is inscribed by the circular web
opening. The transformed octagonal web opening has a length of @, and a depth of

d,, which are given as follows:

7 " Z_7 —_— Al h) —_— ‘. ’T ‘
3) TE-3 a, =fMd, where £ =sin— and
L
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h, = f,a, where §, = 1+v2

The transformation parameters 4, and 4 for the above three sets of
transformation expressions are obtained readily from the relations between the
geometries of the circle and the octagons. The traditional equivalent rectangular web
opening is also included for investigation and it is designated as Transformation
Expression-4 {TE-4). As shown in Figure 4.3e, this procedure requires transforming
the circular web opening into a rectangular web opening and the equivalent length,
a,, and equivalent height, 4, are given by:
4) TE-4 a, = f#,d, where g, =045 and

h, = f,a, where g, =2

All of the transformation expressions are used with the proposed design
method for a parametric study on steel beams with circular web openings reported in
the next section.
4.3.2 Comparison of proposed design method with FEM results

Different transformation expressions are used in the proposed design method
to generate moment-shear (M-V), interaction curves for four steel beams with
circular web openings so that the results can be compared directly with those of the
finite element study. Since the FEM results for beams in Series [ and II are simitar-to
each other, only the results of Series I are presented here and they are shown in_r
Figures 4.4a to 4.4b for UB457x152x52 and Figures 4.5a to 4.5b for
UB457x152x82.

It is convenient to compare the results according to the opening sizes used. For
beams with small web openings, the proposed design method E:an predict results that
are either conservative or un-conservative with respect to the FEM results when

different ransformation expressions are uscd. As illustrated in Figures 4.4a and 4.5a.

4.3



the use of both TE-1 and TE-2 generally gives conservative results while the use of
TE-3 and TE-4 produces the opposite. Since the Vierendeel effect is not significant
in steel beams with small web openings, the results predicted by the various
transformation expressions are within + 10% when compared to the FEM results.

However, for larger web openings, the variation of the results 1s more
widespread, which can bg seen in Figures 4.4b and 4.5b. In this case, all curves are
below the FEM. curves, indicating that all the transformation expressions are
conservative for steel beams with large circular web openings. Among all the
transformation expressions, it is shown that TE-1 predicts results that are
significantly lower than those FEM resuits because of the longer equivalent opening
length. For large web opening, it seems that TE-3 is thq most desirable.
4.3.3 Final proposed transformation expression

In the previous comparison with FEM résults, it is shown that TE-1 is more
suitable for small circular web openings while TE-3 is the best for lafge circular web
opening. As a result, it is not possible to use just one particular transformation
expression for all opening sizes. It is thus proposed .to use interpolated
transformation parameters between TE-1 and TE-3 for opening sizes ranging from
50% to 75% depth of the steel beam. The final proposed transformation expression
uses the equivalent circumscribed octagon as a basis and the equivalent opening
length and height diminish in values when the circular opening becomes larger as

follows:

au = lﬁn du ? ha = /ghaa

7z d -
where £, =tan g + 4((}—" —{1L.5)(sin g —tan g) and g, =1+ J2.
I

4-0



4.4 Comparisons of Various Design Methods with Finite Element Results
4.4.1 General
The proposed transformation expression is used in conjunction with the
proposed design method to generate moment-shear interaction curves for comparison
with those obtained from FEM and other existing design methods for design and
analysis of steel beams with circular web openings as follows:
1.- Design formulas for steel beams with single circular web opening from the
Annex N of_ Eurocode 3
2. The proposed design method using equivalent octagonal web opening based on
the proposed transformﬁtion expression
3. The current SCI design method using traditional equivalent rectangular web
opening using the new flange shear area
Again, since the FEM results for beams in Series I and II are similar to each
other, only the results of Series I are presented here and they are shown in Figures
4.6a to 4.6b for UB457x152x52 and Figures 4.7a to 4.7b for UB457x152x82.
4.4.2 Results for beams with small web openings
From Figures 4.6a and 4.7a, it is shown that all design methods generally
predict conservative results when compared to those obtained from FEM for small
web op;enings. Results from the proposed desigﬁ method and the SCI method are
similar to each other. However, the SCI curves always héve a “horizontal slope” at
some particular shear force ratios due to the way in which the SCI method allows for
the effect of shear force. In general, the SCI curves match closer to th:e FEM curves
at high moment and shear force ratios while the proposed design method is more
accurate at medium moment and shear force ratios. The Annex N design method is

generally the least accurate ot all,
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4.4.3 Results for beams with large web openings

The shear resistances predicted by various design methods are reduced
differently when the web opening increases in size. Among the design methods, the
results from Annex N of Eurocode 3 are the most conservative. For large web
openings, the proposed design method seems to outrank the SCI method for all
moment and shear force ratios as it matches closer to the FEM results. This is
probably due to the fact that the proposed design method has adopted the proposed
transformation expression of equivalent octagonal web openings.

4.5 Calibration of Proposed Design Method with Test Data

A total number of nine tests with compact steel section are selected from the
established database to compare the accuracy of the proposed design method in
conjunction with the proposed transformation expression. All of the selected test
beams have small circular web openings when compared with the beam depth.
Various M/V ratios are covered.

Utilization ratios for moment, shear, and Vierendeel moment resistances,
failure modes, load capacities, and model factors for each of the test beams predicted
by the proposed design method are presented in Table 4.1. The results obtained from
the current SCI design method using conventional equivalent rectangular web
opening are also included for direct comparison.

An improvement is achieved whenever the proposed design method predicts a
model factor that is closer to unity than that predicted by the SCI design method.
From Table 4.1, it can be seen that the model factors predicted by the proposed
design method range from .93 to 1.24, while those predicted by the SCI design
method range from 0.93 to 1.39. The number of model factors that are less than unity

has increased from two 1o five as predicted by the proposed design method.
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indicating that the method is slightly un-conservative. However, the averages of the

model factors that are above unity are 1.09 and 1.12 as predicted by the proposed

method and the SCI method, respectively. Similarly, the averages of the model

factors that are below unity are 0.95 and 0.93 as predicted by the proposed method

and the SCI method, respectively. Thus, both the averages above and below unity

have shown that the proposed design method is slightly more accurate than the SCI

method.

4.6

1)

Conclusions

Based on the study of steel beams with circular web openings, the following
conclustons are made:

Specific transformation expression is required for different design methods in
designing beams with circular web openings. Transformation expressions
using equivalent octagonal web openings of various criteria are incorporated in
the proposed design method to generate moment-shear interaction curves for a
number of steel beams with circular web openings, and the results are
compared with those obtained from a finite element study. It is found that the
transformation expression using equivalent circumscribed octagon is the most
suitable for small circular web openings, while the transformation expression
using equivalent inscribed octagon is the most suitable for medium to large
circular web openings. As a result, a transformation expression utilizing
interpolated transformation parameters between these two expressions is
proposed for circular web openings of all sizes.

The proposed design method using the proposed transformation expression and
two other design methods are used to generate moment-shear interaction

curves for a number ol steel beams with circular web openings, and the results



3)

are compared with those obtained from a finite element study. It is found that
the proposed design method is at least as accurate as the current SCI design
method for small circular web openings. It is the most accuréte among all -
design methods 'for large circular web openings.

Nine test data of steel beams with circular web openings are selected from the
established database for the c.alibration of the proposed design method. Model
factors predicteci by both the proposed design method and the current SCI
design method are compared. In general, the proposed design method predicts
higher load capacities than the SCI design method and shows a slight

improvement of about 2% on average on the model factors. The diameters of

- all the circular web openings are considered to be small.
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Figure 4.1 Finite element model for a steel beam with circular web opening
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CHAPTER S

V-N-M INTERACTION FOR COMPOSITE TEE-SECTION
AND PREFORATED SECTION ANAYSIS

5.1 General

Composite beams with web openings are widely used in floor construction,
and concrete slabs increase both the shear and the moment resistances of the beams
tremendously. For composite beams with rectangular web openings, the Vierendeel
failure is often critical with the formation of plastic “hinges” near the comers of the
web openings as shown in Figure 5.1. The hinges take place at two steel tee cross-
sections below the web opening and two composite tee cross-sections above the web
opening. The moment resistances of the steel tee-sections under the effect of co-
existing shear force and axial force can be evaluated using the method presented in
Chapter 3. The analysis of the composite tee-sections is more complicated since
shear connection between the concrete slab and the steel tee-sect_ion have to be
considered. Moreover, the composite tee-sections at the LMS and the HMS have to
be constdered separately because of different stress blocks presented under both
global and local bending a.ctions. The nomin.al resistances of the composite tee-
sections are discussed first in Secti‘on 52 Then the interaction of axial force and
bending moment is considered in Sections 5.3 and 5.4 for composite tee cross-
sections at the HMS and the LMS of the perforated section, respectively. The
proposed design formulas are then extended to incorporate the design of perforated
section after calibration with test data in Section 5.6.

5.2 Nominal Resistances of Composite Tee-sections

In this section, formulas for the shear resistances, the moment resistances and

the plastic axial centroids of the composite tee-sections are present. The effect of
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shear force on composite tee-section is also discussed and presented in details.
3.2.1 Shear resistances of composite tee-section

Experiments indicate that the concrete slab contributes significantly to the
shear resistance of a composite beam with web openings. Eurocode 2 provides
design rules to calculate the shear resistance of reinforced concrete beams and slabs
and they are convenient for use in composite beams with web openings after suitable
modifications.

The shear resistance of a composite tee-section is contributed both by the steel
tee-sections and the concrete slab. For rational design, the concrete slab is assumed
to take up a portion of the applied shear force up to its shear resistance according to
Eurocode 2, and any remaining shear force is then distributed to the top and the
bottom steel tee-sections. The steel tee-section is assumed to resist the applied shear
force through a portion of its flange and the full depth of its web, i.e. the shear areas
of the flange and the web. The design rules have been discussed in Section 3.2.2 and
they are not repeated here.

5.2.2 Moment resistance of composite tee-section at HMS

Under pure bending, the nominal plastic neutral axis (PNA) of the composite
tee-section at the HMS of the perforated section may locate within the concrete slab,
the steel flange, or the steel web, depending on the relative axial resistances of the
steel tee-section, the concrete slab, and also the degree of shear connection. The
stress blocks of all three cases are illustrated in Figure 5.2. In the figure, “C” denotes
compressive strength while “T” denotes tensile strength. It is important to note that
compressive force in the concrete is assumed to act al the top of the concrete slab as
observed from experiments while the tensile strength of the concrete is neglected.

The axial resistances of the three components of the composite tee-section are given

N
1
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as follows:

I.  Concrete slab:N_,, =0.85b,d,f,, where fy is the compressive cylinder

strength of the concrete, b, is the effective width of the concrete slab, and d, is
the effective concrete depth.

2. Steel tee-section: N, , oy =N,y + N,y gy Where N, o, =dt f., and

Nf.V,Rd = tfbff»f :
3. Shear connectors: N, ., = n, P, , where ny is the number of shear connectors

from the nearest support to the HMS of the perforated section and Pgy is the

design strength of a shear connector according to Eurocode 4.

If the resistance of the shear connectors is larger than the resistances of both
the concrete slab and the steel tee-section, that is, Ny, 4 ts larger than either N, zs or
Na v ra, then the composite tee-section has full shear connection. In general, the depth
of the ompressive strength block in the concrete is given by:

N, d
a= Rd ™" e

= Equation 5.1
Nc. Rd

where N,, = Minimum (Nn.V.Rd N ot s NV ra)

The nominal PNA locates within the concrete slab as shown in Figure 5.2b if
Nc.ra 15 larger than N, y zq, and the position of the PNA, y,,, is always smaller than A,.
For convenience of subsequent calculations, the nominal PNA is assumed to be
located at the top of the steel flange. Suppose that N, y gy is larger than N, z; and the
PNA locates within the steel flange, which is illustrated in Figure 5.2¢. The depth of
the portion of the flange under tension is given as follows:

Nf.l’.ﬂd + NRd - Nn-.r-'.rm
2h, f,

Yu =

and the position of the PNA is given by:

A
'
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Y po =hr +tf —Yu
In the rare case where the nominal PNA locates within the web, the depth of

the portion of the web under compression is given by:

Nw,V.Rd - NRd - Nf,V..Rd
2twfvw

Yy =

and the position of the PNA is given as follows:
Voo = h +t TV

The plastic moment resistance, Mry, v rq, of the composite tee-section may be
found by summing up the moments of all the resistances of both the concrete slab
and the steel tee-section about the bottom of the steel flange. Explicit formulas are
given in Chapter 6. However, if there is only partial shear connection, that is, Ng; =
N ra, then the full compressive strength of the concrete is not attainable and the
possible stress blocks are shown in Figure 5.2¢ and 5.2d. The depth of the
compressive stress block in thg concrete slab may be found by using Equation 5.1. In
general, this equation is valid for composite tee-sections with both full and partiat
shear connections.
5.2.3 Moment resistance of composite tee-section at LMS

Whenever a composite beam with a perforated steel section is subjected to
both moment and shear, tensile cracks always form at the top of the concrete slab at
the LMS of the perforated section at failure, and at the same time the lower part of
the concrete slab is under compression. When global bending moment is increased,
the axial force acting on the composite tee-section also increases, causing the cracks
to close up, and hence larger compressive resistance may be developed in the
concrete slab. Thus, it 1s reasonable to consider that under pure shear, the moment

resistance of the composite tee-section at thc LMS assumes the stress block as



illustrated in Figure 5.3, depending on the relative axial resistances of the concrete
slab, the steel tee-section, aiid also the degree of shear connection.

The axial resistances of the concrete slab and the steel tee-section are defined
in Section 5.2.2 while the resistance of the shear connectors is given by:

Nz =1, Py
where n; is the number‘of shear connectors from the LMS of the perforated section
to the nearest support.

The types of stress block for the composite tee-section at the LMS are similar
to those for the cross-section at the HMS except that the resistance of shear
connectors is smaller, i.e. the PNA may locaté within the concrete stab, the flange, or
the web in the case of full shear connection while it may only locate within the
flange or the web in the case of partial shear connection. The stress blocks shown in
Figure 5.3 are valid for composite tee-section with both full and partial shear
connections,

The nominal moment resistance, Mr v zs, of the cross-section can be found by
summing up the moments of each of the resistances of the concrete slab and the tee-
section about the bottom of the flange. All relevant strength quantities are defined in
Section 5.2.2, and explicit formulas are given in Chapter 6.

5.2.4 Plastic axial centroids of the composite tee-sections

The plastic axial centroid (PC) of a composite tee-section is a point at which
the resultant axial force is assumed to pass through such that both the concrete slab
and the steel tee-section are fully yielded without creating any moment under axial
force. With reference to Figure 5.4, the PCs of the composite tee-sections at both the
LMS‘ and the HMS are different because of the differcnt stress blocks assumed. The

concrete compressive force is assumed to act at the top and the bottom parts of the
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concrete siab at the HMS and the LMS, respectively. The position of the plastic axial

* centroid, ypeq, from the top of the concrete slab at the LMS is given by:

a t d
Npa(d, - 5) + Ny ok ("ér" +h)+ Nyl +1,+ ?])

Vpet = Nog +Npypg Ny p
where
Nra is the minimum of Ny gg and N gy
N rd is the resistance of shear connectors at the point under consideration
Nera is the compressive strength of the concrete slab
Novrd 1s the axial resistance of the steel tee-section

The position of the plastic axial centroid, yps, from the top of the concrete slab

at the HMS is given by:

@ t d
NRd (5)+NI.V.R¢£ (‘é“*‘hr)-!- N'v,V.Rd (hl' +tf +7l)

ypcr.!r =
NRd + Nf.V.Rd + NW,V.R(I'

The PC is a point of significant importance since any effect of axial force on
the moment resistance of the composite tee-section is derived with reference to this
point. |
5.2.5 Effect of shear force on composite tee-sections

Shear force is assumed to affect both the axial and the moment resistances of
composite tee-section and the effect of shear is taken into account by reducing the
bending strengths of both the flange and the web of the steel tee-sections through
von Mises’ yielding criterion. It is assumed that only the steel tee-sections are
affected and the design rules are presented in Section 3.4. Similarly, both the axial
and the moment resistances of the composite tee-sections are calculated using the
reduced bending strengths of the flange and the web in (he presence of high shear

lorce. For convenience, all the formulas used in the previous seetions and also the

5.6



following sections are presented with the effect of shear force being considered.
5.3 Modified Moment Resistances of Composite Tee-section at HMS under
Axial Force
When the axial force arising from global bending action 1s applied to the
composite tee-section at the HMS, its plastic moment resistance is modified. The
modification depends on the positic;n of the nominal PNA, the magnitude of the axial
force, and also the degree of shear connection in the composite tee-section.
5.3.1 Full shear connectian. and nominal PNA in concre;e.
Figure 5.5 shows a composite tee-section together with its stress block when
the nominal plastic neutral axial (PNA) locates within the concrete slab. A number of
cases for different stress blocks are considered as follows.

Case 1) Shifted PNA in concrete

Assume an axial force, Nrsq, 1s applied to the section and that the residual
strength of the concrete, smaller of N, gy and Ny g minus N, y zq, is large enough to
resist the applied force, then the stress block of the axial force in the concrete is
given by:

oo N
0.85b, f,,

This axial force is acting along the direction of the positive bending momenf
resistance with a lever arm, /4., measured from the plastic axial centroid (PC). So it
has a beneficial effect and the moment resistance of the composite tee-section is
increased. The modified moment resistance, My, vy za, 1S given by:

M ronwwrd = Muppe g N r..\'.fﬁ.—

-(a+ QT') and N.»,.\'.f = N'I',.\}I :

\'Vherc Ib’: = ."pr'l.ﬁ



Case 2) Shifted PNA in steel web

If the magnitude of the axial force is larger than the residual strength of the
concrete, then the shifted PNA may locate within either the flange or the web.
Suppose the axial force is large enough to cause the PNA to locate within the web as
shown in Figure 5.5d. The stress block has shown that the residual compressive
strength of thé .concrete and the yieid strength of the flange are reached such that a
portion of the web is in compression while the remaining portion is in tension. As
the stress blocks in the flange and the web due to the ax‘iall force are below the PC,
the effect due to these two forces are non-beneficial. The magnitudes of the forces
are given by:

Ness =MIN(N 3gsNoppa) = Noypar Nysa =22,6, 10 Nog =2a,,f o

[+

Nr.s«' - Nr:.Sd‘ - Nf.Sd
2t f .

. The modified moment resistance of

where a, =t, and o, =

the composite tee-section is thus given by:

Mopnwzg =Mppwra ¥ NesaPo + Nf.&fﬂf + N, B Equation 5.2

a 2,
where ﬂj- =Y pci "(ypo+7f) and 5, = Yo _(ypo ta,t 2 ).

Case 3) Shifted PNA in steel flange

However, if the applied axial force is only large enough to shift the PNA to the
flange, then all quantities related to the web will vanish. The depth of the stress
block in the flange 1s given by:

Niyso =N
o, = ——
25,7,

where N, = MIN(N, 0y N2} =N, g The modified moment resistance,

M pvx e 1S glven by:



Mg =Mpyy ze + NeghB. + Nf.saﬂf

a (74
where ﬂf =Y petn _(a'+-?") and ﬁf =Y peth _(ypo +7f)

5.3.2 Full shear connection and nominal PNA in flange or web

In the rare case in which the axial resistance of the concrete slab is less than
both the resistances of the shear cbnnectors and the steel tee-section, the nominal
PNA locates within éither the flange or the web as shown in Figures 5.6 and 5.7,
respectively.
Case 1) Nominal PNA in steel flange and shifted PNA in steel web

When the axial force is applied to the section, the PNA shifts towards the
bottom of the web of the steel tee-section. Since the concrete slab is not able to take
any applied axial force, the axial force is distributed to the steel flange first and is
then resisted by the steel web after the flange is fully yielded in compression if the
nominal PNA is in the steel flange. This is shown in F igure 5.6¢ and 5.6d. Since the
beneficial effect from the concrete stress block does not exist, there i1s always a
reduction in the moment resistance due to the applied force resisted By both the
flange and the web. The modified moment resistance, M7y vw zg, may be calculated
using Equation 5.2, with the second term on the‘ right hand side of the equation set to
zero. Thus,

M pyvwre = My aa + Nf.Srfﬂf +N b,
The depth of the stress block in the flange in this case is given by:
Ay =Yy

where vy is defined previously in Section 5.2.2.
Case 2) Nominal PNA in steel flunge and shified PNA in steel flunge

I the nominal PNA s located within the steel Hange and # the applied axial



force is not large enough to shift the PNA to be located in the web, then the PNA
may remain in the flange. In this case, the modified moment resistance, M, vv.zd
may be calculated using Equation 5.2, with the second and the fourth teims on the

right hand side of the equation being set to zero. Thus,

MT:I:,VN,RJ = MT:h,V,Rd + Nf.Sdﬂf
. a
where B, =y, = (V,0 '-l-?f) and N, o, =2a,b,f,. The depth of the stress block

in the flange in this case is given by:

a, = N sa
26,1,

Case 3) Nominal PNA in steel web and shifted PNA in steel web
The same reasoning can be applied to the calculation of the modified moment
resistance if the nominal PNA is located within the web. In this case, Mny yvras Can

be found using Equation 5.2 with the second and third terms being set to zero. Thus,
Mpywza =Mrnyra + NusaB,

The force resisted by the web is equal to the applied axial force and the depth of the

stress block in the web, &, is given by:

T.5d

! 2t ll'ﬂ'\l’

This case is illustrated in Figure 5.7.
5.3.3 Partial shear connection and nominal PNA in steel flange or web

For a composite tee-section under pure bending with partial shear connection,
the concrete strength is always not fully utilized. As a result, there Is always
compression in the top steel tee-section in order to maintain equilibrium, and thus
the nominal PNA may locate within the flange or the weh. The effect of u.xial force

on the moment resistance may be assessed using the method outlined i the previous
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section for full shear connection. Figures 5.6 and 5.7 again illustrate these two cases,
respectively.
5.4 Modified Moment Resistances of Cdmposite Tee-section at LMS under

Axial Force

The effect of axial force on the moment resistance of the composite tee-section
at the LMS follows the same philésophy as presented in Section 5.3 for composite
tee-section at the HMS. The axial force arising from the global bending action is
assumed to act at the plastic axial centroid (PC) of the composite tee-section. The
stress block for pure bending is modified by shifting the PNA to a new position
allowing for the presence of the applied axial force. The modified moment resistance
may then be found by adding or subtracting the moments contributed by the axial
forces resisted by the concrete, the flange, and the steel web as appropriate.
5.4.1 Full shear connection and nominal PNA in concrete

Consider a case where there is full shear connection and N, x4 1s larger than
N, v re, the composite tee-section at the LMS under pure bending may assume a
stress block as shown in Figure 5.8b.
Case 1) Shifted PNA in steel web

If a large axial force is applied to the composite tee-section, it will be
distributed to the concrete first, then to the flange, and finally to the web. The force
resisted by each element is shown in Figure 5.8¢ and the final stress block is shown
in Figure 5.8d where the nominal PNA is shifted to be located within the web. The
concrete slab can resist an axial force which is equal to its residual strength, the
smaller of N, g and Ny gy minu.s N, v.ra, and the depth of the stress block i1s given by:

a = A/[”“H'“U” (!Vr.Rn’ ’ N.\'h,er’ ) - "'Vu.l‘.er

‘ 0.85h [,




This concrete force is acting opposite to the positive moment resistance with a
lever arm, /., measured from the PC. So it has a non-beneficial effect and the
moment resistance of the composite tee-section is reduced. The remaining applied
axial force is then distributed to the flange and also the web if the strength of the
former is fully utilized. The depths of the stress blocks in these two elements are

given as follows:

NT.Sd _Nc.Sd "Nf.Sd

a,=t, and @, =

where N, g, =2a,b, f and N g, =0.85ab,f,. The force in the web, N, 54, is
given by:

N,y =2at.f.,
Since the forces in the flange and the web are located below the PC and act in the
direction of positive moment resistance, they are considered to have beneficial effect
on the moment resistance of the composite tee-section. The modified moment
resistance due to the additional moments created by all these three forces can be

calculated as follows:

MTH.VN.Rd = MTrI.V.Rd - Nr.Sd;Br - Nf.Sdﬂf - N, b Equation 5.3

a, a'f
where: S .=y, ., —(d,—a——), By =¥, —(h, +—7—), and

2

o,
/ﬁu' =yﬂr‘l.’ _(h,l +a_f +?“)'

Cuse 2) Shifted PNA in steel flange

[f the applied axial force is large enough to shift the PNA to be located in the
steel flange only, then the fourth term on the right hand side of Equation 3.3 will

vanish, Thus. the modified moment resistance of the composite lee-section 1s given



MT:!.VN.Rd = MT:I.V.Ra' - Nc.Sdﬂc - Nf.Sdﬁf

and other quantities defined in Case 1 remain valid.
Case 3) Shifted PNA in concrete

The same reasoning can be applied to the calculation of the modified moment
resistance of the composite tee-section if the shifted PNA is located within_ the
concrete. In this case, My vy rs may be found using Equation 5.3 with the third and
the fourth terms set to zero. Thus,

M THYN.Rd = M YR T N c,Sdﬂc

and other quantities defined in Case 1 remain valid.
5.4.2 Full shear connection and nominal PNA in flange or web

Similar to the case of composite tee-section at the HMS, the nominal PNA
locates within the flange or the web when the strength of the concrete is less than
that of the top steel tee-section. In this case, only the part of the steel tee-section
originally under tension is able to resist any applied axial compressive force.

Case 1) Nominal PNA in steel web and shifted PNA in steel web

When the nominal PNA locates within the web as shown in Figure 5.9, both
the flange and part of the web may take axial forces. The axial resistance of the
flange is fully utilized and the applied axial force resisted by the web, N, s, 1S given

by:

Nost =Nrga — Nf..w
where N, =2a.b f, and a, =1(,. The depth of the stress block in the web is

given by:



The modified moment resistance of the composite tee-section is given by:

MTfLVN’.Rd = MTrJ‘,V.Rd - Nf,Sdl‘Bf - Nw.Sdﬂw

z a
where B, =y, ., - (h, +—2f—), and g, =y, ., ~(h +a, +-2—W).

Case 2) Nominal PNA in steel web and shified PNA in steel flange

When the axial force is not large enough to shift the PNA to be located within
the web, only part of the flange is resisting the axial force and the depth of the stress
block is given by:

Ny sa

¥

&, =
T2, f,

The modified moment resistance of the composite tee-section is given by:

MTr!,VN,Rd = Mmy,nd - Nf,Sdﬁf

@y
where B, =y, —(h + _2“)

Case 3) Nominal PNA in steel flange and shifted PNA in steel flange

When the nominal PNA is located within the steel flange as shown in Figure
5.10, then the shified PNA always stay within the flange. Thus, all quantities defined
in Case 2 are valid and the modified moment resistance of the composite tee-section
1s again given by:

M'm,tw,mr = MTJ-’.V.Rd - Nf.&fﬂf

3.4.3 Partial shear connection and nominal PNA in fange or web

For those composite tee-sections with partial shear connection, the nominal
PNA falls either in the flange or the web. The procedures for assessing the effect of
the axial force on the moment resistance are exactly the same as discussed in Section

5.4.2; both the quantities and the formulas in that section can be used to calculate the



modified moment resistances. The stress blocks are shown in Figures 5.9 and 5.10
while explicit formulas are given in Chapter 6.
5.5 Axial-Moment Interaction Curves for Composite Tee-sections

In order to examine the structural Behavior of composite beams with web
openings, axial-moment interaction curves are plotted for the composite tee-sections
at both the LMS and _the HMS of the perforated section shown in Figure 5.11. The
depth of the web opening 1s equal to 65% depth of the steel beam of UB457x152x82
8355. For direct comparison, the degree of shear connection is assumed to be the
same at both the LMS and the HMS. The following two cases are considered:
1}  Full shear connection with nominal PNA in concrete with n, =1 and n, = 20
2)  Partial shear connection with nominal PNA in flange with n, = 1 and n, = 6

Shear force ratios of 0, 0.5, and 0.9 are considered. Figure 5.12a shows the
interaction curves for the composite tee-sections with full shear connection with
nominal PNA in the concrete slab. Under different shear force ratios, all interaction
curves have similar shapes. Basically, the presence of shear force causes a reduction
in the moment resistances of composite tee-sections at both the LMS and the HMS.
The reduction is not significant when the shear force ratio, v, is small, but is apparent
when v is large. The moment resistance of composite tee-section at the HMS is
always higher than that of the composite tee-section at the LMS. Since there is full
shear connection and the nominal PNA is located in the concrete slab, the concrete
slab is able to resist any additional axial force. As can be seen from the graph,
addition of axial force to the concrete slab has caused the moment resistance to
increase until the compressive strength of the concrete is fully utilized. Any further

increase of axial force will cause a reduction in the moment resistance.

Figure 5.12b shows the interaction curves for the composile tee-sections with

5
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partial shear connection with nominal PNA in the steel flange. In this case, the
concrete slab cannot resist any additional axial force and thus, there is always
reduction in the moment resistance whenever the axiai force is applied to the
composite tee-sections. Everything else is similar to the case shown in Figure 5.12a.
5.6 Perforated Section Analysis

The perforated section analysis for a composite beam with a web opening is
similar to that of a steel beam with a web opening. It includes the checking of th¢
flexural, the shear, and also the Vierendeel failures of the perforated section.
Flexural and shear failures can be checked using conventional methods by
considering the moment and shear resistances of the perforated section. To check for
the Vierendeel failure, the moment resistances of the top composite tee crosg-section
and the bottom steel tee cross-section at both the LMS and the HMS of the
perforated section under global shear force and moment should be checked.
3.6.1 Philosophy

Consider the force distribution in the perforated section of a composite beam
as shown in Figure 5.1. Each tee-section near the comners of the web opening is
subjected to local shear and axial force, and bending moment simultaneously. These
local forces and moments can be related to the global shear force and moment at the
centerline of the web opening by considering the equilibrium at the LMS and the
HMS of the perforated section, respectively. It should be noted that the lines of
action of the axial forces at both the LMS and the HMS of the composite tee-section
do not coincide due to the different degrees of shear connection, and also the stress
blocks modified by local moments.

Considering the equilibrium at the HMS of the perforated scction, the global

moment at the centerline of the opening, M., can be written as:



Vaa,

My =Nygz,+M, +M, , ———= Equation 5.4

where zy 1s the moment arm between the axial forces acting on the top composite
and the bottom steel tee-sections at the HMS of the perforated section. Similarly, the
global moment can also be obtained by considering the equilibrium at the LMS of
the perforated section as follows:

Vya

Mgy =Npgz, -M, o -M, +T" Equation 5.5

where z; is the moment arm between the axial forces acting on the top composite and
the bottormn steel tee-sections at the LMS.

By summing the above two equations to eliminate the shear force, the global
moment can be expressed in terms of only the local axial forces and bending

moments given as follows:

2y +z,_)+ Mm.sa My My My s
2 2

Mg = Npwl
For any given global moment at the centerline of the perforated section, the
above equation can be rearranged to give the axial force acting on the top composite

and the bottom steel tee-sections as follows:

NT.Sd _ 2M3d _(Mr!r‘Sd +Mbh.Sd _Mrr.Sa' - Mb!.Sd) Equation 56

Zy tz,

The moment resistances of the composite and steel tee—secfions can be
evaluated through the use of formulae based on the methods outlined in Sections 5.3
~and 5.4. However, since the axial force also depends on the magnitudes of the
moment resistances, iterations are required. The moment resistances found for the
tee-sections must also satisfy the equilibrium of the top composite and the bottom

steel tee-sections. Since the axial forces at both ends of the bottom tee-sections



coincide, the equilibrium equation can be written as:

My +M, o =V, a, Equation 5.7

where Vi ss is the shear force applied to the bottom tee-section and a, is the
horizontal dimension of the web opening. The equilibrium of the composite tee-

section requires that:
Nrsa(zy —2) ¥ My g+ My gy = V50 + Ve 54)2, Equation 5.8

where Vo s¢ and V. sq are the shear forces resisted by the top steel tee-section and
concrete slab, respectively. A complete design procedure for composite beams with
web openings is given in Chapter 6.
3.6.2 Moment-shear interaction curves for perforated sections

The proposed design method is used to generate moment-shear (M-V),
interaction curves for perforated sections in composite beams with web openings.
Details of the composite beam are shown in Figure 5.13. Universal steel beam
sections of UB457x152x52 §355 and UB457x152x82 S355 are considered.
Rectangular web openings with an aspect ratio of two, and square web openings are
investigated. The openings have a height equal to either 50% or 75% of the depth of
the steel beam. The results are presented in Figures 5.14a and 5.14b. Both figures
can be considered together as the interaction curves are basically of the same shape.
The interaction curves are qbtained by determining the load capacities of the beams
when web openings are placed at different locations along the beam spans. The shear
connector configurations around the perforated section when the web openigs are
placed at various locations along the beam length are presented in Table 5.1.

When the web openings are located at the support, where the moment is zero,
the shecar resistances are less than the pure shear resistances of the perforated

sections due to the Vierendecl action. Although this situation is not physically
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possible in practice, it indicates a scenario where there is no local axial force acting
on the tee-sections above and below the web openings.

As the applied moment increases, the shear resistances of the beams with small
square and rectangular web openings with hy/h equals 50% depth of the steel section
increase slightly at the beginning and then drop steadily. However, the shear
resistances of the beams with large square and rectangular web openings with hy/h
equals 75% depth of; the steel section decrease at the beginning and may increase
slightly thereafter.

At high moment, the (M-V), interaction curves of the composite beams with
web openings of the same height finally converge. At the points of convergence, the
failure mode for these beams becomes that of flexure. This is because the moment
resistances of the composite perforated sections are lower than the Vierendeel
resistances. As indicated by the interaction curves, the beams with the deepest and
the longest web openings are the weakest of all.

5.6.3 Calibration of the proposed design method with experimental results

A total number of forty test data of composite beams with concentric
rectangular web openings are selected from the established database to calibrate the
proposed design method. Moreover, back analysis of the current SCI design method
is also presented for comparison. The calibrations are divided into three groups
based on the type of the concrete slabs as follows: |
Calibration I: Composite beams with solid slabs, i.e. no decking
Calibration II: Composite beams with decking placed parallel to the steel beams
Calibration III: Composite beams with decking placed transversely to the steel
beams

Only composite beams with un-reinforced rectangular wceh. openings arc
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considered. Tables 5.2a through 5.2¢ contain information pertaining to the above
three groups of test data and also the calibration results for the two design methods.
Items in the columns of the tables are self-explanatory. The Vmodel factors for load
capacity, as defined in Secﬁon 3.5.4, are used here again to compare the relative
accuracy of the two design methods.
a) Calibration I |

In Table 5.22;, results for eight composite beams with rectangular web
openings utilizing solid concrete slabs are presented. The ratios of the opening
heights to depths of the steel sections range from 59% to 69% and thus the sizes of
the openings can be considered to be medium to large. The model factors predicted
by the proposed design method range from 0.73 to 1.19 with an average of 1.09 for
model factors that are above unity, while those predicted by the SCI design method
range from 0.7 to 1.64 with an average of 1.31 for model factors that are above unity.
This indicates an improvement of about 16% with the use of the proposed design
method. Meanwhile, the averages of the model factors that are below unity are 0.76
and 0.78 as predicted by the proposed method and the SCI method, respectively.
b)  Calibration If

Only three beams have composite slabs with decking placed paraliel to the
steel beams. The model factors predicted by the proposed design method range from
1.34 to 1.42 with an average of 1.39, while those predicted by the SCI design method
range from 1.03 to 1.3 with an average of 1.13. The difference between the averages
is about 23%. The proposed design method seems to be more conservative for this
type of deck orientation. However, it ts not conclusive as the number of test data is
scarce.

c) Calibration [

320



The majority of the composite beams have concrete slabs with decking placed
transversely to the steel beams and this accounts for twenty-nine beams of the
selected test data. The ratios of the opening depths to the steel sections vary from
38% to 71% and the opening aspect ratios range from 1.0 to 2.92. Table 5.2¢
summarizes the resuits predicted by both the SCI method and the proposed design
method. While the numbers of model factors that are above and below unity are 23
and 6, respectively, as predicted by the proposed method, the numbers are 21 and 8,
respectively, as pr-edicted by the SCI method. The proposed design method predicts a
range of model factors from 0.71 to 1.37 with an average of 1.15 for model factors
that are above. unity. Meanwhile, the model factprs predicted by the SCI method
range from 0.71 to 2.00 with an average of 1.21 for model factors which are above
unity. The improvement with the proposed design method is about 5%. There is no
difference between the averages for the model factors that are below unity as
predicted by the two methods, which is 0.86.

5.7 Conclusions
Based on the study of the composipe tee-sections and the perforated section of

composite beams with rectangular we.b openings, the following conclusions can be

made.

1) Design formulas for the axial resistance, the shear resistance, and the nominal
plastic moment resistance of composite tee-sections are derived based on basic
structural design principles and plastic stress blocks. Due to global moment at
the perforated section and different degrees of shear connection at different
locations along a coﬁposite .beam, the stress blocks at both the LMS and the
HMS of the web opening are different and thus the nominal plastic moment

resistances are considered scparately. The axial forces arising from global



2)

3)

4)

bending action are assumed to act at the plastic axial centroids of the
composite tee-sections.

Simple design formulas for composite tee-sections based on plastic stress
blocks are derived analytically to allow for interaction of axial force and
bending moment. It is found that the plastic moment resistances of the
composite tee-sections at both fhe LMS and the HMS of the web openings are
always modified in the presence of axial force. In the case of full shear
connectidn, the plastic moment resistances of the composite tee-sections are
always increased under low axial force. However, there is always reduction in
the plastic moment resistances of the composite tee-sections in the presence of
axial force when there is partial shear connection. The moment resistance of
the composite tee-section at the HMS is always higher than that of the
composite tee-section at the LMS.

The shear effect on the plastic moment resistance of a composite tee-section 1s

allowed for through the reduction of the bending strengths of both the web and

" the flange based on von Mises’ yielding criterion. The concrete slab is allowed

to carry shear force. Axial-moment interaction curves for the composite tee-
sections at both the LMS and the HMS of the web opening under different
values of shear force are also developed. It is found that the effect of shear
force on the plastic moment resistance of a composite tee-section is not as
significant as the axial force does.

In order to assess the load capacities of composite beams with web openings,
the design formulas for composite tee-section analysis are extended for the
analysis of perforated seclfon by considering the equilibrium of forces around

the perforuted section. Moment-shear interaction curves for composite beams



5)

with rectangular web openings are also presented and discussed.

Forty test data are selected from the established database for the calibration of
the proposed design method. Model factors predicted by both the proposed
design method and the current SCI design method are compared. It is
demonstrated that the proposed design method is able to provide improvement
over the SCI dgsign method, especially for composite beams with rectangular
web openings uti]izing solid slabs and slabs with profiled steel decking placed

transversely to the steel beams.



Figure 5.1 Global and local actions at perforated section of a composite beam
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Figure 5.12a Axial-moment interaction curves for composite tee-sections (full
shear connection with nominal PNA in concrete)
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Figure 5.14a Mbment-shear interaction curves for composite beam using
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Figure 5.14b Moment-shear interaction curves for composite beam using
UB457x152x82 S355 with square or rectangular web openings



Table 5.1 Shear connector configurations

UB457x152x52 and UB457x152x82 S355
Square (h,/h=0.5, h,/h=0.75), Rectangular (h,/h=0.75)
Rectangular (h/h=0.5)
X, {mm) ng n, X, {mm) n n,
0 0 0 0 0 0
375 1 1 525 1 2
675 2 1 825 2 2
975 3 1 1125 3 2
1275 4 1 1425 4 2
1575 5 1 1725 5 2
1875 6 1 2025 6 2
2175 7 1 2325 7 2
2475 8 . 1 2625 g 2
2775 9 1 2925 9 2
3075 10 I 3225 10 2
3375 11 | 3525 11 2
3675 12 1 3825 12 2
3975 13 1 4125 13 2
4275 14 1 4425 14 2
4575 15 1 4725 I5 2
4875 16 1 - - -
Notation:

X, = Location of opening centerline from support
n, = Number of shear connectors over web opening
n,, = Number of shear connectors from support to LMS of the opening
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CHAPTER 6

DESIGN PROCEDURES AND EXAMPLES

6.1 General

Analytical design formulas are developed in Chapter 3 to determine the plastic
moment resistance of tee-sections under co-existing axial and shear forces, which are
also extended for the aﬁalysis of steel perforated section. Similar design formulas
have also been developed for composite tee-sections and composite perforated
section in Chapter 5. In this chapter, the complete proposed design procedures for
steel beams and composite beams with web openings are presented. Section 6.2 deals
with the design of steel beams with web openings, accompanied by a fully worked
design example in Section 6.3. The proposed design procedures for composite beams
with web openings are presented in Section 6.4,-supplemented by a fully worked
design example in Section 6.5. The details of a specialist computer program
developed for the analysis of both steel beams and composite beams with web
openings are presented in Section 6.6.
6.2 Design Procedures for Steel Beams with Web Openings

This section provides a formal presentation of the design proéedures for steel
beams with web openings. The design procedures are based on the design formulas
proposed in Chapter 3 for both tee-sections and perforated sections and the
equivalent transformation expression in Chapter 4 for beams with circular web
openings. It is assumed that the flange and thé web are either plastic or compact
sections such that plastic analysis can be used without instability problems.
Step 1: Evaluate the applied forces at the perforated section

Determine the ultimate design shear force ¥y, and moment My, at the
certertine of the web opening. which is located at i distunce ol v, [rom. the

6-1



nearest support or point of zero moment.
Step 2: Evaluate the resistances of the perforated section

It is assumed that the yield strength of steel, f5» 1s reduced using the material
factor, y, for steel, which is equal to 1.05 according to Eurocode 3. Hence, the
design yield strength, f,,, is given by:

fy

u =103

a)  Plastic moment resistance:
th);
Mo.kd = f,-d (Wp! - }

where:

Wor  1s the plastic modulus of un-perforated cross-section
h,  is the opening height

t,  1s the web thickness -

b)  Shear resistances:

A f, A4,
V _ vff;d V = vd V Rd = 2(VfRd' +Vw,Rd)

Sf.Rd — -\/5 ’ w,Rd \/5 o,

where:

Vira is the shear resistance of the flange of a tee-section with a shear
area Ay equals to (0.75t+1, )1,

Vi rd is the shear resistance of the web of a tee-section with a shear area
A equals to dyt,,

Vo.rd is the shear resistance of the perforated section

Step 3: Check against shear and flexure Sfailures

4

o.Rd 2

Ve and M, 2 Mg,

If either of the inequalities is not satisfied, then another steel section should be
selected.

Step 4: Transformation of circular web opening info equivalent octagonal web
opening

For beams with circular web openings, transform the circular web openings
into equivalent octagonal web openings with the following formulas for the
opening height, h,, and the opening length, U

a,=g,.d, and h =g,

n ¢

{ Ve
where /) = tan g + 4(-‘51l - O.S)(sin—;-- -~ tan g-) and A, =1++2. Calculate
!

the depth of the web. which is viven by:
>



and then repeat Step 2b to calculate the shear resistances of the flange and the

web.

Step 5: Evaluate the shear force resisted by the flange and the web of both the top
and the bottom tee-sections

For concentric web openings, the applied shear force is assumed to be resisted

o V
equally by the top and the bottom tee-sections; that is, V; o, = —;f‘n. Then Vygq

s distributed to the flange and the web as follows:

v v,
= L& (Vi) and Vg = = Vrsa)

V
754
Vr ad T.Rd

where V1 gq is the shear resistance of a tee-section

Step 6: Evaluate the reduced bending strengths of the flange and the web

The design bending strengths of the shear areas of both the web and the flange
are reduced according to the shear forces they carry. The reduction is made
through the von Mises’ yielding criterion as follows:

2

./‘rw = f_\'dz - 3z-w2 and f;fl = f..\'ci’2 - 3rf

Vw Sed Vf Sd .
where 7, =—— and 7, = T The average reduced bending strength of
i vf
the flange, f,, can then be calculated as follows:

Sondy+f,(4,-4,)
f.f = 4

!

where Ay is the area of the flange.

Step 7: Determine the position of the plastic axial centroid and the plastic moment

a)

resistance of a tee-section

Plastic axial centroid (PC)
[t is a point at which the axial force arising from the global bending action is

assumed (o pass through. Its distance from the top of a tee-section, v, is given
as toilows:

N
(3- 2



t d
Nf,Rd(_f)+Nw,Rd(_l+tf)

_ 2 2
ypc -

Nira t N
where N ., =b.t, f and N ., =dt f,,

b}  Plastic moment resistance, My y zq
The distance of the plastic neutral axis (PNA) from the top of the flange is

given as:
N rrdt N w.Rd

]
2N

The plastic moment resistance of a tee-section is thus found by summing
moments of the forces about the PNA and is given as follows:

i +(tf -ypo)z
2t,

y d
MT,V.Rd = f-Rd[ - ]+Nw.Rd[?]+tf_ypo]

Step 8: Evaluate the applied axial force on the tee-sections

The axial force, Nr1gq, arising from the global bending action is assumed to act
at the plastic axial centroid of the tee section and is given by:

M.S'd - Mm,w.ﬂd - MT:I.VN.Rd

N rSd <

Z

where z is the lever arm between the compressive normal force acting on the
top tee and the tensile normal force acting on the bottom tee and is equal to A-
2Ype. Mrinvara and My yw rq are the modified moment resistances of the top tee
sections at the HMS and the LMS of the perforated section, respectively. The
following equation may be used as a first trial to find Nrg; whenever iterations

are needed:

Step 9 Evaluate the modified moment resistances of the tee-sections

a)  Top tee-section at LMS
The modified moment resistance, My vy gy 1$ given by:

My vwgs =Mpy gy = Nf‘.‘.wﬂ,r

o

a, 5 N
=) N,y =2ah,f, and a, =

where  go=v —(v 5 5 W f
- =)y
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b)  Top tee-section at HMS
The modified moment resistance, M7y vn rq 1S given by:

MTrh.VN.Rd =MT.V,Rd' +Nf.Sdﬂf +Nw.5dﬁw

Where £, = Yo~ + 500, B = Y =+, +52),

Ny =22t o |
If Nz sq is larger than the residual strength of the flange, 2(¢, — y,,)b, /.., then
a, = { Voo :

Step 10: Check Vierendeel failure mode

Since the sum of the modified moment resistances in the top tee-section is the
same as those of the bottom tee-section, only the top tee-section need to be
checked as follows:

v
sd
Muyynra ¥ Mppynpa 2 > a,

A more accurate solution can be achieved by repeating Steps 8 through 10,
until a stable Nrs, is found. The proposed design method is illustrated with a
fully worked design example in Section 6.3. ‘



6.3 Design Example 1 — A Steel Beam with Two Rectangular Web Openings

Consider the steel beam with two rectangular web openings as shown below:

P=45kN P=45kN
- 2000 i + 2000
: " . e,
| :{349.5 ! :{349.5
B ) !
- 1099 - 1699
1000 | . H_g.:&_,
l—— L
- - 5000
155.3
189§ "

A L ]
39.25; lli =102

UB457x152x82 S355

Yield strength, f,, = % =338.1 N/mm®

465.8
Plastic modulus, W, = 1811 cm’

Check the structural adequacy of the beam in accordance with the proposed
design method.

-0




Step 1: Evaluate the applied forces at the perforated section

Ultimate design shear force, ¥V, = P = 45kN
Ultimate design moment, M, =V, x, = 45(1) = 45kNm

Steps 2&3: Evaluate the resistances of the perforated section and check against
shear and flexural failures

a)  Pure bending moment resistance:

twhﬂz
Mo.nd‘:fyd(Wp:_" 4 )

2
338.1(181 leOOO—M)

1000000
= 503.88kNm >Ms;=45kNm (OK)

b}  Shear Resistances:

Ay =(0.75t, +1,), =(0.75x18.9+10.5) x18.9 = 466.36 mm>

A, =dt, =39.25x10.5 = 412.125 mm?

y _AyS _ 466.36x338.1
sz V3 %1000

vy _AwSu _ 412.125x338.1

AN Y Y3 %1000

Vord =2V 1 4 +V,00) =291.03+80.45) = 342.97 kKN > Vg, = 45 kN (OK)

=91.03 kN

=80.45kN

Step 4: Transformation of circular web opening into equivalent octagonal web
opening

- Not applicable to rectangular web opening

Step 5: Evaluate the shear force resisted by the Slange and the web of both top and
bottomn tee-sections

V., 45
Vo =3 =77 -9 5 kN
T.54 2 2
v 91.03
V=22 )= 22720225 =11 .94 kN
g5 V.,_,M( r.se) 171.48( )

Y. 80.45
I/n'.Srf = s (VT..?JI) =

(22.5) = 10.56 kN
VT.iM I7l 48

Step 6: Evaluate the reduced bending strengths of the flange and the web
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y
o Vs 1056x1000 0
4, 412125
V
7, =5t = HOV00 o5 67 Njmm?
A, 46636

o=\ frd® =37, = V33817 =3x25.62° = 3352 N/mm?

S =S’ =37, = 33817 =3x25.62° =335.2 Nimm’

fﬂ'lA»:f +f_y(Af - Ag)
fvf = 4
S
_ 335.2x466.36 +338.1(155.3x 18.9 — 466.36)
155.3x18.9

=337.6 N/mm’

Step 7: Determine the position of the plastic axial centroid and the plastic moment
resistance of a tee-section

a)  Plastic axial centroid:

_ 155.3x18.9x337.6

N, ., =bt = =990.9 kN
144 =bsts 1000
Noo=di f. = 39.25x10.5x335.2 _ 138.14 kKN
‘ 1000
t d 18.9 39.25
NLM(EIHN“,M(?'HI) B 990.9(—2—)+138.14( 5 +18.9)
e = N ot Non 990.9 + 138.14
=13.01 mm
b)  Plastic moment resistance:

N, o+ N, . .

Yy =t (L8 bty qg r9N0IHIIBA 1y g m
2N, 2x990.9
Yoo HlLp=p,0)° d
MT.V.Rri =Nf..Rr{[ £ ! - ]+Nw.er[_.]_+rf -ypo]
2t, 2
2 2
_ 990.9[10.77 +(18.9-10.77) 1+ 138.14[39.25 +18.9-10.77]
1000 2x189 1000 2
=4.77+3.84
=8.61 kNm

Step 8: Evaluate the applied axial force acting on the tee-sections

First trial:

N, =M A5x1000 000N

(Y = 4058 - 2% 13.01
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Step 9: Evaluate the modified moment resistance of tee-sections

a)  Top tee-section at LMS
_ Neg  102.32x1000

a, = = =0.976 mm
2bffer 2x155.3x337.6

a
B, =y, -, -Tf) = 13.01—(10.77-%) =2.728 mm

N,g=2ab,f, =N, =10232kN
102.32x2.728

MTrI.VN.Rd = MT:V,R& - Nf.SnUBf = 8.61 _—WO—— =8.33 kNm

b)  Top tee-section at HMS

_ 2(18.9-10.77)x155.3x337.6

2ty =y b fy = 1000 = 852.5 kN > Nrss
So

N
a, = —I¥_ =0976 mm,

2b,f,

0.976

3 |
Br=y,—(, +7f) = 13.01-(10.77 + )=1.752 mm

Nysi=2a.b,f, = Ny g = 10232 kN

102.32x1.752
MTM.VN,Rd = MT,V,Rd‘ + Nf,Sdﬂf + Nw,Sd W o 8.61 +__]()()0_- =8.79 kNm

Step 10: Check Vierendeel failure mode

Moy ga ¥ My rg =8.33+8.79 = 17.12kNm

Vs‘fa _ 45x699
2 °  2x1000

vV
So Moy onopa + M svn g > %ao (OK)

=15.734Nm

Comments:
(1}  The design can be refined by repeating Steps 8 through 10. After several

iterations, it is found that:

Nrse=101.28 kN
M v re = 8.33 KNm
My v ge = 8.79 kNm

Vs
My oyra ¥ Mopyig gy =83348.79=17.12kNm > —*a, (OK)

Thus, there is basically no improvement by performing the itcrations to find a
stable N‘,r;_\',,'.
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3)

For illustration purpose, a detailed analysis has been performed to determine
the load capacity of the beam. The beam is found to fail at point loads of 48.9
kN, which is about 8% higher than the current loading. The force distributions
around the web opening at failure are shown in Figure 6.1. At failure, the
perforated section is subjected to a low shear force ratio of about 0.14. An
axial-moment interaction curve for the tee-sections under such shear force ratio
1s plotted in Figure 6.2. The plastic moment resistances of the four tee-sections
are also marked on the curve for comparison. From the curve it is shown the
plastic moment resistances of the tee-sections at the HMS of the perforated
section has been increased over their nominal values.

A global moment-shear interaction curve for the perforated section in the
example at failure is shown in Figure 6.3. The design shear and moment under
the current design load are below the (M-V)y interaction curve so that the

beam does not fail.



6.4 Design Procedures for Composite Beams with Web Openings
This section provides a formal description of the design procedures for
composite beams with web openings. The design procedures are based on the design
formulas proposed in Chapter 5 for composite perforated section. It is assumed that
both section classifications of both the flange and the web are either “plastic” or
“compact” and plastic analysis can be used; no stability is considered. The design
formulation of the composite beam design is in accordance with Eurocode 4.
Step 1: Evaluate the applied forces at the perforated section
Determine the ultimate design shear force Vg; and moment M, at the
centerline of the opening, which is located at a distance of x, from the nearest
support.

Step 2: Evaluate the moment resistances of perforated section

The design strengths of the steel, f,4, and the concrete, fo4, are evaluated as

follows:
fu=Lr ana g, L
Va Ve
where:
¥ 1s the material factor for steel and is equal to 1.05 according to
Eurocode 3 .
¥ 1s the material factor for concrete and is equal to 1.5 according to
Eurocode 2

The axial resistances of the concrete and the steel tee-section are calculated as
follows:

Nr.er =085/,b4d, N.m.mr =n, Py, No.Rd = hotu«f_m'

[

Nf.er = tfbf.[m’ ’ N = hu-f\.f,«f ,
Nop = Z(Nf.mr VN okt =N ypa

Nra = minimum of (Ve ga, Nojgg, Nogt)
N
a=—"2d

.7 .
The moment resistance of the perforated section can be calculated by

considering the following cases:
Case 12 Frdl shear connection, (N, gy > Negg > Nt gy 08 Nega = Ny = Ny )

PNA in concrete



a t h, t h,
Mo.Rd = NRd (tf + h, - E) - Nf_Rd (—Zf—) + Nw.Rd (_2‘) + Nf,Rd (hw + ?f) - Na,Rd (‘5‘)

Case II: Full-shear connection, (Nst.rd > Nora > Ny or Nora > Nypra > N pa)
a}  PNAinsteel flange, N,, + Nira 2Npy =N,
NRd + Na.Rd - N

2N
NfZ,Ra’ = J’1bffyd_

o=t W'Rd), N =(tf_y1)bffyd=

JoRd

o t +y ¥y
M, i =Ny (¢, +h, —5)+Nf|,kd (_f'_z—l)‘Nfz,Rd (_2|_)

hw tf hw
+ N, o (?) + N, i (B, + _2‘) =N, p (_2‘)

b)  PNA in steel web, N, +N 2y <N, =N

f.Rd

wRd de - No.Rd)
2N

yl =hw( ’ Nw!,Rd =yltw yd’Nwz,Rd' =(hw_yl)tw yd

w.Rd

a t ¥
Mo,R.n’ = NRd (tf + hr - 5) + Nf.Rd (_g') - Nwl.Rd (_2!")

n

ty ! h,
PN ard TN g (e + ) = N,y ()

Case [II: Partial shear connection, (Negqs > Ny pg > Ny, ga o Nard > Nera > N ra)

Same as case II, except that N, = Ny ra

Step 3: Evaluate the shear resistances of the perforated section

a)  Shear resistances of steel beam:

Alf-/j\'{f v At'\rf\'d

Vf.Rd - \/5 ’ Wkl T T * Vn.ﬂn’f = Z(Vf-’?rf + V\l‘.Rd )

where:

Viga i1s the shear resistance of the flange of a tee-section and the shear
area, A4 . =(0.75¢, +1, )M,

Vi ra is the shear resistance of the web of a tee-section and the shear
area, A =d1.

Vo ki is the shear resistance of the steel perforated section

(r-]2



b)  Shear resistance of concrete slab, ¥, gq
The expression for the design shear strength, v.., of reinforced concrete
members without shear reinforcement recommended by Eurocode 2 is:

v, =1,,k(1.2+40p)
where ;
Td is the basic design shear strength. The value of 7, should be taken as
25 per cent of a conservatively low value for the tensile strength of
the concrete, that is 7, = 0.25f;0.0s/% where % = 1.5 and Sfer005 18 the
tensile strength with a 5 per cent probability of not being exceed. This
1s given in EC2 as:

fcr,o.os =0.2 lfck .

Thus, the shear resistance of the concrete slab is given by:
Vera =vb,d=1_k(1.2+40p0)b d

where
pr 1s the lesser of the longitudinal tension reinforcement ratio, A/b.d,

and 0.02
d s the effective depth of the concrete slab to resist shear force
k

is the greater of (1.6-d) and 1

¢)  Total shear resistance for perforated section, Vo rd
Va.Rd =V cra T Va.Rd

Step 4: Check flexural and shear failures of perforated section

Vore 2 Vg and M, 2 Mg

If either of the inequalities is not satisfied, then another steel section should be
selected.

Step 5: Evaluate the shear force resisted by the flange and the web of both the top
and the bottom tee-sections

It is assumed that the applied shear force is first resisted by the concrete slab
until its shear resistance is fully utilized. Any remaining applied shear force is
then assumed to be resisted by the top tee-section; that is, Vst =Vt — Ve -

Then the shear force is assumed to be distributed between the flange and the
web of the top tee-section according to the following formulas:

1w, Rel

Vf‘Rd
Vf.Sd = Vv (V:'u..\'r.’) and Vn'..\'d = _—(Vru.Sd)
P oRd T.Rd
where Vy gy is the shear resistance of a tee-section. If Vatse = Vg, then the
bottom tee-section must also carry part of the shear force according to

formulas similar to above.

H-13



Step 6: Evaluate the reduced bending strengths of the tee-sections under high
shear force

The bending strengths of the shear areas of both the web and the flange of the
top steel tee-section are reduced due to the shear forces they carry according to
von Mises’ yielding criterion as follows:

fo=fa =32, and f,=(f, -3z’

_ v w.Sd Vf.Sd .
where 7, =—— and 7, = o The average reduced bending strength of
w o

the entire flange, f,;, can then be calculated as follows:

- fmAvf +fy(Af "Auf)
A

Sy

!
where Ay 1s the area of the flange.

Step 7: Determine the position of the plastic axial centroid and the moment
resistance of the top composite tee-section at HUS

a)  Plastic axial centroid, y,cu
This is a point at which the axial force arising from the global bending action
is assumed to pass through at the HMS. Its distance frem the top of the top tee-
section is given as:

a 4 d
Naa O+ N oy ad R+ Ny pa (8, +20)

ypuh =
NRd + Nf.V.Rd + Nw.V.Rd

Where.Nf,V,Rd =bf"ff1f and N, o, =dit, [, Novra = Nf,V.Rri +N g
Nogra =My Pras Npg = MIN(N 00, Ny, 24)

b)  Plastic moment resistance, My v ra
Depending on the relative strengths of the top steel tee-section, the concrete
slab, and the shear connectors, the nominal PNA may locate within the
concrete slab, the steel flange, or the steel web. Table 6.2 summarizes the
relevant geometrical parameters required to calculate the position of the
nominal PNA. Various design formulas for the nominal moment resistance of
the tee-section, My, 1 gq, are also presented.

Step 8: Determine the position of the plastic axial centroid and the moment
resistance of the top composite tee-section at LMS

a)  Plastic axial centroid. 1,

This is a point at which the axial Torce arising from the global bending action
ts assumed to puss through at the LMS. Its distance from the p ol the top tee-

O-1-4



b)

section is given as:

a t d
N, (@, _5) + Nf.V,Rd (?f‘*'h.-) + N,y (B +i +?I)

ypcrl =
Npg +Npppa N oy opa

Where Nsh,Rd = nLPRd' ’ NRd = MHV(NC,Rd ’N.ﬁr..Rd)

Plastic moment resistance, M7y v gy

Depending on the relative strengths of the top steel tee-section, the concrete
slab, and the shear connectors, the nominal PNA may locate within the
concrete slab, the steel flange, or the steel web. Table 6.3 summarizes the
relevant geometrical parameters required to calculate the position of the
nominal PNA. Various design formulas for the nominal moment resistance of
the tee-section, Mt v rq, are also presented.

Step 9: Determine the position of the plastic axial centroid and the moment
resistance of the bottom tee-sections

a)

b)

Plastic axial centroid (PC)

This is a point at which the axial force arising from the global bending action
is assumed to pass through. Its distance from the top of a tee-section, yp, is
gtven as follows:

4 d
Ny (_:)Z(_) + N,y ra (?I +t,)

ypcb = .
Nf.V.Rd + Nw.V,Rd

Plastic moment resistance, M7y g4
In practice, the plastic neutral axis is always located within the flange. Its
distance from the top of the flange is given as:

N_f,V.Rd + Nw,V,Rd

2Nf.v.Rd

)

ypa =tf

The moment resistance of the tee-section may be obtained by summing
moments of the forces about the PNA as follows:

2

Yoot =¥,,)
2t ;

d
My = Nyl 1+ N..;V,Rd[?I +ip - Yol

Step 10: Evaluate the applied axial force on the tee-sections

The axial force, Ny g, arising from the global bending action is assumed to act
at the plastic axial centroid and is given bhy:

2M o = (M pisr M g —M it = M )

Npw =

Ty
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where z,(=A, +h‘)’,,cm —V,s) and z, (=4, +h—ym, = Y,) are the lever

arms between the axial forces acting at the HMS and the LMS of the
perforated section, respectively. Mpyyvrs and Mryynza are the modified
moment resistances of the top composite tee cross-sections at the HMS and the
LMS of the web opening, respectively. Mysnynra and Myy vvpe are the
modified moment resistances of the bottom steel tee cross-sections at the HMS
and the LMS of the perforated section, respectively. Since the modified
bending resistances are calculated in the Steps 12 and 13, a first trial
calculation of N7, is given as follows:

2M,

NT..S'a' =
zy +z,

Step 11: Evaluate the modified moment resistances of the bottom tee-sections

a)

b)

Bottom tee-section at LMS
The modified moment resistance, My vara i given by:

M]"r!.VN,Rd = MT.V.Rd - Nf,Sdﬂf

NT,Sd

2, f,

(74
where B, =y, ~(y,, “f)’ Niw=2ab,f, and a, =

Bottom tee-section at HMS
The modified moment resistance, My, vy rq is given by:

Mm,tw.nd = MT.V,er + Nf.Sdﬂf + Nw,Sd w

a, a,
where £, =y _, —(y, +7),ﬂ.‘. = Vo —(Vpo t @ 50,
N.sa =2a,,f,, . If Nrsqis larger than the residual strength of the flange,

L LU

26, =y, )b Sy then @, =1, ~y .

Step 12: Evaluate the modified moment resistances of the composite tee-sections

a)

b)

Composite tee-section at HMS
The modified moment resistance of the composite tee-section at the HMS may
be found using the following equation:

M o v gt = Mipwps + Nogu B + N_f..‘:‘zf ﬂf + Nn'.Sd w

where N g, = 0.85a.b, 1, N_r..w = 2a,b/ f.,r » Nose =28, [ f 4, and
A are given in Table 6.4,

Composite tee-section at LMS
The modified moment resistance ol the composite tee-section at the LMS may
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be found using the following equation:
Mm.VN,Rd = MT:I,V.Rd - Nc.Sdﬁc - Nf.Sdﬂf - Nw,Sdﬂw

where N o, =085a.b f, N,y =2a,b.f,, N, o =2a. f. . R B and

A are given in Table 6.5. Steps 10 through 12 may be repeated until the value
of Nrsq converges.

Step 13: Check Vierendeel failure

The Vierendeel failure has to be considered separately for the top and the
bottom tee-sections, respectively, as follows (until a true equilibrium is
achieved):

Top composite tee-section:
Mysyra *Meuppwwa ¥ Nesa(2y =2,)2 V50 +V, 00)a,

Bottom steel tee-section:
MTbLVN,Rd + Moy 2 Vabsa,

If either of the above inequalities does not hold, then more shear force should
be distributed to the other tee-section. Iterations should be performed from
Step 5 through Step 13 until both inequalities are satisfied, which implies that
the perforated section fails with flexural failures at both ends of the top and the
bottom tee-sections. The proyosed design method is illustrated with a fully
worked design example in Section 6.5.

O-17



ung ) = 9%
w/, U Z§ | = ysawt g1V
W/NY 68°LE =m
T="Cu
9="u
JUW/NY LY'0E =°F

st L

W ' = — =

MUN L9791 =" S

SO'T .

oI =———=7"
MW/N €€ =" S
wwpQsz = °q

1

00g

0T

1

/

(1

s P |
€St | y681
4
__ g
IV_ A
01
005 | gcop

_h +9
Y 681 ]

1 209 %
56 _———— —— =4, |
3

SSES TRXTSIXLSPAN

0oe

9 71 oI I 19 v 7]

W/NYA 68°LE =M

:m019q umots s3uruado qam Jejn3ueidal om) Ylim weaq 24sodwod sy 19pisuo)

s3urnad() qaay 1ejndue)dday oM Mia weag asodwo) v ~ 7 ajdwexy udisaq

Y



Step 1: Evaluate the applied forces at the perforated section

Ultimate design shear force, Vs, = wL_ wx, = 37.89x10000 _ 37.89x 2059
2 2x1000 1000
=111.78 kN

Ultimate design moment, My, = %(xol, -x,7)

_ 37.89(2050x 10000 — 2050?)

2x 1000000
= 308.76 kNm

Steps 2 & 4: Evaluate the moment resistance of the perforated section and
check flexural failure

a)  Axial resistance of concrete slab:

_0.85/.,b.d, _ 0.85x25x2500x 70
7. 1000x1.5

= 2479 kN

Nc,Rd

b)  Axial resistances of steel tee-section

_ 18.9x155.3x 338

Npgg=t;h, foy= — =992 kN
Nw,Rd = hwtwf)’t.;f = 428)(:{;)0(5))( 338 = 15]9 kN

c)  Resistance of shear connectors

h 95
A=02(—"+1)'=02(=+1) =1.2> 1.0
(dv ) (Gg*D

020442 (fE  0-29x1.0x19° 25x30.47
o == 1000 _ 93 1 kN

ot 7, 1.25

2 2
P = 0.8/, _ 0.8(450)(x)(197) =817 kN
: 4y, 4x1.25x1000

i = 0.7 (bo )(h,. 1) =.0_'Z(@)(-92—}) =1.02 =>1.0

N R R, 160" 60
So, there is no reduction due to the decking profile, and Prys = 73.1 kN

N:I}.Rd = HLPR,;Z 6x73.1 = 438.6 kN

d)  Others

300x10.5%338
[ 000)

Noga =ht f, = = 1065 kN
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Nops =2N 20+ N, oy =N, 5y = 25992 +1519~1065 = 2438 kN

NRd = minimum Of(Nc,Rd. Nsh,Rd. Na_gd) =438.6 kN
N

a=—2d = 438.6 (70) =12.38 mm
N ° 2479

Since N gs > N, gg > Ny ga, 50 there is partial shear connection and
Nrt + Nipa < Naga - N;ra, 50 the PNA is located within the steel web:

-N. —-N _ -
e Now ) _ 4 1519-4386-1065 ()
2N, 2x1519

= dw ( Nw‘Rd

2.17x10.5x338
Nwl,Rd=yltw yd= 1000 _77kN

_ (428-2.17)x10. 5><338
1000

=1511.3 kN

w2 wa = (A, -nh, vd
a { ¥
M, s =Ny, (t, +h __)+Nf,Rd (i)-—Nwl.Rd ('_1)

h, +y,

+ N e (- )+NfRd(h + f) N, ra( w)

= [438.6(18.9+130—@) 992(@) 7. 7(£)

+151 1.3(%) +992(428 + 1—8—9) - 1065(4—2-§)] [1—00—0]

=603.06 kNm > M, = 308.76 kNm {OK)

Steps 3 & 4: Evaluate the shear resistance of the perforated section and check
shear failure

a)  Shear resistances of the perforated steel section:
Ap =075, +t ), = (0.75x18.9+10.5)x 18.9 = 466.36 mm>
A, =dt, =64x10.5 =672 mm?
A f, .
Vi = rfu _ 46636x338 o) 0y
V3 1000 x /3

v _Awu _ 672x338

w, R JE ] 000 % ‘\/5

Vins =20V 10 + Vo) = 201.0+131.1) = 444.2 kN

=131.1 kN

b)  Shear resistance of the concrete slab:
h
d=(h, +§)= 70+% =100mm=0.1m

k=max(l,1.6-d) =max(],1.6-0.1)=1.5

(-20)



2

2 £
0.25x0.21£,5 _ 0.25x0.21(25)°
rd = -
Y. 1.5
Area of mesh = 142 x 0.3 = 42.6 mm?>
Area of deck = 0.9 x 300 = 270 mm?

£ =M =0.01 < (.02
300x100

= 0.30 N/mm?

h
b, =3(h, +2) = 3(70+?) =300 mm
Ve = T4k(1.24+400)b,d = 03x1.5%(1.2+40x0.01)x 300x 0.1 =21.6 kKN

c

c)  Total shear resistance:
Vord =Vopa +Vops =21.6 +444.2 = 465.8 kKN > Vg, (OK)

c

Step 5: Evaluate the shear force resisted by the steel flanges and the steel webs
of both the top and the bottom tee-sections

Vesd =Vera =21.6 kN
Vst =Vsa =Vesa =111.78 = 21.6 = 90.18 kKN < ¥y gy => Vpsa= 0 kN

4T <

V 91
Vg =22 )=—""(90.18) = 36.95 kN
r.5d Vorsa) 222_1( )

VT,Rd
14
Vst =—22(¥., ) = Ei(90.18) =53.23kN
R A 222.1

Step 6: Evaluate the reduced bending strengths of the tee-sections under high
shear force

a)  Top tee-section:
Vs _53.23x1000

r. = = 79.2 N/mm?
A 672

W

v
7 = ss¢ _ 36.95x1000 — 79.2 N/mm>

A, 466.36

o
S =L =37, = 3387 -3(79.2)7 = 308.9 N/imm?
S =Alf =37, = 3382 23(79.2)F =308.9 N/mm?

ro= S Ay + [ (A~ A4,) _ 308.9(466.36) + 338(2935.17 — 466.36)
v A4, 2935.17
=333.4 N/mm*

b)  Bottom tee-section
Since Ve, sa = 0, 50 fo = fir= 338 N/mm?

Step 7: Determine the position of the plastic axial centroid and the moment
resistance of the top composite tee-section at HMS



Nopra =1y Poy =8(73.1)=584.8 kKN
_ 155.3x18.9x333.4

Ny =bftff;y‘ 1000 =978.6 kKN
64x10.5%x308.9
Ny =dt,f,, = 1000 =207.6 kN

Novae =Nyypa + Noypg =978.6 +207.6 = 1186.2 kN

a)  Posttion of the plastic axial centroid, yper

NRd = minimum of (Nc,Rd, Nsh,Rd) =584.8 kN
N .

a=—f g = w(m) =16.51 mm
N, e 2479

a t d
N ('2“)"' Ny ra (?f"' A)+Nyyra(h +1, + ?1)

yprrh =
NRd + Nf,l’,Rd + Nw,V,Rd

584-8(%2) +978.6(l~:;'—9 +130) +207.6(130 + 18.9+§zf)

584.8+978.6+207.6
=101.0 mm

b)  Plastic moment resistance, My, y g

With reference to Table 6.2, there is partial shear connection.
AS Ninga + Nyyga > Ny, v ra, the nominal PNA is located within the steel flange.

N +Ny, =N -
Yo =L T Tne = Furng 978:64 584822076 006 — 13,09 mm
2b, 1, 2x155.3x333.4
Yoo =Hh +1,~y, =130+18.9-13.09 =135.8] mm

_ (18.9-13.09)x155.3x 333 .4

Nopra =0 =y,)b, 1, = 1000 =300.8 kN
13.09x155.3x333.4
Npywa = Yub Sy = 1000 =677.8 kN
M N a L+ Yy Y d,
T Rd = Y g (tf + hr -+ Nfl‘ﬁ'd (——)- Nfz.m (=) + Nn.l’.Rn’ ()
2 2 2 2
16.51 18.9+13.09 13.09

[584.8(18.9 + 130—T)+300.8(——-2——-) ~677.8(—2) + 207.6(%)][10"‘]

2
=89.27 kNm

Step 8: Determine the position of the plastic axial centroid and the moment
resistance of the composite tee-section at [.MS

N =1, Py =6(73.1) = 438.6 kN

sh.Hd
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NRd = minimum Of(Nc Rd Mh,Rd) =438.6 kN
N

a=—fg4 = 4386(70) =12.38 mm
N, e 2479

a)  Position of the plastic axial centroid, y,cu

a t d
N (t, - 5) +N,yra (?f +h)+ N,y e b, +1, + —zi)

ypcrfz
N.Rd+NfVRd+NwVRd

438. 6(70-@) 978. 6(£2+ 130) +207.6(130 +18. 9+—)

438.6+ 978.6 +207.6
=124.3 mm

b)  Plastic moment resistance, My v ga

With reference to Table 6.3, there is partial shear connection.
AS Nspra + Ny v.ra < Nyvra, the nominal PNA is located within the steel flange.

N -N,, ~-N - _
y, = fV.Rd Rd wh.id 078.6-438.6 2076)(1000 321 mm
bef‘,r 2x155.3x3334
(189-3.21)x155.3x333.4
! b =812.4 kN
fl Rd (f ¥.) ;ff 1000
Niswa =y.8,1 = 3:21x155.3x333.4 =166.2 kN

1000
a I,+y y d
Mupyyre =—Npy (tj + hp + E) + Nfl.Rd (f_i“i) - Nfl.Rd (?L) + Nw.V.Rd (?I)

18.9+3.21 3.21

[~438.6(18.9+60 + 1238y 4 B12.4(——==) - 166.2(==) + 207. 6(~—)][10"]

=.21.96 kNm

Step 9: Determine the position of the plastic axial centroid and the moment
resistance of the bottom tee-section

_ 64x10.5x338

Ny =dit f. = =227.2 kN
w.V R t f 1000
18.9 64
Nf”d( )+N“,,M( il +1,) 992(7-)+227.2(?+18.9)
1/ ~ = o
S N A Nor 992+227.2
=17.17 mm
Nyvga ¥ N . 227.2
‘m :[1[ LR X .er] - IS.()[E?E—-';-—-L] =11.61l mm -
2N 2x992

Jov Rl

o
.

(]

L)



ypaz+(tf_ypc)2 dl

My = j'.V.Rd[ th 14Ny ["'é‘ +i - .Vpo]
2 2
= {992[1 161" +(18.9-11.61) 1+ 227.2[6—4+ 18.9~11.61]}(107)
2x18.9 2
= 13.86 kNm

Step 10: Evaluate the applied axial force on the tee-sections

zy=h +h-y,, -y, =130+4658-101.0-17.17 =477.63 mm

2, =h+h=y,, -y, =130+4658-1243-17.17 = 45433 mm

2M .
Npgy = st = 2X30876 1000 6626 kN

2y +2z, 477.63+45433

Step 11: Evaluate the modified moment resistances of the bottom steel tee-
sections

a)  Moment resistance at LMS
_ Ny 662.6x1000

a, = = =6.31 mm
T 2b,f,  2x1553x338
6.31
Br=Yos = (Vo = —) =17.17-(l1 61—-—) =8.715 mm
Nf‘Sd' =2afbfftf = NT.Sd =662-6 kN
662.6x8.715
Moy vwre =My pa _Nf.Sdﬂf = 13-86—'—1060-— = ¥.08 kNm

b) Moment resistance at HMS
2(18.9-11.61)x1553x338
2([; ypo)bfff ( )

1000

=7653 kN> Nrsq, so

NT..’M

a, =
2b, fy
6.31

Br= (VW+—_)—1717 (H.61+=") =2.405 mm

=631 mm

602.6x 2.405

M ra =Mry e + Nf.sd ﬂf +N h,. =1386+ 1000

= 1545 kNm

Step 12: Evaluate the modified moment resistances of the top composite tee-
sections

a) Vioment resistance at HMS
The nomimal PNA is focated within the steel Tange. and
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C,=2yub,fyy = 2 13'097(1)33‘3"333'4 =1355.5 kN > N7y, so the PNA is

remained in the steel flange.
NT.Sd 662.6x1000
= = =6.4 mm
2b,f, 2x1553x333.4

_ a, 6.4,
Br =Y pen = (o + =) = 101.0-(135 81+ =) =-38.01 mm

MTlh.VN,Rd = MT,_V,M + Nc,Sdch _+ Nf.Sdﬁf + NW.SJIBW
—8927+ 662.6(-38.01)
1000
=64.08 kNm

b) Moment resistance at LMS

The nominal PNA is located within the steel flange, and

2(18.9-321Dx1553%x3334
Co =20, -y,)b, f,y = 2 )

= 1624.8 kN > Nrgy,
1000 o
so the PNA 1s remained in the steel flange.

a,=————=
26,1,

_ . _ 6.4,
By =Y~k +7) =124.3-(130 +T) =-8.9 mm

MT!I.VN.Rd = MT.V.RJ - Nc.Sdﬂc - Nf,sdﬂf - NdeIBW
_ o156 562.6(-8.9)

1000
=-16.06 kNm

Step 14: Check Vierendeel failure

a) Top tee-section

Moy owra ¥ Mpponza + Npsa(zy —2;)

— _16.06 +64.08 + 662.6(477.63 - 454.33)
1000
= 63.46 KNm > ¥, ;,a, = (90.18+21.6)(0.5) = 55.89 kNm

b)  Bottom tee-section
Mo vwna ¥ Mopyyy gy =808 +15.45=23.53kNm >V, ja, =0 (OK)
Since both the top and the bottom tee-sections do not exhibit Vierendeel
failure, the beam is safe to carry the design ioad; there is no need to perform
iterations.
Comments:

(h

[ iterations are performed to evaluate an accurate applicd axial forces acting
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b)

)

(3)

on the tee-sections for the same design load, the following results are obtained:

Top tee-section:

MTIJ’_VN,Rd =.17.22 kNITl

M vn e = 68.08 kNm

Nrsqe=564.35kN

Moy onra + Mgy pa + Nralzy —z,)

564.35(477.63 - 454.33)
1000

= 64.03 kNm larger than 63.46 kNm by 1%

=-17.22+68.08+

Bottom tee-section:

MT(,;_ VN Rd = 921 kNm

MTbh,VN,Rd =1548 kNm

M ryow ke + My pa =921 + 15.48 = 24.69 KNm larger than 23.53 kNm by

5%

For illustration purpose, a detailed analysis has been performed to determine
the load capacity of the beam. The beam is found to fail under a uniformly
disturbed load of 55.16 kN/m, which is about 46.7% higher than the current
loading. The force distributions around the web opening at failure are shown in
Figure 6.4. At failure, the tee-sections are subjected to different shear force
ratios. Also, the moment resistances of the top composite tee-sections at the
LMS and the HMS are different. Axial-moment interaction curves for the tee-
sections are plotted in Figure 6.5. The plastic moment resistances of the four
tee-sections are also marked on the interaction curve for comparison.

A global moment-shear interaction curve for the perforated section in the
example at failure 1s shown in Figure 6.6. Under the current design load, the
perforated section is subjected to low global moment and low shear force,

which is also indicated as a point below the curve.
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6.6 The Specialist Computer Program

A computer programi is developed specifically for back-analysis and
calibration of the proposed design method against test data. The program is capable
of running analysis for both steel beams and composite beams with un-reinforced
concentric web openings of the following variations:
a) Steel beams with web openin.gs

Opening shapes: Circular and rectangular
b) Composite beams with web openings

- Opening shapes: Rectangular
Concrete slab:  No decking,
With profiled steel decking placed parallel to steel beam
With profiled steel decking placed transversely to steel beam

The computer program basically consists of three procedures when performing the
calibration exercises. They are: data input, run analysis, and output results.
Procedure I: Data input

At the start of the program, the user is required to choose the types of beams,
the opening shapes, and also the types of concrete slabs. Then the program will
automatically retrieve the relevant test data from the database for back-analysis in
Procedure II.
Procedure II: Run Analysis

Depending on the types of the test data chosen, the program will follow either
the procedures in Section.6.2 for the analysis of steel beams with web openings or
the procedures in Section 6.4 for the analysis of composite beams with web
openings. In either case, the analysis consists of the following eight steps: ”

Step |: Determine the global shear force and bending moment at the centerline of the
web openings

Step 2: Evaluate the shear and the moment resistances of the perforated section and
chieck the shear and the Mexural fatlures ol the perforated section
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Step 3: Determine the reduced bending strengths of the flange and the web of the
steel tee-sections under shear force

Step 4: Evaluate the basic resistances of the tee-sections
Step 5: Evaluate the axial force acting on the tee-sections

Step 6: Determine the moment resistances of the tee-sections under the axial force
and repeat Steps 5 and 6 until 2 converged axial force is found

Step 7: Check Vierendeel failure of the perforated section
Step 8: Repeat all above steps until the beam fails
Procedure III: Qutput results
Once a beam is found to fail in a particular mode, the load capacity of the
beam together with other information obtained from the back-analysis are output to a

spreadsheet for easy interpretation.



MT(I.\’N,Rd =8.291kNm C I

Z2=439.79mm

Nr.sg=110.06 kN

Vaisd

Mgy = 48.9 KNm
VSd =48.9 kN

LMS

NT.Sd =110.06 kN
—

HMS

Nr.sa=110.06 kN

A
')dTlh,VN,Rd =8.79 kNm

2445 kN

MTbI.VN,Rd =8.29 kNm

Vs =24.45 kN

-

-

V, b,Sd =24.45 kN

NT,Sd =110.06 kN

Figure 6.1 Local force distributions at steel perforated section
(Design example 1)

Moment ratio, m

Design Example 1

I Failure surface
—&—Top tee (HMS)

—a&— Top tee (LMS)

| —®— Bottom tee (LMS)

—&— Bottom tee (HMS)

——

02 04

Axial force ratio, n

06 08

Tee-sections i

Figure 6.2 Axial-moment interaction curves of steel tee-sections
under a shear force ratio of 0.14 (Design example 1)
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Moy vy ra = 13.34 kNm

Mgy = 4454 KkNm
Vsq=164.1 KN

LMS '

N

HMS Myp,vvre = 54.56 kiNm

N'rsa =872.71 kN

Nrss 872.71kN
] A
'y '6 /] “r 3
Visa =125.67 kN
Visa 9125.67 |
Y
| 3,= 500mm; 4’
Z, = 454.66l mm -t L =478.13 mim
i hy; = 300mm
Mrvivvee =921 KNm + Vabsa = 38.44 kN
C I Mrpn,vn.rd|=14.13 kNm
o . J—b —Y

e
NT.Sd =872.71 kN

Vinsa =38.44 kN |

J

Nrsq = 872.71 kN

Figure 6.4 Local force distributions at composite perforated section

(Design example 2)

Design Example 2

.
'

—®—Top Tee (HMS)
—4&—Top Tee (LMS)

——Bottomn Tee (HMS)
——e—Bottom Tee (LMS)

M, 2y (KNm)

Moment resistance,

0.6 04 -02

" -3

Axital force ratio,

Figure 6.5 Axial-moment interaction curves of tee-sections

(Design example 2)
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CHAPTER 7

CONCLUSIONS

A unified design method is developed to provide harmonized design of steel

beams and'composite beams with web openings of various sizes and shapes. Based

on the study of the tee-sections and the perforated sections of steel beams and

composite beams with web openings, the following conclusions can be made:

1)

2)

Design formulas for the axial resistances, the shear resistances, and the
nominal plastic moment resistances of both steel and composite tee-sections
are derived based on structural design principles and plastic stress blocks. Due
to global moment at the perforated section and different degrees of shear
connection at different locations along a composite beam, two different
nominal plastic moment tesistances are determined for the composite tee-
sections at the LMS and the HMS of the web opening to allow for the different
stress blocks. The axial forces arising from global bending action are assumed
to act at the plastic axial centroids of the tee-sections above and below the web
openings. For composite beams, the axial forces do not coincide at the ends of
the top composite tee-section.

Simple design formulas for tee-sections based on plastic stress blocks are
derived analytically to allow for interaction of axial force and bending
moment. [t is found that the ptastic moment resistance of a steel tee-section can
either be increased or decreased, depending on the signs and the magnitudes of
both the bending moment and the axial force acting on the steel tee-section.
The plastic moment resistances of the steel tee-sections at the LMS are abways

reduced while those of the steel tee-sections at the HMS are increased for low



3)

4)

values of axial force, but are decreased for high values of axial force. In
general, the current empirical interaction formulas with different power indices
are conservative as they do not allow any increase in the moment resistance of
the tee-section in the presence of low axial force

The plastic moment resistances of composite tee-sections at both the LMS and
the HMS of the web openings are always modified in the presence of axial
force. In the case of full shear connection, the plastic moment resistances of the
composite tee-sections are always lincreased under low axial force. However,
there is always reduction in the plastic moment resistances of the composite
tee-sections in the presence of axial force when there is partial shear
connection. The moment resistance of the composite tee-section at the HMS is
always higher than that of the composite tee-section at the LMS.

A modified formrula is used to evaluate the flange shear area in order to
incorporate the effect of the flange thickness. Shear effect on the plastic
moment resistance of a tee-section is allowed for through the reduction of the
bending strengths of both the web and the flange based on von Mises’ yielding
criterion. The concrete slab is allowed to carry shear force. A complete axial-
moment interaction curve for a steel tee-section under different values of shear
force is developed successfully. It is found that low shear force often has a
smaller effect on the plastic moment resistance of a tee-section than the axial
force. However, a high shear force can cause significant reduction in the plastic
moment resistance even when the co-existing axial force is low. A high axtal
force can cause significant reduction in the plastic moment resistance for all

values of applied shear force.



5)

6)

7)

8)

Axial-moment interaction curves for composite tee-sections at both the LMS
and the HMS of the web opening under different values of shear force are also
developed. It is found that the effect of shear force on the plastic moment
resistance of a composite tee-section is not as significant as the axial force.

In order to assess the load capacities of beams with web openings, the design
formulas for tee-section analysis are extended for analysis of perforated section
by considering the equilibrium of forces around the perforated section. For
steel beams with rectangular web openings, the proposed design method is
used to generate moment-shear (M-V), interaction curves for a number of
beams, which are compared with those obtained from finite element analysis.
The resuits indicated that the proposed design method is ‘accurate and
conservative. For composite beams with rectangular web openings, similar (M-
V), interaction curves are also generated and the results are presented.

For steel beams with circular web openings, a transformation expression
requiring the conversion of the opening into an equivalent octagonal web
opening is suggested for use with the proposed design method. Moment-shear
interaction curves for these beams have also been generated and compared
with results obtained from finite element study and other design methods. The
results indicated the proposed design method is both accurate and conservative.
Over a hundred test data have been collected from various sources and a
comprehensive database is established. Test data using compact steel sections
without instability problems are used for the calibration of the proposed design
method with a specifically developed computer program. Fourteen test data are
sclected from the database to calibrate the proposed design method for steel

beams with rectangutar web openings. The calibration results indicate that the
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9)

10)

11)

12)

proposed design method has an improvement of about 8% on the model factors
over the current SCI design method. For calibration of steel beams with
circular web openings, nine test data are retrieved. The performance of the
proposed design method for this kind of beams is also satisfactory.

Forty test data of composite beams with rectangular web openings are selected
from the established databasé for the calibration of the proposed design
method. It 1s dem.onstrated that the proposed design method is able to provide
improvement over the SCI design methed, especially for composite beams
with rectangular web openings utilizing solid slabs and slabs wi;[h profiled steel
decking placed transversely to the steel beams.

The design procedures for both steel and composite beams with web openings
are presented in accordance with the proposed design method. Two fully
worked design examples are also presented.

The proposed unified design method is considered to be straightforward and
easy to understand with a high degree of structural accuracy and economy. It is
considered to have great potential in practical design with the aid of computer
software.

The formulation of the proposed design method allows it to be extended
readily to cover beams with multiple web openings of various shapes and sizes
and steel sections with different cross-section geometries such as symmetric or

asymmetric and un-reinforced or reinforced.



CHAPTER 8

FURTHER RESEARCH

Given the complexity and difficulty of the topic in beams with web openings,

the proposed unified design method is not able to cover every aspect. It is thus

suggested further researches on the topic be carried out and they are briefly

discussed in the followings.

1)

2)

3)

4)

Local buckling of flange and web

Beams with web openings with non-compact steel sections may fail
prematurely due to local buckling of the flange or the web before the plastic
moment resistance of the perforated section is achieved. Thus, more
investigations are needed if the proposed design method is to be extended to
cover more slender sections.

Web post buckling

In beams with multiple web openings, the width between adjacent openings
maybe so narrow that web post buckling could be a problem, which will
reduce the load capacity of the beams. The proposed design method currently
does not take into account the problem of web post buckling and thus it is only
applicable to beams with single web openings.

Deflection

Although additional deflection due to individual web opening represents only a
few percents of the total deflection, it could be a problem if there are many
openings along the beam, especially when the openings are spaced very
closely.

Relative positions of deck trough and opening

8-



5)

6)

It is suggested that the sfrength of the compostte perforated section does not
depend solely on the number of shear connectors over the opening, but also on
the relative positions of deck trough and opening. However, the exact stress
distribution around the composite perforated section is still largely unknown. It
is envisaged that finite element analysis can provide a better understanding and
clanfication on this aspect.

Various opening shapes

Beams with rectangular web openings often have well-defined tee-sections
above and below the openings. Although an equivalent octagonal web opening
has been proposed for beams with circular web openings, its application to
other opening shapes requires further investigation.

Reinforcement for single web opening

Although reinforcement is seldom used around web opening, it is sometimes
used in remedial work or when a higher resistance is n=eded at some particular

perforated sections. Some attention could be paid to this subject.
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APPENDIX A

SUMMARY OF EXPERIMENTAL TEST DATA

A.1 TESTS FOR STEEL BEAMS WITH WEB OPENINGS

A.1.1 Bower (1968b)

A.1.2 Clawson and Darwin (1980}

A.1.3 Congdon and Redwood (1970)
A.1.4 Cooper and Snell (1972)

A.1.5 Cooper, Snell, and Knostman (1977)
A.1.6 Redwood and McCutcheon (1968)
A.1.7 Lupien and Redwood (1978)

A.1.8 Redwood, Baranda, and Daly (1978)
A.1.9 Shrivastava and Redwood (1977)

A2 TESTS FOR COMPOSITE BEAMS WITH WEB OPENINGS

A.2.1 Cho and Redwood (1992b)

A.2.2 Clawson and Darwin (1980)
A.2.3 Donahey and Darwin (1986)
A.2.4 Lawson, Chung, and Price (1992)
A.2.5 Redwood and Poumbouras (1983)
A.2.6 Redwood and Wong (1982)



A.1.1 Bower (1968b)

1 General

1.1
1.2
1.3
1.4
1.5
1.6

Number of beams (tests):
Beam spans:

Steel beam sizes:

Steel element yield strength:
Steel beam depth:
Span/depth ratio:

2 Opening Configurations

2.1
2.2
2.3
2.4
25
2.6
27
23

Shapes of web openings:

4(4)

Im

4-W16x36

232.4 - 303.4 N/mm?
401.3-404.8 mm
7.53-7.59

4-rectangular

Number of eccentric openings: 0

Number of reinforced openings: 0

Location of opening/span: 0.17-0.5 span

Length/height of openings: 1.01-1.26

Height of openings/depth of beam: 0.45-0.46

M/V ratio at centerline of opening: 0-1.02 m

Others:

Measured yield strength (N/mm’)
Failure loads, P | Modes of failure | Top Bottom Web

Tests | (kN) flange | flange
B11 | 419.0 Vierendeel 249.6 249.6 3034
B21 | 378.2 Vierendee! 2455 2455 2772
B31 | 442.2+2211 Vierendeel 2324 2324 259.9
B41 | 4448 Vierendeel 2413 241.3 301.3
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Figure A.1.1a Shear forces v.s. relative deflections between opposite
ends of opening for test series Bower (1968)
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A.1.2 Clawsen and Darwin (1980)

1 General
1.1 Number of beams (tests): 1(1)
1.2 Beam spans: 45m
1.3 Steel beam sizes; 1-W18x45
1.4  Steel element yield strength: 309.5-358.5 N/mm’
1.5  Steel beam depth: 454 mm
1.6  Span/depth ratio: 10
2 Opening Configurations
2.1  Shapes of web openings: I-rectangular
2.2 Number of eccentric openings: 0
2.3 Number of reinforced openings: 0
2.4 Length/height of openings: 1.99
2.5  Height of openings/depth of beam: 0.6
2.6  Location of opening along beam: 0.2 span
2.7 M/V ratio at centerline of opening: 091 m
2.8 Others:
Measured yield strength (N/mm”)
Failure loads, P | Modes of failure | Top Bottom | Web
Tests {kN) flange | flange
CD4B | 123.66 + 123.66 | Vierendeel 319.85 | 309.51 358.53
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A.1.3 Congdon and Redwood (1970)

1 General

1.1  Number of beams (tests):
1.2  Beam spans:

1.3 Steel beam sizes:

1.4  Steel beam grade:
1.5  Steel beam depth:
1.6  Span/depth ratio:

2 Opening Configurations
2.1  Shapes of web openings:
2.2 Number of eccentric openings:
2.3 Number of reinforced openings:
24  Location of opening/span:

13(13)

22m

1-W10x21, 12-W14x38
274.4 - 395.1 N/mm’
251.2-362.4 mm
6.3-9.1

13-rectangular

0

2-one sided, 10-two sided
0.19-0.50 span

2.5  Length/height of openings: 1.49-1.99

2.6  Height of openings/depth of beam: 0.49-0.63

2.7 M/V ratio at centerline of opening: 0.43-1.14 m

2.8  Others:

Measured yield strength (N/mm®)
Failure loads, | Modes of Top Bottom Web Reinforcement

Tests P (kN) failure flange flange
CIRIA 160.1 Vierendeel 297.2 297.2 395.1 2551
CIR2A 4733 Vierendeel 267.5 267.5 2848 301.3
CJR2B 3674 Vierendeel 267.5 267.5 284.8 3013
CIR2C 4875 Vierendeel 307.5 307.5 384.7 2744
CJR2D 596.1 Vierendeel 307.5 307.5 384.7 274.4
CIR3A 5115 Vierendeel 267.5 267.5 2848 301.3
CJR3B 442.2 Vierendeel 307.5 307.5 3847 228.2
CIR4A 508.9 Vierendeel 307.5 307.5 384.7 274.4
CJR4B 3825 Vierendeel 307.5 307.5 3847 274.4
CIR5A 395.9 Vierendeel 307.5 307.5 384.7 306.1
CJR6A 400.3 Vierendeel 307.5 307.5 38347 -
CJR7B 379.0 Vierendeel 279.2 2792 3289 275.1
CIR7B 544.5 Vierendeel 279.2 279.2 328.9 275.1
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A.1.4 Cooper

and Snell (1972)

1 General
1.1 Number of beams (tests):
1.2 Beam spans:
1.3 Steel beam sizes:
1.4 Steel yield strength:
1.5  Steel beam depth:
1.6 Span/depth ratio:

2 Opening Configurations

2]

Shapes of web openings:

3(3)
3.0-40m

3-W12x45

222.0 - 258.6 N/mm?
306.3 mm

9.9-13.2

3-rectangular

2.2 Number of eccentric apenings: 0
2.3 Number of reinforced openings: 1-one sided, 2-two sided
24 Location of opening/span: 0.33-0.38 span
2.5  Length/height of openings: 1.50
2.6 Height of openings/depth of beam: 049
2.7 M/V ratio at centerline of opening: 1.02-1.52 m
2.8 Others:
Measured yield strength (N/mm°)
Tests | Failure loads, Modes of | Top Bottom Web Reinforcement
P (kN) fatlure flange flange
CS1 231 Flexure 2275 2275 258.6 239.2
CS2 233 Flexure 2324 2324 248.9 2413
CS3 316 Vierendeel 2220 2220 2579 228.2
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A.1.5 Cooper, Snell, and Knostman (1977)

1 General
1.1 Number of beams (tests):
1.2 Beam spans:
[.3  Steel beam sizes:
1.4 Steel yield strength:
1.5  Steel beam depth:
1.6  Span/depth ratio:

2 Opening Configurations

5(5)
2.7-28m

3-W16x40, 2-W16x45
2449 - 317.6 N/mm’
406.6-409.7 mm
6.6-6.9

2.1  Shapes of web openings: 5-rectangular
2.2 Number of eccentric openings: 3-upward, 2-downward
2.3 Number of reinforced openings: 3-one sided, 1-two sided

2.4 Location of opening/span: 0.27-0.28 span

2.5  Length/height of openings: 1.5-2.0

2.6 Height of openings/depth of beam: 0.37-0.49

2.7 M/V ratio at centerline of opening; 0.76 m

2.8 Others:

Measured yield strength (N/mm®)
Failure loads, | Modes of Top Bottom Web Reinforcement

Tests P (kN) failure flange flange
CSK1 605 Vierendeel 317.0 317.6 3176 0.0
CSK2 689.5 Vierendeel 313.2 309.5 317.6 2994
CSK5 511.6 Vierendeel 2939 303.0 3083 294.5
CSKs6 373.7 Vierendeel 2939 303.0 3083 244.9
CSK7 4493 Vierendee! 293.9 303.0 308.3 2449
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A.1.6 Redwood and McCutcheon (1968)

1 General
1.1  Number of beams (tests): 19(19)
1.2  Beam spans: 1.5-25m
1.3  Steel beam sizes: 19-W8x17
1.4  Steel element yield strength: 277.2 - 399.9 N/mm’
1.5  Steel beam depth: 203.2-206.3 mm
1.6  Span/depth ratio 7.3-123

2 Opening Configurations

2.1  Shapes of web openings: 4-single circular, S-multiple circular, 2-single rectangular

S-multiple rectangular, 3-extended rectangular
2.2 Number of eccentric openings: 0

2.3 Number of reinforced openings: 0 :
2.4  Location of opening/span: 0.3-0.5 span
2.5  Length/height of openings: 1.0-1.5
2.6 Height of openings/depth of beam: 0.27-0.56
2.7 M/V ratio at centerline of opening: 0.46-1.22 m, @
2.8  Others:
Measured yield strength
(N/mm’)
Failure loads, P Top Bottom | Web
Tests (kN) Modes of failure flange flange
RMI1A 111.2+111.2 Flexure 313.7 3137 3544
RMIB 111.2 +111.2 Flexure 309.6 309.6 355.8
RMID 08.8 +98.8 Flexure 318.5 3185 3420
RMI11H 1222 +1222 Flexure 3110 211.0 386.8
RM2A 262.8 Vierendeel, web yielding | 350.9 350.9 375.1
RM2B 104.3 Vierendeel 319.9 319.9 3123
RM2C 2303 Vierendeel 296.5 296.5 304.7
RM2D 246.1 Vierendeel 313.0 313.0 370.9
RM2F 136.0 Vierendeel 299.9 2999 3144
RM21G 93.9 Vierendeel 2772 277.2 3254
RM21H 122.2 Vierendeel 302.7 302.7 335.1
RM3A 145.6 Vierendeel, web yielding | 310.3 3103 359.9
RM4A 140.9 Web yielding 315.1 315.1 359.2
RM4B 118.2 Vierendeel 296.5 296.5 351.6
RM4C 146.6 Vierendeel 295.1 2951 399.9
RM4D 154.6 Vierendeel 330.9 3309 3709
RM4F 125.2 Vierendeel 3178 317.8 373.0
RM4G 120.1 Vierendeel 326.8 326.8 373.0
RM4H 106.6 Vierendeei 309.6 309.6 343.9
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A.1.7 Lupien and Redwood (1978)

1 General
1.1  Number of beams (tests):
1.2  Beam spans:
1.3 Steel beam sizes:
1.4  Steel element yield strength:
1.5  Steel beam depth:
1.6 Span/depth ratio:

2 Opening Configurations

6(6)

23-39m

1-W16x26, 5-welded I section
262.9 — 461.9 N/mm’
395.9-522.2 mm

6.0-8.4

2.1  Shapes of web openings: 6-rectangular

2.2 Number of eccentric openings: 0

2.3 Number of reinforced openings: 6-one sided

24  Location of opening/span: 0.25-0.5 span

2.5  Length/height of openings: 2.48-2.50

2.6  Height of openings/depth of beam: 0.43-0.65

2.7  M/V ratio at centerline of opening: 0.6-1.24 m, o

2.8  Others:

Measured yield strength (N/mm®)
Failure loads, P | Modes of failure | Top Bottom Web Reinforcement

Tests | (kN) flange | flange

RL1 369.2 + 369.5 Lateral bracing | 382.5 382.5 419.7 3245

RL2 367.0 +367.0 | Flange buckling | 373.5 3735 404.5 298.6

RL3 502.6 Web buckling 367.0 367.0 401.7 3019

R14 4293 Flange buckling | 368.5 368.5 461.9 324.5

RL5 290.2 + 290.2 Flexure 2843 2843 330.3 262.9
-RL6 3238 Flange buckling | 278.1 278.1 344.5 308.5
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Figure A.1.7 Loads v.s. mid-span deflections for test series Lupien &
Redwood (1977)
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A.1.8 Redwood, Baranda, and Daly (1978)

General

1.1 Number of beams (tests}):

1.2  Beam spans:

1.3 Steel yield strength:
1.4  Steel beam depth:
1.5  Span/depth ratio:

Opening Configurations

2.1  Shapes of web openings:

11(15)
20-42m

297.2 - 409.5 N/mm?

404 .8-527.5 mm
4.6-10.5

"10-rectangular, S-circular

2.2 Number of eccentric openings: 1-downward
2.3 Number of reinforced openings: 0
2.4 Location of opening/span: 0.22-0.50 span
2.5  Length/height of openings: 1.00-3.00
2.6 Height of openings/depth of beam: 0.13-0.62
2.7  M/V ratio at centerline of opening: 0.54-10.54 m
2.8  Others:
Measured yield strength (N/mm”)
Failure loads, P Modes of failure Top Bottom | Web
Tests (kN) flange flange
RBD-HB3 622.8 Vierendeel, flange buckling 297.9 2979 315.1
RBD-HB4 216.7 +327.1 Vierendeel, web buckling 297.9 2979 315.1
RBD-HB3A 438.6 Vierendeel, flange buckling 2979 2979 315.1
RBD-RI1B 7117 Vierendeel, web buckling 299.2 299.2 320.6
RBD-EH1 4226 Vierendeel 3213 3213 330.3
RBD-HBSA 478.6 Web buckling 3847 384.7 397.1
RBD-HBS 265.1 Vierendeel, web buckling 384.7 384.7 397.1
RBD-R2 524.9 Vierendeel, web buckling 297.2 297.2 320.6
RBD-HB2 2544 Vierendeeti 297.9 297.9 315.1
RBD-HBI 183.2 Vierendeel, flange buckling 298.5 298.5 3151
REBD-HBIA 633.5+522.7 Web buckling 298.5 298.5 3151
RBD-CI 751.8 Vierendeel 297.2 297.2 320.6
RBD-UG2 5783 Web buckling 373.0 373.0 399.9
RBD-UG3 689.7 Web and flange buckling 364.0 364.0 409.5
RBD-UG2ZA 456.4 Web buckling 373.0 373.0 399.9
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ends of opening for test series Redwood, Baranda , and Daly (1978)
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A.1.9 Shrivastava and Redwood (1977)

1 General
1.1 Number of beams (tests):
1.2  Beam spans:
1.3 Steel beam sizes:
14  Steel element yield strength:
1.5  Steel beam depth:
1.6  Span/depth ratio:

4(4)

2.3-3.0m

4-welded | sections
255.1 — 402.0 N/mm’
414.2-524.7 mm
5.5-6.9

2 Opening Configurations

2.1  Shapes of web openings: 4-rectangular

2.2 Number of eccentric openings: 0

2.3 Number of reinforced openings: 4-two sided

2.4  Location of opening/span: 0.22-0.26 span

2.5  Length/height of openings: 1.58-3.00

2.6  Height of openings/depth of beam: 0.29-0.67

2.7 M/V ratio at centerline of opening: 0.6-0.83m

2.8 Others:

Measured yield strength (N/mm?)
Failure loads, | Modes of failure | Top Bottom | Web Reinforcement

Tests P (kN) flange flange
SR-UGI 633.9 Web buckling 3723 3723 3930 303.4
SR-VBI 700.6 Web buckling 376.5 376.5 402.0 255.1
SR-VB2 295.8 Vierendeel 2719 2779 3378 255.1
SR-VB3 6339 Vierendeel 287.2 287.2 308.2 257.2
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Figure A.1.9 Loads v.s. relative deflection between opposite ends of

opening for test series Shrivastava & Redwood (1977)
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A.2.1 Cho and Redwood (1992b)

1 General
1.1  Number of beams (tests): 6(9)
1.2 Beam spans: 4.0 m
1.3 Steel beam sizes: 6-W360x51
1.4  Steel beam grade: 301 - 347 N/mm’
i.5  Steel beam depth: 357-359.5 mm
1.6  Profiled steel decking: 7-placed transversely to steel beams, 2-none
1.7  Span/depth ratio: 7.9-8.6
2 Opening Configurations
2.1  Shapes of web openings: 9-rectangular
2.2 Number of eccentric openings: 0
2.3 Number of reinforced openings: 0
24  Length/height of openings: 1.70-1.72
2.5  Height of openings/depth of beam: 0.68 - 0.69
2.6  Location of opening/span: 0.24-0.44
2.7 MV/V ratio at centerline of opening: 0-1.05m
3 Concrete Slabs
3.1  Type of concrete: Normal weight
3.2  Slab width: See table
3.3 Height of profiled steel decking: 76 mm
34  Trough spacing: 304.8 mm
3.5 Trough width {(mean): [56 mm
3.6  Thickness of decking: 0.914 mm
3.7  Ultimate strength of shear connectors: 413 N/mm’
3.8 Height of stud shear connectors: 114 mm (except CR66, CR69 = 76 mm)
3.9  Diameter of stud shear connectors: 19 mm
3.10 Welded position of shear connectors: all favorable
3.11  Others:
Measured yield strength (N/mm”) Concrete slab
Failure loads, | Modes Top Bottom | Web Cylinder | Height Width
Tests | P (kN) of failure Flange flange strength | over decking | (mm)
(N/mm’) | (mm)
CRI! | 1431 +71.6 | Vierendeel 335.0 335.0 3455 24.40 67.0 758
CR22 | 109.3+54.7 | Vierendeel 301.5 3015 347.5 24.60 69.0 750
CR33 | 106.2+53.1 | Vierendeel 329.0 329.0 339.5 24.90 67.0 380
CR44 186.6 Vierendeel 3125 3125 331.0 22.70 68.0 1005
CR47 2103 Vierendeel 312.5 3125 331.0 22.70 68.0 1005
CR55 183.9 Vierendeel 303.5 3035 3340 22.20 67.0 1005
CRS58 2377 Vierendeel 303.5 303.5 334.0 22.20 67.0 1005
CR66 167.2 Vierendeel 306.5 306.5 332.0 23.80 104.0 510
CR69 191.2 Vierendeel 306.5 306.5 3320 23.80 104.0 510
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Figure A.2.1b Applied load v.s. relative deflections between opposite
ends of openings for test series Cho & Redwood (1992)
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A.2.2 Clawsen and Darwin {1980)

1 General
1.1  Number of beams (tests): 6(6)
1.2 Beam spans: 45-73m
1.3  Steel beam sizes: 2-W14x34, 3-W18x45, 1-W18x46
1.4  Steel beam grade: 247 - 335 N/mm’
1.5  Steel beam depth: 338-458 mm
1.6  Profiled steel decking: None
1.7 Span/depth ratio: 8.2-15.9
2 Opening Configurations
2.1  Shapes of web openings: 6-rectangular
2.2 Number of eccentric openings: ]
2.3 Number of reinforced openings: 0
2.4  Location of opening/span: 0.20-0.38
2.5  Length/height of openings: 20
2.6  Height of openings/depth of beam: 0.57-0.60
2.7 M/V ratio at centerline of opening: 0.9-99m
3 Concrete Slabs
3.1  Type of concrete: Normal weight
3.2 Slab width: 1219 mm
3.3 Slab height: 101.6 mm
34  As-welded height of shear connectors: 76.2 mm ?
3.5  Diameter of shear connectors: 19.05 mm
3.6 Others:
Measured yield strength Concrete
(N/mm’) slab
Failure loads, | Modes Top Bottom | Web Cylinder
Tests | P (kN) of failure flange flange strength
(N/mm?)
CD1 143.5 + 1435 | Vierendeel 240.76 247.11 238.35 | 48.26
CD2 214 + 214 Vierendeel | 268.07 268.69 | 279.79 | 28.96
CD3 | 236.9 +236.9 Flexure 268.07 268.69 | 279.79 | 33.99
CD4 | 206.8 +206.8 | Vierendeel 305.99 28434 | 33584 | 30.75
CD5 | 209.1 +209.1 | Vierendeel 282.20 288.61 27214 | 32.27
CDhé6 173 + 173 Vierendeel 271.93 272.83 | 301.71 | 27.72
A2
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A.2.3 Donahey and Darwin (1986)

1 General
1.1 Number of beams (tests): 9(15) (one test with cantilever)
1.2 Beam spans: 3.6-6.7m
1.3 Steel beam sizes: 8-W21xd44, 1-W10x15
1.4  Steel beam grade: 264 — 357 N/fmm®
1.5  Steel beam depth: 257-524 mm
1.6 Profiled steel decking: 12-transverse to steel beams, 3-longitudinal to steel
beamns
1.7 Span/depth ratio: 7.3-10.3
2 Opening Configurations
2.1 Shapes of web openings: 15-rectangular
2.2 Number of eccentric openings: 1-downwards
2.3 Number of reinforced openings: 0
2.4 Length/height of openings: 1.0-2.92
2.5  Height of openings/depth of beam: 0.58-0.71
2.6  Location of opening along beam: 0.16-0.46 span
2.7 M/V ratio at centerline of opening: 0-13.66 m
3 Concrete Slabs
3.1 Type of concrete: Normal weight
3.2 Slab width: 1219 mm {except DA, D8B = 1001mm)
3.3 Height of profiled steel decking: 76.2 mm
34  Trough spacing: 304.8 mm
3.5  Trough width (mean): 152.4 mm
3.6 Thickness of decking: 0.759 mm
3.7 Ultimate strength of shear connectors: 468 N/mm” (except D8A, D8B, D9A, D9B)
3.8  He'ght of stud shear connectors: 114.3 mm (except DSA, D8B, D9A, DIB)
39  Diameter of stud shear connectors: 19 mm (except DSA, DEB = 15.875 mm)
3.10  Welded position of shear connectors: 15 favorable
3.11  Others:
Measured yield strength Concrete slab Shear connector
(N/mm?)
Failure loads, | Modes of | Top Bottom | Web | Cylinder | Height Ultimate | Height
Tests | P (kN) failure flange | flange strength | over strength {(mm)
(N/mm?) | decking
(mm) | (N/mm®)
DD | 207.3 +207.3 | Vierendeel | 348.9 | 3496 | 357.1 30.82 50.8 468 1143
DD2 | 217.5+217.5 | Vierendee! | 339.2 336.5 | 3496 33.44 50.8 468 114.3
DD3 | 3227+ 322.7 | Flexure 3489 3420 | 3475 37.23 50.8 468 114.3
DD4A 282.0 Vierendeel | 344.7 | 346.1 | 3496 32.68 50.8 468 114.3
DD4B 3385 Vierendeel | 3447 | 346.1 349.6 36.40 50.8 468 114.3
DDsA 2994 Vierendeel | 347.5 341.3 | 3447 32.68 50.8 468 114.3
DD5B 2785 Vierendeel | 347.5 | 341.3 | 3447 35.09 50.8 468 114.3
DD6A | 304.0+304.0 | Vierendeel | 3503 342.7 | 346.1 27.72 50.8 468 114.3
DD6B 329.6 Vierendeel ; 350.3 342.7 | 3461 29.65 50.8 408 114.3
DD7A | 167.0+ 167.0 | Vierendeel | 264.8 2654 | 2675 28.89 50.8 408 114.3
DD7B | 203.3 - 203.3 | Vierendeel | 2648 2654 | 267.5 29.65 50.8 468 114.3
DDSA 141.9 Vierendeel | 3103 3110 | 3289 27.17 63.5 430 127.0
DDEB 102.8 Vierendeel | 310.3 311.0 | 3289 34.40 63.5 430 127.0
DD9A 290.5 Vierendeel | 2654 | 264.8 | 2675 2875 101.6 | 474 139.7
DD9B 403.0 Vierendeel | 2654 2648 | 2675 30.06 101.6 474 139.7
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Figure A.2.3a Applied load v.s. relative deflections between opposite
ends of openings for test series Donahey & Darwin (1986)
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A.2.4 Lawson, Chung, and Price (1992)

1 General
1.1  Number of beams (tests}:
1.2 Beam spans:
1.3 Steel beam sizes:
1.4  Steel beam grade:
1.5  Steel beam depth:
1.6  Profiled steel decking:
1.7  Span/depth ratio:

2 Opening Configurations

2.1,
2.2
23
24
2.5
2.6
2.7

Shapes of web openings:
Number of eccentric openings:
Number of teinforced openings:
Length/height of openings:

Height of openings/depth of beam:

Location of opening/span:

M/V ratio at centerline of opening:

3 Concrete Slabs

3(5)
10m
3-UB533x210x82
309 — 349 N/mm’
531-532 mm

5-placed transversely to steel beam

153

5-rectangular
1-downwards
2-cne sided
1.0-3.0
0.37-0.65
0.03-0.29
0.3-4.!m

3.1  Type of concrete: Normal weight

3.2 Slab width: 2500 mm

3.3 Concrete height over decking: 60 mm

3.4  Height of profiled steel decking: 60 mm

3.5  Trough spacing: 300 mm

3.6  Trough width {mean): 170 mm

3.7  Thickness of decking: 0.9 mm

3.8  Height of stud shear connectors: 95 mm

3.9  Diameter of stud shear connectors: 19 mm

3.10 Welded position of shear connectors:  all favorable

3.11 Others:

Measured yield strength (N/mm°®) Concrete
slab
Failure | Modes of failure Rein- Top Bottom | Web | Cylinder
Tests | loads, P forcement | flange flange strength
(kN) (N/mm?)

LIN | 8x80.6 Vierendeel 315.0 316.0 316.0 | 3380 31.88
L1S | 8x91.9 Flexure - 316.0 316.0 | 338.0 3394
L2N | 8x77.5 | Flexure or Vierendeel - 317.0 317.0 349.0 25.64
.28 | §xB8%4 Vierendeel 3150 317.0 317.0 349.0 25.64
L3N | 8x92.0 Vierendeel - 309.0 309.0 341.0 28.14
L3S | 8x92.0 Vierendeel 309.0 309.0 341.0 28.14
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A.2.5 Redwood and Poumbouras (1983)

1 General

1.1
1.2
1.3
14
1.5
1.6
1.7

Number.of beams (tests):
Beam spans:

Steel beam sizes:

Steel beam grade:

Steel beam depth:
Profiled steel decking:
Span/Depth ratio:

2 Opening Configurations

2.1
2.2
23
24
25
2.6
2.7

Shapes of web openings:

Number of eccentric openings:
Number of reinforced openings:
Length/height of openings:

Height of openings/depth of beam:
Location of opening/span;

M/V ratio at centerline of opening:

3 Concrete Slabs

2(3)

37m

3-W360x5!

301.5 — 325.4 N/mm’

355-357 mm

3-placed transversely to steel beam
7.6

3-rectangular
0

0

20
0.59-0.6
0.25

0.95m

3.1  Type of concrete: Normal weight
3.2 Concrete height over decking: 65 mm
3.3 Height of profiled steel decking: 76 mm
34  Trough spacing: 304.8 mm
3.5  Trough width {(mean): 156 mm
3.6 Thickness of decking: 0.914 mm
3.7  Height of stud shear connectors: 114 mm
3.8  Diameter of stud shear connectors: 19 mum
3.9  Weldec position of shear connectors:  all favorable
3.10 Others:
Measured yield strength (N/mm°) Concrete slab
Failure | Modes Top Bottom | Web Cylinder | Width
Tests | loads, | of failure flange flange strength {mm)
P (kN) (N/mm?)
RPS6 189 Vierendeel 301.5 301.5 3254 18.80 1000.0
RP57 | 272 Vierendeel 301.5 301.5 3254 18.80 1000.0
RP68 | 258 Vierendeel 303.7 303.7 3032 17.10 1000.0

A2
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Figure A.2.5a Applied load v.s. relative deflections between opposite

ends of opening for test series Redwood & Poumbouras (1983)
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A.2.6 Redwood and Wong (1982)

1 General

1.1
1.2
1.3
1.4
1.5
1.6
1.7

Number of beams (tests):
Beam spans:

Steel beam sizes:

Steel beam grade:

Steel beam depth:
Profiled steel decking:
Span/depth ratio:

2 Opening Configurations

2.1
2.2
23
2.4
2.5
2.6
27

Shapes of web openings:
Number of eccentric openings:
Number of reinforced openings:
Length/height of openings:

Height of openings/depth of beam:

Location of opening/span:

M/V ratio at centerline of opening;

3 Concrete Slabs

5(6)
38-60m

1-W250x22, 4-W360x51
276 — 386 N/mm’
253.6-356.8 mm

6-placed transversely to steel beam

7.8-12.0

6-rectangular
l-upward

0

20

0.59
0.24-0.50
0.94-6.0 m

3.1  Type of concrete: Normal weight
3.2 Concrete height over decking: 65 mm
3.3 Height of profiled steel decking: 76 mm
34  Trough spacing: 304.8 mm
3.5  Trough width {(mean): 156 mm
3.6  Thickness of decking: 0914 mm
3.7  Height of stud shear connectors: 114 mm
3.8  Diameter of stud shear connectors: 19 mm
3.9  Welded position of shear connectors: all favorable
3.10 Others:
Measured yield strength (N/mm°) Concrete slab
Failure loads, | Modes of Top Bottom | Web Cylinder | Width
Tests P (kN) failure flange flange strength (mm)
(N/mm?)
RW00 162 Vierendeel 348.6 348.6 386.8 26.40 1000.0
RW1lI 225 Vierendeel 276.6 276.6 311.2 22.00 1200.0
340 Vierendeel
RW22 and Flexure 301.7 301.7 326.2 19.50 1200.0
RW33 438 + 146 Flexure 291.3 291.3 3255 29.60 1200.0
Rwad4 351+ 117 Flexure 302.4 3024 37 27.30 1200.0
RWI15 240 Vierendeel 276.6 276.6 3112 22.00 1200.0
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Figure A.2.6a Applied load v.s. relative deflections between opposite
ends of opening for test series Redwood & Wong (1982)
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