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Design of steel and composite beams with web openings
- Verification using finite element method
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Abstracts. This paper presents the findings of a design development project for perforated beams fully
integrated with building services. A unified design approach for both steel and composite beams with large
rectangular web openings is proposed which is based on plastic design methods and formulated in accordance
with analytical structural design principles. Moreover, finite element models are established after careful
calibration against test data, and comparison on the predicted ultimate loads of two composite beams with
rectangular web openings from the finite element models and the proposed design method is also presented. It
is demonstrated that the proposed design method is able to predict the ultimate loads of composite beams with
rectangular web openings against ‘Vierendeel’ mechanism satisfactorily.

Key words: composite beams with web openings; perforated sections; integration with buildings
services; ‘Vierendeel” mechanism.

1. Composite beams integrated with building services

Composite construction in commercial buildings has been well established in many countries over
the past few decades, and steel frames with hot rolled or fabricated sections and pre-cast concrete or
composite slabs provide an effective means of fast-track construction with column-free office spaces.
The benefits of composite action are increased strength and stiffness with 1.5 to 2.5 times of moment
resistances and stiffnesses of steel sections, leading to economy in the size of the steel sections used.
The design of composite beams is covered in BS5950: Part 3 (1990), Eurocode 4 (1994), and also in
AS2327 (1996). Design handbooks for both steel and composite beams with profiled steel decking may
also be found in the literature (Lawson and Chung 1994, Oehlers and Bradford 1995, AS2327.1 1997).

In modern commercial buildings with high specifications in building services, there is always a need
to incorporate building services within floor zones while at the same time to minimize the depth of floor
zones in order to reduce the overall height of the buildings. A common method of incorporating
services within the floor-ceiling zone of buildings is to create large openings in the webs of beam
members. The openings are most likely to be rectangular or circular, and may be in the form of discrete
openings or a series of openings along the beam.

TAssociate Professor, Corresponding author, E-mail: cekchung@polyu.edu.hk
iResearch Associate
iTResearch Student



204

K. F Chung, C. H. Ko and A. J. Wang

The presence of web openings may have a severe penalty on the load carrying capacities of floor
beams, depending on the shapes, the sizes, and the locations of the web openings. Due to the presence
of web openings, three different modes of failure may take place at the perforated sections as follows:

i) shear failure
ii) flexural failure,

and

iii) “Vierendeel’ mechanism

2. Analytical design approach for beams with single web openings

An overall review on the design recommendations (Lawson 1987, Darwin 1990, Redwood and Cho
1993, Clawson and Darwin 1980, Chung and Lawson 2001) shows that in general, there are two design
approaches (Ko and Chung 2002) in assessing the structural behaviour of beams with rectangular web

openings:

2.1. Tee section approach

In this approach, the structural adequacy of a beam with web openings depends on the section
resistances of the tee sections above and below the web openings under co-existing axial forces Ny
shear forces V' and local moments My, as shown in Figs. 1 and 2. All of these local forces and moments
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Fig. 1 Global and local actions at perforated section of a steel beam
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are due to global bending action. The accuracy of the design methods depends on the accuracy of a
number of design rules against respective failure modes. Moreover, there are a number of different
ways in allowing for the effects of co-existing axial and shear forces in assessing the moment
resistances of tee sections. The calculation procedures are usually complicated and they differ
significantly among each other, depending on the design methodology adopted, and also the calculation
efforts involved. It should be noted that the design methods are often very general, and applicable in
principle for beams with web openings of various sizes and shapes. However, due to the complexity of
the problems, approximate design rules are often presented for practical design to reduce calculation
effort, leading to conservative results.

2.2. Perforated section approach

In this approach, the perforated cross-sections are the critical sections to be considered in design. The
structural adequacy of the beams depends on the section resistances of the perforated sections under co-
existing global shear force, Vs, and bending moment, Ms,. In general, the design procedures for both
the shear and the moment resistances of perforated sections are relatively simple and similar among
different design methods. However, the ‘Vierendeel ' moment resistances of the perforated sections are
evaluated implicitly based on various assumptions on the effects of co-existing shear forces and
moments. Simplifications are usually made to those design rules derived from the Tee section
approach, and thus, empirical global shear-moment (V,-M,) interaction curves are often provided to
engineers for practical design. However, it is the simplification or the ‘over-development’ on the design
rules that reduces the scope of applicability of the design rules.

For beams with multiple web openings, an additional failure mode, namely, buckling of web posts,
may be critical when the openings are closely spaced. Moreover, additional deflection due to the
presence of web openings should also be considered but the calculation is usually very laborious.

A detailed study (Chung and Ko 2002) on existing design rules for perforated beams shows that for
beams with single web openings, many design rules are developed for small openings, i.e., the opening
dimensions along section depth and member length are less than half of the section depth. Moreover,
the design assumptions and methods are very different from one another, and in general, there is a lack
of unified approach in both strength and stiffness assessments. In some cases, different sets of design
rules are proposed by the same authors for openings of same shapes but different sizes. Furthermore,
there is little guidance on the design of composite beams with perforated asymmetric fabricated I-
sections in the literature.

3. Proposed design approach for perforated steel and composite beams

In order to rectify the deficiencies found in existing design methods, a unified design approach (Ko
2002, Chung and Ko 2003) is proposed, and the design formulation is presented according to the format
of Eurcodes 3 and 4. Consider a steel beam and a composite beam each with a large rectangular web
opening under global shear force, Vs,, and global moment, Mg, as shown in Figs. 1(a) and 2(a). Local
forces and moments are induced in the tee sections above and below the web opening, as shown in Figs.
1(b) and 2(b). Depending on the support condition and the position of the web opening along the beam,
the interaction among co-existing axial forces Ny shear forces V7 and moments My acting onto the tee
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sections vary significantly, leading to completely different structural behaviour of the beam.

With reference to the steel and the composite beams with rectangular web openings shown in Figs. 3

to 6, the general features of the proposed design method are summarised as follows:

e The section classification of all steel flanges and webs are either Class 1 plastic or Class 2 compact
so that plastic stress blocks may be adopted in the section analysis.

e The axial resistances of composite and steel tee sections are evaluated according to the appropriate
plastic stress blocks. Hence, the plastic axial centroids (PC) of both composite and steel tee sections
are established.

e The plastic neutral axes (PNA) of both composite and steel tee sections are established through
equilibrium consideration of horizontal forces, and the nominal plastic moment resistances are
calculated by summing up the first moments of all the plastic stress blocks about the plastic neutral
axes accordingly.

e In the presence of high shear force, the bending strengths of the steel webs in both the composite
and steel tee sections are reduced throught von Mises yielding criterion.

o In the presence of applied axial forces due to global bending, the moment resistances of both the top
composite and the bottom steel tee sections are reduced in general. The effect of applied axial
forces is allowed through the introduction of additional plastic stress blocks, and thus, the plastic
neutral axes of the tee sections are shifted. Hence, the modified plastic moment resistances of the
tee sections are calculated by summing up the first moments of all the plastic stress blocks about the
shifted plastic neutral axes.

e It is required to consider Vierendeel mechanism separately for the top composite and the bottom
steel tee sections separately at follows:

a) Top composite tee-sections
Mz rat My e+ Nz sa(zy—21) 2 (Vi sa T Ve sa)a (A1)

where Vs V.sqs are the shear forces resisted by the top steel tee-section and the concrete slab
respectively

b) Bottom steel tee-sections
MTbl,Rd + MTbh,Rd 2 Vab, sac (A2)

where V5 54 is the shear force resisted by the bottom steel tee-section
If either of the above inequalities does not hold, then part of the shear force acting on the tee section
should be distributed to the other tee section. Iterations should be performed until both inequalities do
not hold which implies the occurrence of ‘Vierendeel” mechanism.

Refer to Appendix A for the derivation of the design expressions as well as the parameters of the
proposed design method.

The plastic stress blocks acting onto the tee sections under different combinations of global shear
forces and moments are shown in Figs. 3 and 5 for perforated steel and composite beams respectively.
The moment-axial force interaction curves for both the top composite tee sections and the bottom steel
tee sections are shown in Figs. 4(a) and 6(a) for perforated steel and composite beams respectively.
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Fig. 3 Force distribution and plastic stress block patterns of a perforated steel beam
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Fig. 5 Force distribution and plastic stress block patterns of perforated section of a composite beam

Moreover, by equating the modified moment resistances of the four tee sections under co-existing
axial forces, and shear forces if any, against the applied ‘ Vierendeel’ moment, Vg, x a, the ultimate loads
of the perforated beams are obtained. This allows the generation of a global interaction curve between
the applied shear force, Vs,, and the applied moment, Mg, of the perforated section at the limit of failure
as shown in Figs. 4(b) and 6(b) for perforated steel and composite beams respectively. The global
interaction curves prescribe the maximum co-existing global shear force, Vs, and global moment, Mg, at
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Fig. 6 Structural performance of composite beam with large rectangular web opening

the perforated section of a beam located at various positions along the length of the beam member.
Consequently, engineers may confirm the structural adequacy of the perforated sections of steel and
composite beams easily with the aid of the global interaction curves. In case of structural inadequacy,
engineers may readily relocate the web openings according to the global interaction curves. It should
be noted that for steel beams with web openings of various shapes and sizes (Liu and Chung 2003,
Chung and Liu 2003), a simple and yet effective empirical design method is proposed which is based
on an extensive parametric study on hot rolled universal beams under practical loading and support
conditions.

4. Finite element modeling

In order to verify the accuracy of the proposed design method, finite element method is employed and
a finite element model for composite beams with large web openings is established. Comparison on the
predicted ultimate loads of two composite beams with rectangular web openings from the finite
element models and the proposed design method is presented after careful calibration against test data.

The general purpose finite element package ABAQUS (Version 6.3, 2002) was adopted for the

numerical simulation of composite beams with large rectangular web openings. Since the principal
mode of failure involves only in-plane deformation, a two-dimensional finite element model is adopted
for simplicity together with the following features:

e [so-parametric eight-noded two-dimensional plane stress elements (CPS4R) are used to model both
the concrete slab and the steel beam. The stresses incorporated in each element include two in-plane
direct stresses and one in-plane shear stress.

o A bi-linear stress-strain curve is adopted in the material model of steel together with the von Mises
yielding criteria. The “* CONCRETE’ option is used to model the reinforced concrete slab whose
tensile strength is taken as 10% of its compressive strength.

e With geometric non-linearity incorporated into the finite element model, large deformation in the
perforated section after yielding is predicted accurately to allow for load re-distribution within the
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perforated section. Consequently, the ‘Vierendeel’ mechanism with the formation of plastic hinges
in the top composite and the bottom steel tee sections above and below the web openings are
investigated in details.

e Headed shear studs with 19 mm diameter are used in both tests. Every shear connector is modelled

by one horizontal spring with a stiffness, K, for shear rigidity simulation and one vertical spring
with a stifthess, K, for axial rigidity simulation. Moreover, the shear and the pull-out resistances of
the connector are taken to be P, and P, respectively. Bi-linear force-deformation curves are adopted
in both springs to allow for material yielding.
It should be noted that both the stiffnesses and the resistances of the shear connectors depend not
only on the steel and the concrete materials, but also on the configuration of the slab, i.e., either a
solid concrete slab or a composite slab with profiled steel decking, and the arrangement of shear
connectors, i.e., either one stud or two studs per trough.

e As concrete crushing is not incorporated in the concrete model, it is necessary to define a point of
failure in the beam. A simple failure criterion is adopted where the beam is declared to be failed
when the maximum deflection of the beam exceeds any one of the following:

i) span over 90
ii) overall beam depth over 30, or
iii) 25 mm.

5. Calibration against experimental results

The finite element model was calibrated against data from two tests. The first test was a composite
beam with a solid concrete slab which was conducted by Clawson and Darwin (1980), namely Test
CD4. The second one was a composite beam with a composite slab using a trapezoidal decking which
was conducted by Redwood and Poumbouras (1983), namely Test RP5. Table 1 presents the
mechanical properties of the steel beams and the concrete slabs. Both the general test set-ups and the
dimensions of the test specimens of Tests CD4 and RP5 are shown in Figs. 7(a) and 8(a) together with
their finite element models in Figs. 7(b) and 8(b) respectively. Moreover, the predicted load deflection
curves of the composite beams are plotted in Figs. 7(c) and 8(c) where the stiffnesses and the
resistances of the shear connectors are also given. It should be noted that both the stiffnesses and the
resistances of the shear connectors are estimated from typical push-out tests.

Table 1 Mechanical properties of test specimens

Tests Failure load Failure Measured yield strength (N/mm?) (S:t}rllelrrlldglr St?;?eth
P (kN) mode  Top flange Bottom flange Web (N/miz) (N/mrg}f)

CD4 207+207 Vierendeel 306.0 284.3 335.8 30.8 38.5

RP5 272 Vierendeel 301.5 301.5 3254 18.8 235

Table 2 Comparison on ultimate loads

Ultimate load (kN)
Experiment Finite element method (FEM) Proposed design method (PDM)
CD4 414 413 416
RP5 252 250 249

Test
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Table 2 summarizes the comparison on the ultimate loads obtained from the experiments and the
finite element models, and the predicted load deflection curves are plotted in the same graphs of the
measured data in Figs. 7(c) and 8(¢) for easy comparison. It is shown that both the deformation
characteristics and the ultimate loads obtained from the finite element models and the experiments
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agree well with one another.
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Fig. 8 Perforated composite beam and slab with profiled steel decking - Test RP5

6. Comparison with proposed design method

These two composite beams with large rectangular web openings are also analyzed by the proposed
design method, and the results are compared with those obtained from the finite element models in terms of
both ultimate loads and local force distributions. It is found that the ultimate loads obtained from both finite
element models and the proposed design method agree very well with each other as shown in Table 2.
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Table 3 Comparison on local moments and forces for test CD4
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FEM (P=416 kN)

PDM (P=416 kN)

LMS HMS LMS HMS
Top tee 14.8 60.0 -5.5 84.8
“Vierendeel’ 74.8 79.3
moment 6.9 15.0 8.5 14.3
(KNm) Bottom tee 21.9 2.8
x 96.7 102.1
Axial force Top tee 363.8 369.8 320.5 320.5
(kN) Bottom tee 364.7 359.4 320.5 320.5
Concrete 80 83 38 38
forsc}e‘e;‘;N) Toptee =g 75 1 208 77 10 o2 3T 'Y 210 T 1 210
Bottom tee 53 52 41 41
Table 4 Comparison on local moments and forces for test RP5
FEM (P=249 kN) PDM (P=249 kN)
LMS HMS LMS HMS
Top tee -2.0 31.4 -6.2 39.1
“Vierendeel’ 33.4 32.9
moment 3.9 8.0 5.0 8.1
(kNm) Bottom tee 19 1’31
z 443 46.0
. Top tee 268.9 272.7 256.6 256.6
Axial foree (kN) — 0 e 276.9 2741 256.6 256.6
Concrete 37 25 27 28
Shear force (KN) P Sear a7 M 12 e % e e M 14 e Mt 1
Bottom tee 38 38 30 30

The ‘Vierendeel” moments obtained from the proposed design method and the finite element models
are presented in Tables 3 and 4 for Tests CD4 and RP5 respectively. It is interesting to note that
although there are minor discrepancies found in the local ‘Vienrendeel’ moment resistances between
the HMS and the LHS at both the top composite and the bottom steel tee sections respectively, the total
‘Vierendeel” moments for both the top composite tee sections and the bottom steel tee-sections from
those two methods agree very well.

7. Conclusions

Based on plastic section analyses, a unified design approach for both steel and composite beams with
large rectangular web openings is presented which is formulated in accordance with analytical
structural design principles. It is demonstrated that the proposed design method is able to predict the
ultimate loads of composite beams with rectangular web openings against ‘Vierendeel’ mechanism
satisfactorily. It should be noted that the design approach also provides flexibility with rational basis for
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simplification, allowing calculation procedures of different levels of complexity suitable to manual or
computer calculations, depending on the time constraint and the accuracy required.
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Appendix A
Design formulae for composite beams with rectangular web openings

A.1 Basic resistances of cross sections
A.1.1 Plastic axial resistances and location of plastic axial centroids
A.1.2 Plastic moment resistances and location of plastic neutral axis
a) Bottom steel tee-sections at HMS and LMS
b) Top composite tee-section at HMS
c) Top composite tee-section at LMS

A.2 Presence of axial forces
A.2.1 Effect of axial force on moment resistances of bottom steel tee-sections at HMS
A.2.2 Effect of axial force on moment resistances of bottom steel tee-sections at LMS
A.2.3 Effect of axial force on moment resistances of top composite tee-sections at HMS
a) Full shear connection and nominal PNA in concrete
b) Full shear connection and nominal PNA in steel flange
c) Full shear connection and nominal PNA in steel web
d) Partial shear connection and nominal PNA in steel flange or web
A.2.4 Effect of axial force on moment resistances of top composite tee-sections at LMS
a) Full shear connection and nominal PNA in concrete
b) Full shear connection and nominal PNA in steel web
c) Full shear connection and nominal PNA in steel flange
d) Partial shear connection and nominal PNA in steel flange or web

A.3 Presence of shear forces
A.3.1 Plastic shear resistances
A.3.2 Effect of shear forces on moment resistances of tee sections

A.4 Evaluation of axial forces acting on tee-sections
A.5 Equilibrium against ‘Vierendeel” Mechanism

Consider a composite beam with a large rectangular web opening of a X/ under a global moment M,
and a global shear force Vs,, as shown in Fig. Al(a). After resolving the global forces and moments,
Fig. A1(b) illustrates the co-existing local axial forces, shear forces and moments acting onto both the
top composite and the bottom steel tee sections at both the HMS and the LMS of the web opening.

The design formulae for composite beams with large rectangular web openings are presented as
follows.

A.1 Basic resistances of cross sections
A.1.1 Plastic axial resistances and location of plastic axial centroids

The cross-section of a composite perforated section is shown in Fig. A2(a) while the plastic stress
blocks of both the top composite and the bottom steel tee-sections at the LMS and the HMS of the web
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Fig. A2 Plastic axial centroids of tee-sections

opening are shown in Figs. A2(b) and A2(c) respectively. All the stress blocks in compression are
shaded for easy reference.
The plastic axial resistance, N7g,, of the bottom steel tee-sections is given by:

Ntra = Nra + Nyyra (A1)
where Nigy is the plastic axial resistance of the steel flange, and equal to A, f,,
Nyra is the plastic axial resistance of the steel web, and equal to 4,, f,,
fr is the design yield strength of the steel flange
Jow is the design yield strength of the steel web
Ay is the area of the flange, and

A, is the area of the web

When the tee-sections (steel or composite) are subjected to pure tension or compression, the axial
force must be distributed over the sections in such a way that no moment is created, as shown in
Figs. A2(b) and A2(c). In other words, the axial force resultant is considered as being applied at a
specific point on the tee-section creating no moment. This point is referred as the plastic axial centroid
(PC), and its distance from the bottom of the flange is designated as y,., for both bottom steel tee-
sections, which is given as follows:
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AT
Nf,Rd(Z) + Ny ra 5 + ff)

.= A2
Ipe Nt rat Ny ra (A2)

where Nz, and N, . are the axial resistances of the flange and the web, respectively.

It should be noted that, as shown in Fig. A2, the PCs of the composite tee-sections at the LMS and the
HMS are different because of the different stress blocks assumed. The concrete compressive force is
assumed to act at the top and the bottom parts of the concrete slab at the HMS and the LMS,
respectively. The position of the plastic axial centroid, y,., of the top composite tee section from the top
of the concrete slab at the LMS is given by:

t d
N do=2) + Ny 2 ) + Nl b1+ )

= A3
Vper Nea N, ns* Noora (A3)

where Ngy is equal to the minimum of Ny, g, and N, gy
Ngra  1s the resistance of shear connection at the point under consideration
Nera is the compressive resistance of the concrete slab
a is the depth of the plastic stress block of the concrete slab
The position of the plastic axial centroid, y,.., of the top composite tee section from the top of the
concrete slab at the HMS is given by:

| ! !
&MT(h,Rci &Mm.,mﬁ ﬂ \L MTth}Rﬁ
N JER7) i I SN v o [
h, N_— T ___ 2_ —f ] {¥eo T__ i ___)'Jm_n__I___i _________
h i i i Ypo
P : H \ H
t T T — == — S J
v y s
; ” : “H_\
______________ — - - | ——
(a) (b) PNA in concrete (¢) PNA in flange (d) PNA in web
Fig. A3 Bending stress blocks of composite tee-section at HMS
h,
hy
hP
t;

(a) (b) PNA in concrete (¢) PNA in'flange (d) PNA in web

Fig. A4 Bending stress blocks of compostie tee-section at LMS
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Fig. A5 Bending stress blocks of bottom steel tee-sections

a t d
Nad §) * Nead § ) + Nl o+ 3)

Nrat Nira+ N, ra

(A4)

ypcth =

It should be noted that the PC is a point of significant importance since any effect of axial force on
the moment resistances of the tee-sections is derived with reference to this point.

A.1.2 Plastic moment resistances and location of plastic neutral axis

a) Bottom steel tee-sections at HMS & LMS

As shown in Fig. AS, the plastic moment resistance of the tee-section, Mg, may be evaluated by
taking moment of the forces about the PNA as follows:

2 2
po + (tfiyp()) :|

y d
My ga = Nf,Rd|: 27 +Nw,Rd|:El +tf_yp0i| (AS)
f

where y,, is the distance of the plastic neutral axis (PNA) from the bottom of the flange

— Nw,Rd+Nf,Rdt
2N ra

For hot-rolled I beams with web openings of practical sizes, the PNA of the steel tee-sections always
falls within the flanges, and thus only this case is considered.

All formulae and parameters required for the calculation of the nominal moment resistances of the
bottom steel tee-sections are summarized in Table Al(a).

Table Al(a) Formulae in determining nominal moment resistance of steel tee section
Nominal PNA, Mrra

2 2
+ (¢t d
Flange N, RJ[M} +N, Rd[_l + t,—y,,,,}
Js 2tf gl 2 g

t o=t +(d =y, 1)
Web NﬁRd[ypo*ﬂ"'Nw,Rd[ Lo L 2d1] Lo L J

Nu-, rRa T N/; Rd
S b
2N/; Rd

Note: y,, =
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Table A1(b) Parameters in determining moment resistance of steel tee section under axial force

Nominal Shifted

PNA, PNA Criteria oy a, B Lo

Nrsa ( (xf)
Fl Ny,—C, <0 _ + =
ange TSd 1 3 bf fy ) Ype =\ Vpo 5

HMS Flange
Nll'; a aw
Web  Npsg—Cr<Co 1= ypo ﬁ Vpe (y,m + Ef) Ve (y,w + ot 7)
wJyw

Nrsa ( af)

LMS Fl Fl -5 < —4 - _ _
S ange ange NTSd C3 0 2bff;f ypc ypo 2

Notes:
C= 2(tf7ypn)bjf}‘f Nisa = 2afbff;jf My ra = NT,Rd*Nﬁsdﬁf

Cy= 2d\t, /o
Cs = 2y,.bfy

]Vw, sa = 2 a\\'t\\;f}‘fw My ra = NT, rat N/; &/,3/'+ Nu-, sdPw
y — N\(*‘Rd+NﬂRdt
" 2Nira !
t, d
Ny Rd(g +N,, RLI(EI + ff)
y c =
? Nirat Ny ra

b) Top composite tee-section at HMS

The concept of plastic moment resistances of the composite tee-sections is more complicated as they
are related also to the resistance of shear connection. Under pure bending, the nominal plastic neutral
axis (PNA) of the composite tee-section at the HMS of the perforated section may locate within (i) the
concrete slab, (ii) the steel flange, or (iii) 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 axial resistances of the
three components of the composite tee-section are given as follows:

e Concrete slab:

e Steel tee-section:

e Shear connectors:

Nc,Rd = (0.85 be deﬁk (A6a)
where f;; is the compressive cylinder strength of the concrete

b, 1is the effective width of the concrete slab, and

d, is the effective concrete depth
Nara = Nura + Nira (A6b)
where N, zi=d t,, f

Nira=trbr iy
Ninra = 1 Pra (Abc)

where ny is the number of shear connectors from the nearest support to the
HMS of the perforated section, and
Prq is the design strength of a shear connector

The stress blocks of all three cases are illustrated in Fig. A3. It is important to note that compressive
force in the concrete is assumed to act at the top of the concrete slab while the tensile strength of the

concrete is neglected.



Table A2(a) Formulae in determining nominal moment resistance of composite tee section at HMS

Nominal PNA Yu Ypo MTlh, Rd
Nz Nera
>Na,Rd 104 I3 d
or Concrete t hitteyy NRd(tf+ h,— 5) -N; Rd(zf) +N w,Rd(EI)
Nera>Nspra
FHH >Na,rd
consl}llee:?trion Nsirg>Nra  Flange Nera Npa = No wa hitt N (f +h, - a) +N, (tf+ J’u) -, (y_H) +N, (é)
>NcRd NRd + Nﬂ Rd 2 Nw,Rd 2b[f;f ! fhyH Ra\’f ! 2 1.d 2 2. kd 2 w, Rd 2
or
Noyri>Nsira  Web Ny ra—Nra— Ny ra ( a) (tf) (yn) (dl + yn)
. L. L + +h-=|+ 4] - — |+N,,
>Nera Nieat Nppa <Ny pa 2t, o hittetyn Neaty+h 2 Nira 2 Nt ra 2 Nz, ga 2
Nu,V,'Rd>NcRd Flallge N‘1',Rd+ NRd_ Nw,Rd ht N ([ +h 2-’) +N (Lyn) N (y_]]) N (Cﬁ)
Partial SNy Niea+ Nyra> Ny ia 26, (Tl VH ra\ Iy =5 Mrd( " 7. Rd S w, kd\
shear NcRdnga,Rd Web Nura=Nea=Nira N (t +h oa) +N (tf) N, (y”) +N, (dl i y”)
>Nyra Neat Ny ra< Ny ra 2t vy R\l =5 rrd\ 5 ) =Nt ral 5 w2, Rd 3
Notes:
Nows = (- yi)bdy a = gy
N — y b[f‘ Nc.Rd
ufd ST d, = h, for soild slab
Nyt ra = yHtm}iu.v _ .
d, = h. for profiled steel decking placed transversely to steel beam
Nyo w= (d, —yl-l)twfyw h
Neg = MIN(Nsjra Nerar No ra) d, = h.+ —2” for profiled steel decking placed parallel to steel beam
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Table A2(b) Parameters in determining moment resistance of composite tee section under axial force at HMS

Nominal Shifted .
PNA PNA Criteria a. o a, B B B,
Nisa &%
Concrete  Npg,—C, <0 0.85b.7, - Vet (a+ 5) - -
C Nrsa— N, a, a
Concrete  Flange ~ Npgo—C, <G, 0.85 l;eka Tszdbf}f > - Ypeth — (05 + ?) YVpern (yl’o + 5[) -
C, Nysi=Nesa—Npgy 22 ar
Web  Npgq—Ci=Cr < G m Ir Tfy“ Ypeth ((Z + 5) Ypeth — (ypa + 5) Ypeth (ypo tapt _)
N. a
Flange Nisa—C, <0 Zb:}jf - - Ypern =\ Vpo T E[) -
Flange _
Nysq—Npgq a a,
Web Nisa— Cz < C3 - YH thfyu - Ypeth — (yjm + Ef) Ypeth = (ypo + af+ 7)
Nrsa !
Web Web Nrsa—C4<0 - - 20, fom - - Ypeth — (an tapt 7)
Notes:
€ = MIN(Ne.ra, Non.ra) = N a Nesi = 0.85achfe Mz ra = Mrga* NesaBe + Nysafr+ Ny, safBo
Co = 2yubd,y Nisa = 2a4bdyy a ‘ d
. 104, a 4 d,
C3 - 2d1 t“/}"”’ ]v\r, sd = 2 awtu:f_;'w _ NM(Z) * Nﬁ Rd(z * h’) * ]\]‘V‘Rd(h[ e 2)
Cy = 2(di —yu)tifow Freo N+ Nsat Ny ra
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In general, the depth of the compressive stress block in the concrete slab is given by:

a = Neod, (A7)
N, ¢, Rd
where  Npy = Minimum (N, ga, Nera Nonra)

The plastic moment resistance, Mry, rs, 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.

However, if there is only partial shear connection, that is, Ngs = Ny, ra, then the full compressive
strength of the concrete is not attainable and the only possible stress blocks are shown in Figs. A3(c)
and A3(d). The depth of the compressive stress block in the concrete slab may be found by using Eq.
(A7). In general, Eq. (A7) is valid for both full and partial shear connection.

All formulae and parameters required for the calculation of the nominal moment resistances of the
top composite tee-sections at HMS are summarized in Table A2(a).

¢) Top composite tee-section at LMS

Whenever a composite beam with a perforated steel section is subjected to both moment and shear,
tensile cracks may 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 must be in compression in order to resist the
thrust from the shear connectors. 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 is reasonable to consider that the moment
resistance of the composite tee-section at the LMS assumes the stress block as illustrated in Fig. A4,
depending on the relative axial resistances of the concrete slab, the steel tee-section, and also the degree
of shear connection. The axial resistances of the concrete slab and the steel tee-section are defined
previously while the resistance of the shear connectors is equal to 7, P, where 7, 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 locate
within (i) the concrete slab, (ii) the steel flange, or (iii) the steel web in the case of full shear connection
while it may only locate within (iv) the steel flange or (v) the steel web in the case of partial shear
connection.

The stress blocks shown in Fig. A4 are valid for composite tee-section with full or partial shear
connection. The nominal moment resistance, Mz, gy, Of the cross-section can be found by summing up
the moments of each of the resistances of the concrete slab and the steel tee-section about the bottom of
the flange.

All formulae and parameters required for the calculation of the nominal moment resistances of the
top composite tee-sections at LMS are summarized in Table A3(a).

A.2. Presence of axial forces
Local axial forces arising from global bending action are assumed to act at the PCs of the tee-sections

and will cause the plastic neutral axes to shift. Hence, the plastic moment resistances of the tee-sections
are modified by the axial forces. The proposed method for allowing the effect of axial forces on the



Table A3(a) Formulae in determining nominal moment resistance of composite tee section at LMS

Nominal PNA yr Yo M ra
Nsira™Nera™Nara a 1 d,
or Concrete 4 hettey, —Npa\ t;+hy, + 5) + Niral 5 ) =Ny, ra 3
Nera™Nsira™No,ra
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Flange Nira=Nga =Ny ra ( ) ( J/L) (J/L) (dl)
shear L > hittry, —Ngy t;+ h,+ = |+N N + Ny ral =
conneation Nea>NarNegs Nea+ Ny za <N za 26, YL Ra\rT TS MoRd\ Ty 72, Rd| S )
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R~ Na ™ Nsnra 'Web w.kd T Nra = Ny ga ( ) (f) (y) ( 1+yL)
Nia+ Ny za= Ny 1o 2t hettety, =Neal tr+ h,+ = |+ N g 5 — N1 ra > +N,2 rd 2
Notes:
Npra = (&= yu) by o = %(du)
N — b , ¢, Rd
N R t”;f d, = h  forsoild slab
v = Vb d, = h, for profiled steel decking placed transversely to steel beam
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Nirq = MIN(Ngyra» Neras No, ra)
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h.+ %L’ for profiled steel decking placed parallel to steel beam
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Table A3(b) Parameters in determining moment resistance of composite tee section under axial force at LMS

Nominal Shifted

PNA  PNA Criteria & o % B B By
Nrsa a.
Concrete NTSd -C <0 m - - Vpert = (de —o— ?) - _
C Nygs— N, a, [0}
Concrete Flange — Npg— C, <G, 0.85[;}2,( T;‘;foy/ - - Yper1 = (de —a- ?) Ypert — (hr + Ef) -
C Nrgy—N.ss— N, a, a a,
Web  Nisy—Ci—Cr< Gy m Iy %&’ ypm—(de—a—g) ypc,l—(hﬁ—zf) ypm—(hﬁaﬁ 7)
N a
Flange Ny~ C,<0 - 2bj;;l[ - - Vper — (h, + 5f) B
Web
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Fig. A6 Bending stress blocks of bottom steel tee-section at HMS under axial force (shifted PNA in flange)

plastic moment resistances of the tee-sections basically involves the subtraction or addition of the
moments created by the axial forces from or to the nominal moment resistance of the tee-sections. Tee-
sections at the HMS and the LMS of the perforated section are considered separately.

A.2.1 Effect of axial force on moment resistances of bottom steel tee-sections at HMS

Consider a tee-section subjected to a shear force and positive bending moment in Fig. A6, the
addition of an axial force to the tee-section may cause the PNA to be located in the flange or the web
depending on the magnitude of the force. Suppose an axial force of magnitude Nrg, is applied to the
tee-section in the same direction of the moment and assuming that N;g, is less than or equal to the
residual compressive strength of the flange, 2 (# - ,,) brf,s then the shifted PNA of the section will
remain within the flange as shown in Fig. A6(d). The axial stress block can be assumed to act at a
distance of /3 (see Fig. A6c) from the plastic axial centroid, introducing a beneficial effect to the plastic
moment resistance. Thus, the modified moment resistance, My, y ra, 1S larger than the nominal value of
Mryrqsand is given by:

Miyph N ra = Mr rat+ Ny sy (A8)
where Nf, Sd — 2 (foffyf

(04
ﬂf :ypc_(ypo-'_af)

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 Fig. A7(d). The axial force resisted by the web is then given by:

Ny,sa = Nrsa - Nisa (A9)

where  Nysa =2 (- ypo) brfiy
The modified plastic moment resistance is given by:

(a) (b) Nominal PNA (c) Axial force (d) Shifted PNA
M ynre =Miga +NysaBr + N, 5B,

Fig. A7 Bending stress blocks of bottom steel tee-section at HMS under axial force (shifted PNA in web)
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Mrsnnra = My ga T Ny, Sdﬂf +N,, saB (A10)

where P, is the distance between the center of the axial stress block in the web and the plastic
axial centroid

a,
= ypc_ yp0+af+7)

a,, is the depth of the axial stress block in the web
_ N, w, Sd
2t fo
All formulae and parameters required for the calculation of the modified moment resistances of the
bottom steel tee-sections under axial force at HMS are summarized in Table A1(b).

A.2.2 Effect of axial force on moment resistances of bottom steel tee-sections at LMS

Consider a steel tee-section shown in Fig. A8(a), the PNA of the section is located within the flange
and the moment resistance of the section under zero axial force is equal to its nominal value Mrg,. The
corresponding stress block is shown in Fig. A8(b). If an axial force, N7g,, is applied to the tee-section,
which is in a direction opposed to that of the moment resistance, a stress block is thus introduced and its
depth, ¢ is given as follows:

a = Nt sa
A
2bffyf

The stress blocks are shown in Fig. A8(c), and the PNA will shift towards the top of the flange to
maintain equilibrium as shown in Fig. A8(d).

The application of the axial force, which is deviated from the plastic axial centroid (PC), causes a
reduction in the plastic moment resistance and the modified moment resistance, Mz v rs, 1S given by:

(A11)

MTbl,N,Rd = MT,Rd_Nf,Sdﬂf (A12)

where f is the distance from the center of the axial stress block to the PC and

oD
= ypc_(ypo__zz)
t, JMTbl.N,Rd
e > o e « D
PC i
" S | 2 A N I /%" N L S—— R S
& e A Y B e I
(a) (b) Nominal PNA (¢) Axial force (d) Shifted PNA

Muyinra = Mr.ra — Nysafr

Fig. A8 Bending stress blocks of bottom steel tee-section at LMS under axial force



226 K. F Chung, C. H. Ko and A. J. Wang

[ T

h = = Noss <) )

h| VNe—r ] T — — — 2__1___:_________f______.ﬁ‘___& Ypen =4

yww | ' _ Nisa VB [By o
t h e I — I Oy — y—""1T |
d; H w,Sd _l |

MryNra = Mrmra + NesaBe + NisaBy + Ny, saBw
(a) (b) Nominal PNA (¢) Axial force (d) Shifted PNA

Fig. A9 Bending stress blocks of composite tee-section at HMS under axial force (nominal PNA in concreate)

All formulae and parameters required for the calculation of the modified moment resistances of the
bottom steel tee-sections under axial force at LMS are summarized in Table A1(b).

A.2.3 Effect of axial force on moment resistances of top composite tee-sections at HMS

When the axial force arising from global bending action is applied to the composite tee-section at the
HMS, its plastic moment resistance is modified in a way similar to that discussed for steel tee-section.
The modification depends on the position of the nominal PNA, the magnitude of the axial force, and
also the degree of shear connection in the composite tee-section.

a) Full shear connection and nominal PNA in concrete

Fig. A9(b) shows a composite tee-section together with its stress block when the nominal plastic
neutral axis (PNA) locates within the concrete slab. The modified PNA may locate either in (i) the
concrete slab, (ii) the steel flange, or (iii) the steel web, depending on the magnitude of the axial force.

Suppose the magnitude of the axial force is larger than the residual strength of the concrete, smaller of
N.ra and Ny, pg minus N, zs, and is great enough to shift the nominal PNA into the web as shown in
Fig. A9(d). The stress blocks have shown that the residual compressive strength of the concrete and the
yield 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 axial force are
below the PC, the effect on moment resistance due to these two forces are non-beneficial. The
magnitudes of the forces are given by:

N sa= Minimum (N ga Noyra) = Nora (Al3a)
Nisa= 205 by (A13b)
NWSd = 2awtwfyw (A13C)
N. sq
h = e
where  a, 08545,
o = L
o = N7 sa— N sa—Nisa



Design of steel and composite beams with web openings - Verification using finite element method 227

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

Mm, N,Rd Mm, R T Nc, safe + Nf, Sdﬁf+ Nw, saBy (Al4)

o,
where IBC = ypcth - (a + E)

[94
ﬁf = ypcth_(yp() + _2.[)

aW
ﬁw = ypcth_(yp()+ af+ 7)
Other parameters when the shifted PNA remains in the flange or the concrete can be found similarly.

b) Full shear connection and nominal PNA in steel flange

When the axial resistance of the concrete slab is less than both the resistances of the shear connectors
and the steel tee-section, the nominal PNA may locate within either the flange or the web as shown in
Figs. A10 and A11, respectively. Suppose the nominal PNA locates in the flange, and an applied axial
force is large enough to shift the nominal PNA into the web. Since the concrete slab is not able to take
any applied axial force, it is distributed first to the steel flange, as shown in Fig. A10(d), and then
resisted by the steel web as shown in Fig. A11(d) after the flange is fully yielded in compression.

Since the beneficial effect from the concrete stress block does not exist, there is always a reduction in
the moment resistance due to the applied force resisted by both the flange and the web. The modified
moment resistance, My, v rs, may be calculated using Eq. (14), with the second term on the right hand
side of the equation set to zero as follows:

M
h, 7%_ e I r__—;?— _____
b | Y =— —— —— ﬁ _____ —_— L NYeew
| " _______________________ Nesa ____ [ &L _
i Mrinxra = Mrira + NysaBy 4 NusaBi
(a) (b) Nominal PNA (¢) Axial force (d) Shifted PNA

Fig. A10 Bending stress blocks of composite tee-section at HMS under axial force (nominal PNA in flange)

J/ MTth,Rdl ﬁ ‘_NT_S"_:_ L MTm,]\},Rﬁ
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____________________ . SN \ o W — .
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(a) (b) Nominal PNA (c) Axial force (d) Shifted PNA

Fig. A11 Bending stress blocks of composite tee-section at HMS under axial force (nominal PNA in web)
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MTth, N,Rd MTth,Rd+ N/;Sdﬁ}"'Nw,Sd W (A15)
Other parameters when the shifted PNA remains in the flange can be found similarly.

¢) Full shear connection and nominal PNA in steel web
In this case, M7y, v zs can be found using Eq. (14) with the second and third terms being set to zero as
follows:
Mz n.ra = My ra + N,y saBy (A16)

As the force resisted by the web is equal to the applied axial force, the depth of the stress block in
the web, a,, is re-defined as follows:

a, = —154 (A17)

In practical situations, this case rarely happens.

d) 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 web. The effect of
axial force on the moment resistance may be assessed using the method outlined previously for full
shear connection. Figs. A10 and A11 also illustrate these two cases, respectively.

All formulae and parameters required for the calculation of the modified moment resistances of the
top composite tee-sections under axial force at the HMS are summarized in Table A2(b).

A.2.4 Effect of axial force on moment resistances of top composite tee-sections at LMS

The effect of axial force on the moment resistance of the composite tee-section at the LMS follows
the same philosophy as presented in A.2.1 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 of the composite tee-
section. The stress blocks for pure bending are 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.

a) Full shear connection and nominal PNA in concrete

Consider a case where there is full shear connection and N, . is larger than N, 4, the composite tee-
section at the LMS under pure bending may assume a stress block as shown in Fig. A12. The location
of the shifted PNA will depend on the magnitude of the axial force and may be located in (i) the
concrete, (ii) the steel flange or (iii) the steel web. Suppose an axial force which is large enough to shift
the nominal PNA into the web is applied to the composite tee-section, it is assumed to be distributed to
the concrete first, then to the flange, and finally to the web. The force resisted by each element is shown
in Fig. A12(c) and the final stress blocks are shown in Fig. A12(d) where the PNA is shifted to be
located within the web.
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Fig. A12 Bending stress blocks of composite tee-section at LMS under axial force (nominal PNA in concreate)

The concrete slab can resist an axial force which is equal to its residual strength, the smaller of Nz,
and Ny, s minus N, g, and hence, the depth of the stress block, «. is re-defined as follows:

~ Minimum(N, zs Ny ga) = Noga
0.85b, 1.

This concrete force is acting opposite to the positive moment resistance with a lever arm, £, measured
from the PC. Thus, 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 to the web if the
resistance of the former is fully utilized. As 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 effects
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:

(A18)

a,

MTrl,N,Rd = MTrl,Rd_Nc,Sdﬂc_Nf,Sdﬁf_Nw,Sdﬁw (A19)
o
where f. = ypm—(de—a—j)
o
ﬂf = ypctl _(ht+ _2f)

a,,
ﬂw = ypctl _(ht+ 22+ 7)

oy is the depth of the stress block in the steel flange

=l
a,, is the depth of the stress block in the steel web
_ Nisa=Nesa—Nysa
2t,, fow
Nisa=2 o brfiy
N.sa= 0.85a.b, for
Nysa= 2 atyty fr
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Fig. A13 Bending stress blocks of composite tee-section at LMS under axial force (nominal PNA in web)
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(a) (b) Nominal PNA (¢) Axial force (d) Shifted PNA
Fig. A14 Bending stress blocks of composite tee-section at LMS under axial force (nominal PNA in flange)

h,

The modified moment resistances for other cases where the shifted PNA in the steel flange or the
concrete slab can also be found similarly.

b) Full shear connection and nominal PNA in steel web

Similar to the case of composite tee-section at the HMS, the nominal PNA locates within the flange,
as shown in Fig. A13(b), or within the web, as shown in Fig. 14(b), when the axial plastic resistance 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.

Suppose the nominal PNA locates in the web and that the axial force is large enough to shift the
nominal PNA into the web as shown in Fig. A13(d). The axial resistance of the flange is fully utilized
and the applied axial force resisted by the web, N, s, is given by:

Nysa = Nrsa- Tisa (A20)
where  Nysa = 205bsfyr
a=1
The modified moment resistance of the composite tee-section is given by:
Mrianga = Mri ra— Ny saBBr— N, saP (A21)

a
where B = y,0n— (h, + —2f)

ay,
ﬂw = ypctl _(ht+ af+ 7)

a, 1s the depth of the stress block in the steel web
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— Nw, Sd
2t S

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 parameters required to evaluate the modified moment
resistance are found similarly.

¢) Full shear connection and nominal PNA in steel flange

When the nominal PNA is located within the steel flange as shown in Fig. A14(b), then the shifted
PNA always locates within the flange. The modified moment resistance of the composite tee-section is
given by:

MTrl,N,Rd = MTrl,Rd_Nf,Sdﬂf (A22)

a
where B, =y, —(hﬁr Ef)

oy is the depth of part of the flange resisting the axial force

d) Partial shear connection and nominal PNA in steel flange 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 previously for full shear connection. The stress blocks are shown in
Figs. A13 and Al4.

All formulae and parameters required for the calculation of the modified moment resistances of the
top composite tee-sections under axial force at LMS are summarized in Table A3(b).

A.3 Presence of shear force

A.3.1 Plastic shear resistances
According to Eurocode 3, the plastic shear resistance, V74, of a steel tee-section is limited to that
contributed by the full depth of the web and a portion of the flange, and is given by:

Vira = Vira + Vira (A23)
Lot

where Vigg is the shear resistance of the flange, and equal to 4, (—)

J3

V..ra 18 the shear resistance of the web, and equal to 4,,, (J-:/Lf)
3
A,s is the shear area of the flange, and equal to (0.75#+ ¢,)t,
A,,, 1s the shear area of the web, and equal to d, ¢,
It should be noted that the shear area of the flange given above has been carefully calibrated in an
extensive finite element study on steel beams with large web openings.
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A.3.2 Effect of shear forces on moment resistances of tee sections
The effect of shear force is then taken into account by reducing the bending strengths of the flange
and the web through von Mises yielding criterion as follows:

fow= NfH-37, (A24a)

fn= =37 (A24b)

_ Vw, Sd
where 7, =
AVW
_ Visa
Tf —
A,y
Vi rd
14 4 ( .k
w, Sd T,Sd VT,R
Vira
Visa =7 Sd(V’
T,R
Visa» Vwsa are the shear forces resisted by the shear areas of the web and the flange,
respectively
Vira is the applied shear resistance of the tee-section
= Vira + Viera
Visa is the applied shear force on the tee-section
Jow Sop1 are the reduced bending strengths of 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, f,s is calculated for the whole flange as follows:

A—A)+f A
fvf:fyf( f ;;) Jundv (A25)

where Ay is the total area of the flange, and
A,y is the shear 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 using f,,, and f;; accordingly.

A.4 Evaluation of axial forces acting on tee-sections

In order to design against the ‘Vierendeel” mechanism of composite beams with web openings,
consider the equilibrium at the HMS of the perforated section. The global moment at the centerline of
the opening, Mg,;, may be written as follows:

Vsa

M, = NT, saZp T MTth, sa T MTbh, SdT A

> (A26)
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where zy is 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 may also be obtained by considering the equilibrium at the LMS of the
perforated section as follows:
Vsqa
My, = NT,SdZL—MTtl,Sd—MTbl,Sd+T (A27)
where z; is the moment arm between the axial forces acting on the top composite and the bottom
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 moments as follows:

(ZH + ZL) +MTth, sat MTbh, Sd MTtl,Sd - MTbl,Sd
2

M, = NT,Sd (A28)

For any given global moment at the centerline of the perforated section, the above equation is re-
arranged to give the axial force acting on the top composite and the bottom steel tee-sections as follows:

2 Mg, — (Mryp, sa+ My sa— Mz sa— Mryi sa)

zytz;

N T,5d — (A29)

Once the axial force is known, the moment resistances of the composite and the steel tee-sections
may be evaluated through the use of the formulae given above. 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 are then used to check against the ‘Vierendeel’ mechanism by satisfying the
equilibrium condition of both the top composite and the bottom steel tee-sections.

A.5 Equilibrium against Vierendeel Mechanism

It is required to consider ‘Vierendeel” mechanism separately for the top composite and the bottom
steel tee sections as follows:

a) Top composite tee-sections
My rat My ra ™ Nrsa(Zy—21) 2 (Vi sa T Ve sa)a (A30a)
where V,, 54, V.sqs are the shear forces resisted by the top steel tee-section and the concrete

slab respectively

b) Bottom steel tee-sections
Mryi rat Mrpn a2 Vap, sa@ (A30Db)

where Vs, 1s the shear force applied to the bottom steel tee-section

If either of the above inequalities does not hold, then part of the shear force acting on the tee section
should be distributed to the other tee section. Iterations should be performed until both inequalities do
not hold which implies the occurrence of ‘Vierendeel’ mechanism.
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