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A B S T R A C T

Demountable and reusable composite floor systems enable the decoupling between the use of construction
materials and economic activity, and hereby contribute to the sustainability of the built environment. Efficient
material use through optimised cross-section design reduces construction material demand. Demountable steel-
concrete composite floor systems are perceived as competitive when consisting of steel beams and large pre-
fabricated concrete floor elements, with composite interaction achieved by demountable shear connectors.
Compared to traditional monolithic floor systems, the demountable composite floor systems have an increased
sensitivity to lateral-torsional buckling during execution, mostly because of unsymmetrical loading and the
absence of rotational constraints in the execution phase. This increased sensitivity implies that the cross-section
of the steel beam should not only be designed based on the required in-plane resistance, but should also max-
imise the out-of-plane resistance. The Energy method and Rayleigh-Ritz methods are combined to develop a
prediction model for the critical bending moment of monosymmetrical web-tapered steel beams. The key cross-
sectional dimensions and parameters that affect the in-plane and out-of-plane resistance are identified. An
overarching strategy for the concurrent optimisation of the in-plane and out-of-plane resistance of mono-
symmetrical cross-sections is presented without compromising on material efficiency. The beneficial effects of
the proposed optimisation strategy are quantified through a case study example.

1. Introduction

In the coming decades, the global demands for construction mate-
rials will double due to a growing global population and a higher
standard of living in developing countries [1]. This projection already
accounts for beneficial effects such as technological advances in pro-
duction processes and the change towards a services-based economy.
Sustainable existence of humankind is only possible by decoupling
economic growth from materials use and environmental impact [2].
The concept of the circular economy aims to facilitate the decoupling
by maintaining the highest potential value of materials and products, a
strategy first described by Stahel [3]. One of the precursors of the cir-
cular economy is Lansink’s ladder [4], which prioritises prevention of
materials use over mitigating measures, such as reuse and recycling.
Sustainable development within the construction sector requires ef-
fective (‘building the right things’) and efficient (‘building the things
right’) materials use. Along these lines, sustainable design methodolo-
gies include minimisation of materials use (e.g. design optimisation)
and maximisation of structural system reuse [5].

The demountability of bolted connections used in steel structures

facilitates reusability of beams and columns, underlining their inherent
sustainability potential. Steel is the most recycled material in the world,
and its endless recyclability makes it a durable resource [6]. In terms of
sustainability, reuse at the level of structural components is prioritised
over recycling. The reuse of steel components requires (i) sufficient
availability, (ii) a reuse management system, (iii) a stock database, (iv)
temporary storage, (v) careful demolition, (vi) acceptance criteria for
reuse and (vii) fabrication procedures [7]. Reduction of the material use
can be achieved by optimising the steel cross-section design by tapering
of the web, which offers both structural and functional advantages, and
by a monosymmetrical cross-section design.

Traditional steel-concrete composite floor systems do not facilitate
demountability and reusability of the concrete decks or the steel beam,
because the structural components are permanently connected by
welded headed studs. The development of demountable shear con-
nectors to replace welded headed studs is increasingly gaining attention
to enable the transition to a more sustainable construction sector.
Experiments to establish the mechanical properties for various types of
demountable shear connectors are carried out by, amongst others, Lam
et al. [8] and Moynihan & Allwood [9] (bolted headed studs), Wang
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et al. [10] (pretensioned clamping connectors), Pathirana et al. [11]
(blind bolts), Suwaed & Karavasilis [12] (precast connector) and Nijgh
et al. [13] and Kozma et al. [14] (resin-injected bolted connections).
The demountable shear connectors must be sufficiently stiff to generate
a significant beneficial effect of the composite interaction to reduce
material use by optimising the cross-section area. The material demand
can be further reduced by a non-uniform distribution of the shear
connectors [13,15,16]. The elastic in-plane behaviour of web-tapered
monosymmetrical composite floor systems with non-uniform shear
connection can be analysed using the method of Nijgh et al. [17]. Large
prefabricated concrete floor elements are favoured over monolithic cast
in-situ floors because they increase the reuse potential and facilitate
rapid execution and disassembly [13].

Four different design situations are distinguished in EN 1990 [18]:
persistent, transient, accidental and seismic design situations. The
persistent design situation refers to the conditions of normal use, while
the transient design situation refers to temporary conditions, for ex-
ample execution or repair. During execution, global instability modes
may arise in laterally unrestrained steel beams. At a critical load, the
compression flange tends to buckle out-of-plane, while the tension
flange attempts to maintain the laterally undeformed state of the beam.
This causes lateral bending and rotation of the cross-section. This in-
stability phenomenon is known as lateral-torsional or flexural-torsional
buckling, and was first theoretically analysed by Prandtl [19] and Mi-
chell [20].

The lateral-torsional buckling resistance of a steel beam does not
only depend on its cross-sectional properties and support conditions,
but also on the detailing of the floor system. Snijder et al. [21] observed
that lateral-torsional buckling was prevented by a monolithic concrete
floor without mechanical connection to the steel beam, except for a
rubber strip (t= 20 mm) at the steel-concrete interface. The prevention
of lateral-torsional buckling can be attributed to the partially restrained
rotation of the cross-section [21,22]. The rotation constraint is caused
by a shift of the point of load application from the centre to the tip of
the flange, which the only point of contact with the monolithic concrete
floor. This constraint is only possible in case of the continuity of the
monolithic concrete floor. For a demountable composite floor system,
characterised by large discontinuous prefabricated concrete elements,
no rotation constraint emerges. The prefabricated floor elements are
supported by only one side of the compression flange. The absence of a
prefabricated floor element on the other side of the compression flange
implies that the cross-section is free to rotate, see Fig. 1. Demountable
steel-concrete composite floor systems with discontinuous floor ele-
ments are therefore sensitive to lateral-torsional buckling. It should be
noted that lateral-torsional buckling is only critical during execution; in
the persistent design situation the beam is laterally supported by the

concrete floor elements through the demountable shear connectors.
Lateral-torsional buckling can be analysed analytically using equi-

librium, energy, and numerical methods [23], although the energy
method is most commonly used. The Energy Method is based on the
(linear) strain energy of the beam and the work done by the external
loads, which are used to evaluate the critical load based on an in-
stability criterion. This method is used for bisymmetrical cross-sections
(e.g. [24,25]), for prismatic monosymmetrical cross-sections (e.g.
[26–28]), and for web-tapered monosymmetrical cross-sections (e.g.
[29–32]), and solved using solution strategies based on the finite ele-
ment method, finite difference method and Rayleigh-Ritz method.

This paper presents an optimisation strategy to maximise the in-
plane and out-of-plane resistances of demountable composite floor
systems in the persistent design situation and during execution, re-
spectively. The societal sustainability challenge is addressed by fo-
cusing on efficient material use through web-tapered steel beams with
monosymmetrical cross-sections, while focusing on minimising the
cross-sectional area. The benefits of the proposed design strategy on in-
plane and out-of-plane resistances are quantified using a case study
example.

2. Prediction model for lateral-torsional buckling

In this section, an analytical prediction method for the critical
bending moment of monosymmetrical web-tapered simply-supported
steel beams is derived. The proposed model combines the Energy
Method approach for web-tapered bisymmetrical cross-sections [24],
augmenting it with the effects of monosymmetry and solving it using
the Rayleigh-Ritz method. A similar approach was used by Asgarian
et al. [31], but in present paper trigonometric instead of power series
are used.

The coordinate systems and cross-sectional dimensions used in this
paper are illustrated in Fig. 2. The y-z coordinate system is used to
define the cross-sectional properties, while the v-w coordinate system is
adopted to describe the out-of-plane and in-plane deflections,

Fig. 1. Sensitivity to lateral-torsional buckling of a steel beam loaded by a
prefabricated concrete floor element.

Fig. 2. Axes convention and dimensional parameters for a monosymmetrical
cross-section.
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respectively. The x-axis is perpendicular to the yz-plane and parallel to
the beam span. The cross-sectional dimensions are denoted by b
(width), t (thickness) and h (height); the subscripts f and w refer to
flange and web, respectively. Distinction between the top and bottom
flanges is made by the subscripts t and b, respectively. The total cross-
sectional area is denoted by A.

The steel beam is symmetrical in the xz-plane and is subject to loads
in positive z-direction. Hence, the beam is subject to uniaxial bending
around its strong y-axis prior to the onset of lateral-torsional buckling,
with compressive stresses developing above the elastic neutral axis. The
y-axis coincides with the elastic neutral axis, and is located at a distance

=
+ + + + +( ) ( )( )

z
b t h t t b t h t

A
¯ ,

t h t

c
f,t f,t 2 w w f,t 2 f,b f,b 2 w f,t

f,t w f,b

(1)

from the outer compressive fibre.
Upon reaching a critical load, the cross-section starts to deflect in v-

direction and rotates around its twist centre (TC), which coincides with
the shear centre (SC) [33,34]. The ordinate of the twist and shear centre
is given by

=
+

⎛
⎝

− − ⎞
⎠

+ −z
I

I I
h

t t t
z

2 2 2
¯ ,z

z z
s

,b

,b ,t

f,t f,b f,t
c

(2)

with Iz,b and Iz,t denoting the area moment of inertia around the z-axis
of the bottom and top flanges, respectively. The abscissa of the twist
and shear centres is at =y 0c .

The cross-sectional parameters (i.e. area, area moment of inertia,
torsion rigidity and warping rigidity) depend on the slope αw of the web
proportional to αcos( )w

3 [24]. The effects of the web-tapering on these
cross-sectional parameters are not included in present work because the
error for practical web slopes ( <α 10%w ) is limited (< 1.5%).

2.1. Strain energy

The prediction of the critical bending moment using the Energy
Method requires the determination of the internal strain energy and the
virtual work generated by the loads. Relevant contributions to the
strain energy originate from [24,26,29,31,32]:

• Normal stresses due to lateral bending around the z-axis

• Shear stresses due to uniform torsion

• Normal stresses due to warping (non-uniform) torsion

The strain energy contributions are superimposed to determine the
total internal strain energy. The effects of the pre-buckling deflection
along the w-axis are not included in the analysis, because their effects
are negligible for typical beam designs (h/b > 2) [35,36]. The in-
dividual contributions to the internal strain energy are introduced se-
parately in the following subsections.

2.1.1. Strain energy due to lateral bending
Lateral bending induces compressive and tensile stresses in the

flanges and web. The end of an infinitesimal beam segment with length
dx rotates relative to its other end by a small angle dθ. A bending
moment

=M EI dθ
dxz z (3)

develops, in which EIz denotes the bending stiffness around the weak
axis. The corresponding virtual work of magnitude =dU Mdθ0.5 is
stored as strain energy in the beam segment, which can be simplified to

=dU
M
EI

dx1
2

.z

z

2

(4)

Eq. (4) can be rewritten in terms of lateral deflection and integrated
over the beam length to obtain the total strain energy due to lateral

bending, given by

∫= ⎡
⎣
⎢

⎡
⎣⎢

⎤
⎦⎥

⎤
⎦
⎥U EI d v

dx
dx1

2
.z

L

zbending,
0

2

2

2

(5)

2.1.2. Strain energy due to uniform torsion
Shear stresses τyz develop as a result of uniform torsion. The end of

an infinitesimal beam segment with length dx rotates relative to its
other end by a small angle dφ. A torque

=T GJ
dφ
dxeff (6)

develops, in which GJeff denotes the effective torsional rigidity, defined
as the sum of the torsional rigidity GJ and the Wagner torsional rigidity
βy. The virtual work of magnitude =dU Tdφ0.5 is stored as strain en-
ergy in the beam segment, which can be simplified to

=dU T
GJ

dx1
2

.
2

eff (7)

Eq. (7) can be rewritten in terms of cross-sectional rotation and
integrated over the beam length to obtain the total strain energy due
uniform torsion, given by

∫= ⎡
⎣⎢

⎡
⎣

⎤
⎦

⎤
⎦⎥

U GJ
dφ
dx

dx1
2

.
L

uniform torsion
0

eff

2

(8)

2.1.2.1. Torsional rigidity. The effective torsional rigidity GJeff is the
sum of the torsional rigidity GJ and the Wagner torsional rigidity βy.
The free torsional rigidity is the product of the shear modulus G and the
torsional constant J, defined as

= + +J ξ b t ξ h t ξ b t ,f,t f,t f,t
3

w w w
3

f,b f,b f,b
3

(9)

in which ξ is a correction factor depending on the aspect ratio of the
flange or web. For thin-walled parts (b/t > 10) ξ may be taken as 1/3.

2.1.2.2. Wagner torsional rigidity. The Wagner torsional rigidity βy
originates from compressive and tensile bending stresses which form
a resulting torque in case of monosymmetrical cross-sections. The
Wagner torsional rigidity has a significant potential to optimise the
critical bending moment; its effect was first recognised by Kerensky,
Flint and Brown [37] and later refined by Nethercot and Taylor [38].
The expression for the Wagner torsional rigidity is often included in
literature, without identifying the true source of this term (e.g. in
[27,28,39,40]). Its derivation is included in present work to illustrate
its potential benefits to optimise the critical bending moment for a
given cross-sectional area.

The Wagner torque βy is derived by assuming that the end of in-
finitesimal segment xd of a monosymmetrical cross-section is subject to
a rotation dφ with respect to its other end, see Fig. 3. This causes a
differential displacement of cross-sectional elements at infinitesimal
distance dx. Using the small angle approximation, the displacement of
each cross-sectional element perpendicular to the line connecting the
centroid of the cross-sectional element and the twist centre (TC), is
given by

= = − + −δ a dφ z z y y dφ· ( ) ( ) · .s
2

s
2 (10)

The inclination between the cross-sectional elements at both ends of
the infinitesimal segment dx equals

′ =δ a
dφ
dx

· .
(11)

Consequently, the normal stresses σ‖ (parallel to the beam axis) due
to bending generate a stress component ⊥σ perpendicular to the line
connecting the centroid of the cross-sectional element and the twist
centre, see Fig. 4. The magnitude of this stress component is
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=⊥σ σ a
dφ
dx

· .‖ (12)

The stress components generate a bending moment around the twist
centre with a magnitude

= =⊥dM σ a dA σ a dA
dφ
dx

· · · .‖
2

(13)

The resulting torque around the twist centre generated by the cross-
section is then given by

∫ ∫= = =T dM
dφ
dx

σ a dA β
dφ
dx

,
A y‖

2
(14)

which stiffens the torsional response if positive. In Eq. (14)
∫=β σ a dAy A ‖

2 is introduced as the Wagner torsional rigidity. For
monosymmetrical beams subject to bending solely around the strong y-
axis, βy can be expressed by

∫ ∫= ⎛

⎝
⎜ + ⎞

⎠
⎟ +β

M
I

y zdA z dA z2 ,y
y

y A A

2 3
s

(15)

Eq. (15) demonstrates that the Wagner torsional rigidity is positive

(βy >0) if the tension flange (positive z-direction) is further from the
shear centre than the compression flange. Similarly the Wagner tor-
sional rigidity is negative if the compression flange is further from the
shear centre compared to the tensile flange. For bisymmetrical cross-
sections it follows that βy = 0 and thus =GJ GJeff .

2.1.3. Strain energy due to warping torsion
Zhang & Tong [24] derived the linear strain energy related to

warping torsion of a web-tapered I beam undergoing lateral torsional
buckling as

∫= ⎡
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⎢
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2 d
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2 d
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d
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d
d
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ω ω
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2

2

2 2

2

2 2

2

(16)

The latter two terms in Eq. (16) represent the effects originating
from the non-prismatic (tapered) geometry of the beam. The warping
rigidity Iω is expressed as

=
+

⎛
⎝

− − ⎞
⎠

I
I I

I I
h

t t
2 2

,ω
z z

z z

,b ,t

,b ,t

f,t f,b
2

(17)

in which Iz,b and Iz,t denote area moment of inertia around the z-axis of
the bottom and top flanges, respectively.

2.1.4. Total strain energy
The total linear strain energy U associated with the lateral-torsional

buckling of a web-tapered I-section is determined by combining Eqs.
(5), (8), and (16), resulting in

∫ ⎜ ⎟= ⎡
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2 .

L

z y
ω

ω

ω

0

2

2

2 2

2

2 2

2

2

2

2
(18)

Eq. (18) is identical to the linear strain energy derived by Zhang &
Tong [24], except for the Wagner torsional rigidity term, which was not
included because their work focused on bisymmetrical tapered beams.

2.2. Virtual work of the loads

Possible loads in z direction include uniformly distributed loads qz
and concentrated loads Pz, which are applied in the plane of symmetry
at ordinates zq and zP, respectively. The vertical displacement of the
external loads due to the rotation of the cross-section generates virtual
work. The loads and vertical displacement act in the same direction if

Fig. 3. Torsion of a monosymmetrical cross-section leading to a rotation dφ
around the shear centre and a displacement adφ of the cross-sectional elements.

Fig. 4. The relative inclination of the flanges causes the longitudinal stresses σ∥ to generate a stress component perpendicular to the line connecting the centroid of
the cross-sectional element and the twist centre.
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the loads are applied above the shear centre. This leads to positive
virtual work, reducing the critical lateral-torsional buckling load.
Applying the loads below the level of the shear centre increases the
critical lateral-torsional buckling load. Additional virtual work is gen-
erated by the bending moment My, resulting from qz and Pz, subject to
the rotation φ x( ) of the cross-section of the beam.

The total virtual work generated by the external loads can be ex-
pressed by [41]:

∫ ∑= ⎡
⎣⎢

− − ⎤
⎦⎥

− − =V M φ v
x

q z z φ x P z z φd
d

1
2

( ) d 1
2

( ) .
L

y z z x x
0

2

2 s q
2

s P
2

P

(19)

2.3. Total internal energy

By the principle of conservation of energy, the total work done by
the loads must be balanced by the internal strain energy. The total
energy of the beam equals

∏ = −U V (20)

The conservative elastic system is in a state of stable equilibrium if,
and only if, the value of the potential energy is a relative minimum.
This means that the onset of lateral-torsional buckling is characterised
by a stationary condition of the total energy function, such that the
derivative of Eq. (20) must be zero.

2.4. Solution strategy

The deformation functions v x( ) and φ x( ) in Eqs. (18) and (19) are
unknown. The lateral-torsional eigenmodes of the beam can be ap-
proximated by the Rayleigh-Ritz method. This method is based on the
assumption that the deformation functions can be approximated by a
linear combination of a number of independent linear functions. The
independent functions must satisfy the boundary conditions and any
intermediate restraints.

For a simply-supported beam without any intermediate lateral re-
straints, the lateral deflection v x( ) can be approximated by the fol-
lowing function [32]:

∑= ⎛
⎝

⎞
⎠=

v c m πx
L

sin ,
m

n

v m
1

,
(21)

where cv m, is a weighing factor of lateral deflection mode m. Similarly,
the rotation field ϕ x( ) of a simply-supported beam with fork supports
(restraining motion along the y-axis and rotation around the x-axis) can
be approximated by:

∑= ⎛
⎝

⎞
⎠=

φ c m πx
L

sin .
m

n

φ m
1

,
(22)

The assumed lateral deflection and rotation fields discretise the
problem in − +n m2( 1) degrees of freedom. In case other supports or
restraints are present, Eqs. (21) and (22) must be modified accordingly.
For example, m = 2 for a simply-supported beam with a lateral and
torsional restraint at mid-span. The number of modes n must (i) be as
small as possible to minimise the computational time and (ii) be as large
as required to obtain satisfactory results. The number of modes n is
determined based on a sensitivity study; the results obtained with n
modes must convergence to the result for n → ∞ modes.

Eqs. (21) and (22) are substituted in the total energy function given
by Eq. (20). The onset of lateral-torsional buckling is characterised by a
stationary condition of the total energy function, implying that

∂ ∏
∂

=
∂ ∏
∂

=
c c

0,
φ m v m, , (23)

representing a local minimum for the potential energy function for each

of the − +n m2( 1) degrees of freedom. Eq. (23) leads to a linear
system of − +n m2( 1) equations, which can be represented in matrix
form as

=A c[ ][ ] 0, (24)

where A is the coefficient matrix and c is a column vector containing
the unknown variables cφ m, and cv m, . The coefficient matrix A solely
depends on the unknown critical load qz,cr and/or Pz,cr. Non-trivial so-
lutions only exist if =Adet[ ] 0. Solving this equation gives the eigen-
values of the coefficient matrix. The critical load can be determined by
multiplying the magnitude of the imposed loads qz and/or Pz by the
smallest positive eigenvalue; the larger eigenvalues represent higher-
order lateral-torsional buckling modes.

2.5. Validation

The method outlined above is validated by comparing its results
against outcomes reported in literature. The work of Asgarian et al.
[31] and Andrade et al. [32] is selected for the validation of the pre-
diction model.

2.5.1. Asgarian et al. [31]
Asgarian et al. [31] investigated the lateral-torsional buckling of

simply-supported mono- and bisymmetrical tapered beams subject to
uniformly distributed loads qz using the finite element method. The
span ranges from = −L 6 10 m and the beams are symmetric with re-
spect to the y,z-plane at midspan. The external load is either applied on
the top flange or at the shear centre. The tapering of the web is in-
troduced through α, defined as the ratio of the beam height at the
support (hmin) over the beam height at midspan (hmax). The cross-sec-
tions considered have the following dimensional properties:

• Monosymmetrical cross section:

= = = = =

= =

h h αh b b t t

t

300 mm ; ; 150 mm ; 75 mm ;

10.7 mm ; 7.1 mm
max min max f,t f,b f,t f,b

w

• Bisymmetrical cross section:

= = = = =

= =

h h αh b b t t

t

300 mm ; ; 150 mm ;

10.7 mm ; 7.1 mm
max min max f,t f,b f,t f,b

w

The results of the proposed method are compared to the finite ele-
ment results reported by Asgarian et al. [31] in terms of the critical
bending moment =M q L0.125 zcr ,cr

2 . The number of Rayleigh-Ritz
modes n is 7 based on a sensitivity study. The critical bending moments
corresponding to uniformly distributed loads applied on the top flange
( = −z z̄q c ) and applied at the level of the shear centre ( =z zq s) are
presented in Tables 1 and 2, respectively. Good agreement between the
analytical and finite element modelling strategies is observed, parti-
cularly for longer span beams. Substantial tapering and short beam
spans lead to slightly larger differences, which is attributed to web
distortion and compression flange distortion [32]. The former is char-
acterised by lateral bending of the web, the latter by in-plane bending
of the compression flange and the associated non-perpendicularity of
the flange with respect to the web.

2.5.2. Andrade et al. [32]
Andrade et al. [32] investigated the lateral-torsional buckling of

simply-supported bisymmetrical tapered beams subject to concentrated
loads Pz using the finite element method. The span ranges from

= −L 6 12 m and the beams are symmetric with respect to the y,z-
plane at midspan. The external load is either applied on the top flange
or at the shear centre. The tapering of the web is introduced through
parameter α, indicating the relative beam height at the support (hmin)
compared to midspan (hmax). The cross-section considered has the
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following dimensional properties:

= = = = =

= =

h h αh b b t t

t

600 mm ; ; 150 mm ;

12.7 mm ; 9.5 mm
max min max f,t f,b f,t f,b

w

The results of the proposed method are compared to the finite ele-
ment results reported by Andrade et al. [32] in terms of the critical
bending moment =M P L0.25 zcr ,cr . The number of Rayleigh-Ritz modes n
is 7 based on a sensitivity study. The critical bending moments are
presented in Table 3. Good agreement between the analytical and finite
element modelling strategies is observed, again the deviations are
larger for more pronounced tapering ratios and shorter beam spans.

3. Generic lateral-torsional buckling design verification according
to Eurocode 3

Eurocode 3 contains a generic method that should be applied to
determine the lateral torsional buckling design resistance of non-pris-
matic members. It must be verified that

⩾
χ α

γ
1.0,op ult,k

M1 (25)

in which χop is a reduction factor related to lateral torsional buckling
and αult,k is the minimum load amplifier of the design loads such that
the characteristic in-plane resistance of the cross section is attained. A
load amplification factor αcr,op is introduced, which is the ratio of the
critical bending moment Mcr over the design bending moment My,Rd.
According to the Dutch National Annex [42] to EN 1993-1-1 [43], αcr,op
should be determined based on the effective critical bending moment

=∗M k Mcr red cr to account for the effects of web distortion. The reduction
factor kred is defined as

= ⎧
⎨⎩ −

⩽
> ⩽−k α

h t
h t α

1
min(1.03 5.4·10 , 1)

/ 75
/ 75, 5000,red 5

w

w (26)

with

= >α ht
t bL

·10 575.f
12

w
3

g
2

(27)

Based on the load amplification factors, the global non-dimensional
slenderness for the beam element is defined as

=λ
α
α

¯ .op
ult,k

cr,op (28)

The reduction factor for lateral-torsional buckling χop is expressed
by

=
⎛

⎝
⎜⎜ + −

⎞

⎠
⎟⎟

χ
λ

min 1

Φ Φ ¯
, 1 ,op

op op
2

op
2

(29)

with

= + − +α λ λΦ 0.5[1 ( ¯ 0.2) ¯ ],op LT op op
2

(30)

where αLT is an imperfection factor for lateral torsional buckling, and
depends on the height over width ratio and the type of cross section.
After determining the reduction factor χop the design verification for
lateral torsional buckling can be carried out through Eq. (25).

4. Optimisation of in-plane and out-of-plane resistance

Eq. (25) includes the coupling between the in-plane and out-of-
plane resistance of a beam. Designing a cross-section that maximises the
in-plane and out-of-plane resistances contributes to the material

Table 1
Comparison between results obtained using present method and finite element results by Asgarian et al. [31] for load application on the top flange.

L (m) α (–) Bisymmetrical cross-section Monosymmetrical cross-section

Mcr(kNm) Deviation (%) Mcr(kNm) Deviation (%)

Present method Asgarian et al. [31] Present method Asgarian et al. [31]

6 0.6 61.04 58.4 4.52 55.11 54.01 2.04
0.8 64.53 62.5 3.25 58.53 57.14 2.43
1.0 70.61 70.58 0.04 62.68 62.73 −0.08

8 0.6 46.55 45.4 2.53 39.94 41.06 −2.73
0.8 48.16 47.46 1.47 41.88 41.80 0.19
1.0 51.06 51.31 −0.49 44.14 44.31 −0.38

10 0.6 37.9 37.3 1.61 31.31 31.68 −1.17
0.8 38.82 38.4 1.09 32.61 31.95 2.07
1.0 40.48 40.77 −0.71 34.07 34.31 −0.70

Table 2
Comparison between results obtained using present method and finite element results by Asgarian et al. [31] for load application at the shear centre.

L (m) α (–) Bisymmetrical cross-section Monosymmetrical cross-section

Mcr(kNm) Deviation (%) Mcr(kNm) Deviation (%)

Present method Asgarian et al. [31] Present method Asgarian et al. [31]

6 0.6 81.71 79.64 2.60 58.98 60.23 −2.08
0.8 86.41 85.21 1.41 62.72 65.85 −4.75
1.0 94.02 92.32 1.84 67.17 66.23 1.42

8 0.6 58.54 57.86 1.18 42.06 43.37 −3.02
0.8 60.84 60.65 0.31 44.17 43.30 2.01
1.0 64.43 63.9 0.83 46.58 46.34 0.52

10 0.6 45.72 45.46 0.57 32.64 32.21 1.33
0.8 47.11 47.07 0.08 34.04 34.83 −2.27
1.0 49.2 48.98 0.45 35.59 35.47 0.34
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efficiency. In this section, a strategy for the optimisation of in-plane and
out-of-plane resistance is presented.

4.1. Optimisation of the out-of-plane resistance

The out-of-plane resistance of a demountable composite floor
system is only relevant during the execution of the demountable com-
posite floor system. The prefabricated concrete floor elements must be
positioned on the top flange to ensure an even and continuous surface
of the floor system. Previously, it was shown that the position of the
shear centre has a significant effect on the effective torsional rigidity
because of the contribution of the Wagner torsional rigidity; the effect is
beneficial if the compression flange is closest to the shear centre.
According to Eq. (2), the location of the shear centre is closest to the
compression flange if

+
=

I
I I

0,z

z z

,b

,b ,t (31)

implying that a T-shaped cross-section maximises the Wagner torsional
rigidity. A T-shaped section implies that the warping rigidity is zero.
However, the effects of the increased effective torsional rigidity are
generally dominant over the reduction of the warping rigidity, resulting
in an increase of the critical bending moment for the same cross-sec-
tional area A.

4.2. Optimisation of the in-plane resistance

The in-plane resistance of a demountable composite floor system is
relevant both during execution and in the persistent design situation.
The reuse of the steel beam is only possible if no plastification of any
part of the cross-section has occurred [44], implying that nowhere in
the cross-section the yield strength fy may be exceeded. Normal stresses
in the beam originate from the self-weight of the beam and the floor
elements (imposed during execution) and the live-load, carried through
composite interaction in the persistent design situation. The magnitude
of the normal stresses must be approximately equal in tension and
compression to optimise the in-plane resistance. This implies that the
elastic neutral axis of the steel beam must be located at or below mid-
height of the cross-section, depending on the relative contribution of
the loads imposed during the execution and the persistent design si-
tuation.

The beneficial effect of composite interaction in the persistent de-
sign situation depends, among other parameters, on the square of the
distance between the elastic neutral axes of the steel beam and the
prefabricated concrete floor elements. The requirements of the execu-
tion and persistent design situations with respect to the location of the
elastic neutral axis are therefore aligned.

4.3. Concurrent optimisation of the in-plane and out-of-plane resistance

The optimal design to maximise the in-plane and out-of-plane re-
sistance minimises Iz,b, locates the elastic neutral axis at approximately

mid-height of the cross-section and leads to a sufficiently high area
moment of inertia Iy. These demands can be accomplished by designing
a monosymmetrical cross-section subject to the following constraints:

≪ ∴ ≪

≈

I I b

t b t b

,

.

z z
t b

t,b ,t f,b

f,t f,t f,b f,b

f,t f,t
3

f,b
3

(32)

This strategy ensures (i) maximisation of the out-of-plane resistance
during execution, (ii) an optimal stress distribution over the height of
the cross-section during execution and in the persistent design situa-
tion, and (iii) a significant effect of the shear interaction in the persis-
tent design situation. The dimensions of the top flange can be de-
termined first, e.g. based on cross-section classification limits or based
on practical considerations, for example the minimum width needed to
support the prefabricated concrete floor elements. The area of the
bottom flange must be approximately equal to that of the top flange
whilst minimising the bottom flange width within practical limitations,
such as the availability of thick plate material. The fabrication process
of the optimised cross-section requires the availability of equipment to
align both flanges with the centreline of the web.

5. Case study

The beneficial effects of the proposed cross-section design strategy
are demonstrated through a case study example of a demountable
composite floor system with a clear span of 16 m. The simply-supported
demountable composite floor system consists of web-tapered steel
beams and large prefabricated concrete floor (8 × 2.6 × 0.12 m)
elements, see Fig. 5. The demountable shear connectors with stiffness

=k 55 kN/mmsc [13] are assumed to be concentrated near the sup-
ports, where their beneficial influence is largest [13,15–17,45]. Eight
pairs of connectors are uniformly distributed between the supports and
a distance L/10 from the supports. In the remaining part of the span, the
shear connectors are widely spaced at a centre-to-centre distance of L/
10.

The steel beam of steel grade S355 has a height of h = 590 mm at
the supports and h = 740 mm at mid span. The starting point for the
design is that the top and bottom flanges are identical:

= =t t 12 mmf,t f,b and = =b b 300 mmf,t f,b . Two design cases are con-
sidered: (i) the dimensions of the top flange are fixed (300 × 12 mm2)
and the bottom flange dimensions are varied, and (ii) the dimensions of
the bottom flange are fixed (300 × 12 mm2) and the top flange di-
mensions are varied. The variation of the flange dimensions is con-
strained to the condition that the area of the top and bottom flanges are
equal, i.e. =t b t bf,t f,t f,b f,b. The web thickness is kept constant as

=t 4.5 mmw .
The design value of the self-weight of the steel beam and the floor

elements is =q 12 kN/mz,G,Ed , imposed during the execution and
therefore carried solely by the steel beam. It is conservatively assumed
that the self-weight of the floor elements acts on both the left and right
side of the upper flange and that potentially favourable effects (e.g.

Table 3
Comparison between results obtained using present method and finite element results by Andrade et al. [32]

L (m) α (–) Load on top flange Load at shear centre

Mcr(kNm) Deviation (%) Mcr(kNm) Deviation (%)

Present method Andrade et al. [32] Present method Andrade et al. [32]

6 0.6 108.1 103.8 4.14 176.8 168.5 4.90
0.8 124.8 124.9 −0.08 196.7 190.1 3.47
1.0 147.8 149.0 −0.74 223.3 211.9 5.40

12 0.6 56.33 56.25 0.14 76.06 75.96 0.13
0.8 60.10 60.60 −0.83 80.30 80.61 −0.38
1.0 65.06 65.76 −1.06 85.76 86.01 −0.29
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friction, bending stiffness) do not restrain the out-of-plane motion and
rotation of the beam. Two lateral support conditions are considered
during execution: (i) laterally unsupported and (ii) laterally supported
by a bracing system at midspan. In both cases rotation of the cross-
section around the x-axis is prevented at the supports. In the persistent
design situation any out-of-plane deformation is constrained by the
demountable shear connectors. The design value of the live load, ex-
pected in a multi-storey car park building [18], imposed during the
persistent design situation is =q 11.7 kN/mz,Q,Ed .

The design values of the loads are used to determine the resistances,
while their characteristic values =q q /1.35z z,G,Ek ,G,Ed and

=q q /1.5z z,Q,Ek ,Q,Ed are used for the serviceability limit state. The de-
flection and stresses during the execution are determined based on
Euler-Bernoulli beam theory, while their magnitudes in the persistent
design situation are determined based on the model of Nijgh &
Veljkovic [17].

Fig. 6 illustrates the critical bending moment and the total deflec-
tion (due to self-weight and live load) for the scope of cross-section
designs. Cross-sections with b b/f,b f,t ratios < 1 generate the highest
critical bending moment. Within the case study boundaries, the max-
imum critical bending moment is reached for a bottom flange with

=b 90 mmf,b and =t 40 mmf,b (corresponding to =b b/ 0.3f,b f,t ), re-
sulting in =M 246 kNmcr and =M 906 kNmcr,braced for the laterally
unsupported beam and the beam braced at midspan, respectively.
Further decrease of bf,b (and proportional increase of tf,b) is possible to
increase the critical bending moment, but negatively impacts the in-
plane resistance because then the yield strength of the bottom flange
must be reduced [43]. The critical bending moment for the original
design ( =b b/ 1f,b f,t ) is 128 kNm for the laterally unsupported beam and
738 kNm for the beam braced at midspan. The relative increase of the
critical bending moment for the optimised design ( =b b/ 0.3f,b f,t )

compared to the initial design ( =b b/ 1f,b f,t ) is 93% for the laterally
unsupported beam and 23% for the beam braced at midspan.

For b b/f,b f,t ratios > 1 the lateral-torsional buckling resistance de-
creases. For large ratios b b/f,b f,t a reverse trend is observed, because the
comparatively large positive influence of the term tf,t

3 on GJ dominates
the negative influence of the Wagner effect.

None of the cross-section designs provide sufficient resistance
against lateral-torsional buckling in case of the unrestrained beam,
because < = =M M q L0.125 384 kNmG zcr,unbraced ,Ed ,G,Ed

2 . By providing a
brace at midspan the critical bending moment increases to

=M 906 kNmcr,braced for =b 90 mmf,b and =t 40 mmf,b ( =b b/ 0.3f,b f,t ).
Taking into account the reduction due to web distortion according to
the Dutch National Annex [42] to EN 1993-1-1 [43], it is found that

=k 0.816red and =∗M 740 kNmcr,braced . The out-of-plane load amplifier is
= =∗α M M/ 1.93Gcr,op cr,braced ,Ed . The maximum bending stress due to

qz,G,Ed is computed, resulting in an in-plane load amplifier =α 2.50ult,k .
The non-dimensional slenderness =λ̄ 1.14op and the imperfection factor

=α 0.76LT [43] lead to a lateral-torsional buckling reduction factor
=χ 0.40op .The final design verification is performed according to Eq.

(25) as

= = ⩾ ∴
χ α

γ
0.40·2.50

1.00
1.0 1.0 OKop ult,k

M1 (33)

The resistance during execution is therefore sufficient. The max-
imum normal stress due to qz,G,Ed and qz,Q,Ed is

= < =σ f248 MPa 355 MPay and therefore the in-plane bending re-
sistance is also verified.

It should be noted that further design verifications apply in the
transient and persistent design situations, either related to resistance
(e.g. shear buckling, flange-induced buckling, yielding, etc.) or servi-
ceability criteria. These are not included within the scope of this paper,

Fig. 5. A repetitive characteristic part of the case study composite floor system, consisting of simply supported web-tapered beams and prefabricated concrete floor
elements. Rotation of the cross-section is prevented at the supports. For the braced alternative, rotation and lateral displacement at midspan is also prevented.
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but can be found in the relevant Eurocodes or should be established
based on acceptance criteria for reusable structural components.

The total deflection, resulting from qz,G,Ek and qz,Q,Ek, does not sig-
nificantly differ for the range of considered cross-section designs.
Compared to the initial design ( =b b/ 1f,b f,t ), the maximum increase of
the deflection occurs for =b b/ 0.3f,b f,t , but is only 2.63 mm (5%). The
relative increase in deflection is insignificant compared to the sub-
stantially larger increase of the critical bending moment for the same
cross-sectional area A, implying that the proposed design strategy
contributes to efficient material use.

The material efficiency of steel beams could be further considered
by the use of high-strength steel (HSS) in the bottom flange [46]. The
width of the bottom flange can be reduced proportionally to the relative
increase of its yield strength. Local yielding of the web is necessary to
utilise the benefits of the high-strength steel bottom flange, which may
impair the reusability of the beam due to the associated plastic strain
[44]. The reduced area of the bottom flange decreases the distance
between the elastic neutral axes of the steel beam and the prefabricated
concrete floor elements, leading to a reduced benefit of composite in-
teraction. These considerations indicate that the application of high-
strength steel is more challenging in case of reusable steel-concrete
composite floor systems compared to the traditional composite floor
systems, which are based on plastic design.

6. Conclusion

• Demountable steel-concrete composite floor systems are more sen-
sitive to lateral-torsional buckling compared to monolithic cast in-
situ steel-concrete floor systems, mostly because of unsymmetrical
loading and the absence of rotational constraints in the execution
phase. Lateral-torsional buckling is only relevant during execution;
it is prevented by demountable shear connectors in the persistent
design situation.

• The Energy method and Rayleigh-Ritz approach were used to de-
velop an analytical prediction model for the critical bending mo-
ment of monosymmetrical web-tapered steel beams. The Wagner
torsional rigidity was included in the formulation of the internal
strain energy, this led to good agreement between the analytical
prediction model with finite element results available in literature
(max. deviation±5%). An overarching strategy to optimise the in-
plane and out-of-plane resistance of monosymmetrical web-tapered
steel beams was derived. This strategy calls for (i) a comparatively

narrow tensile flange compared to the compression flange and (ii)
approximately equal area of both flanges. The proposed strategy
contributes to efficient material use because the out-of-plane re-
sistance is increased for the same cross-sectional area.

• The optimisation strategy was demonstrated through a case study
composite floor system, consisting of a 16 m span simply-supported
web-tapered beam and large prefabricated concrete floor elements,
connected by demountable shear connectors and loaded by a uni-
formly distributed load. An initially bisymmetrical cross-section of
steel grade S355 was optimised by modifying the bottom flange
dimensions from 300 × 12 mm2 to 90 × 40 mm2. The critical
bending moment increased by 93% and 23% for the laterally un-
supported beam and the beam laterally supported at midspan, re-
spectively. The 5% increase of the deflection is considered as in-
significant compared to the substantially larger relative increase of
the critical bending moment.
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