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Abstract

An innovative concept, whereby the load-carrying capacity and serviceability performance
of cold-formed steel beams are enhanced by utilising prestressing techniques, is presented.
The prestressing force is applied by means of a high-strength steel cable, which is housed
at a location eccentric to the strong geometric axis within the bottom hollow flange of the
cold-formed steel beam, inducing initial stresses in the beam that are opposite in sign to
those introduced during the subsequent loading stage. As a consequence, the development
of local instabilities during loading is delayed and thus the capacity of the beam is enhanced.
Furthermore, the pre-camber induced during prestressing, as well as the contribution of
the cable to the bending stiffness of the system, decrease the overall vertical deflections
of the beam. The conceptual development of prestressed cold-formed steel beams and a
study investigating the potential benefits are presented. The mechanical behaviour of the
proposed beams in both the prestressing and imposed loading stages is described in terms
of analytical expressions, while failure criteria for the design of the cold-formed steel beam
and the cable are also developed by employing interaction equations in conjunction with
the Direct Strength Method. Geometrically and materially nonlinear finite element analysis
with imperfections is employed to simulate the behaviour of the proposed beams. Sample
numerical results are presented and compared with the developed analytical expressions
and failure criteria, demonstrating the substantial enhancement in moment capacity and
serviceability performance offered by these beams.

Keywords: analytical modelling, cold-formed steel, Direct Strength Method, finite element
modelling, prestressing, thin-walled beams

1. Introduction

Sustainable structural solutions are needed more than ever in the construction industry
to decrease the carbon-footprint of the built environment. Prestressing techniques are often
employed in structural engineering to offer such solutions by enhancing the load-carrying
capacity and serviceability performance of structural members and systems.
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Although prestressing is typically employed in concrete structures, its application in steel
structures can also offer benefits [1]. The underlying principle in both cases is essentially
the same, where the application of prestress results in the partial or even full cancellation
of the stresses that arise at specific regions within the members under loading. However,
while in the case of concrete structures the aim is to impose compressive stresses on parts
of the cross-section to overcome the intrinsically weak tensile performance and thus prevent
cracking, in the proposed prestressed cold-formed steel beams, the purpose is to enhance the
performance of the members by applying tensile stresses on parts of the cross-section that are
prone to instability. Previous research studies on prestressed steel structures focused on the
application of prestress to hot-rolled steel elements, including bare steel beams [2, 3, 4, 5],
composite beams [6, 7, 8, 9, 10, 11, 12], steel trusses [1, 13, 14], tubular members [15, 16, 17],
stayed columns [18, 19, 20, 21, 22] and steel arches [23, 24]; considerable enhancements in
load-carrying capacities and reductions in deflections of these members and systems have
been reported.

Cold-formed steel members offer lightweight and efficient solutions in a range of structural
applications because of their intrinsic high strength-to-weight ratio and optimised geome-
tries. However, owing to their thin-walled geometry, cold-formed steel members are highly
vulnerable to local instability phenomena that complicate the prediction of their behaviour.
Local, distortional and global buckling together with their interactions may occur at stress
levels lower than the material yield strength and hence prevent the full utilisation of the
cross-sectional capacity of the members. The concept proposed herein is to delay these in-
stabilities and thus enhance the load-carrying capacity of cold-formed steel beams through
the application of prestressing. This is achieved by housing a high-strength steel cable within
the cross-section profile, at a location eccentric to the strong geometric axis, and using it
to apply initial stresses that are opposite in sign to the stresses from the applied loading.
Furthermore, as a consequence of introducing an initial pre-camber during prestressing and
the contribution of the cable to the bending stiffness of the system, the overall deflections of
the member can be significantly reduced, thus improving the serviceability performance.

Owing to the enhanced performance of prestressed cold-formed steel beams, a smaller
steel section is required for a given demand in capacity and span length, resulting in material
and therefore self-weight savings relative to conventional non-prestressed beams. Potentially,
as a result of their increased moment capacity, the proposed beams may be employed more
widely as primary structural elements in the construction of buildings and other structures.
The use of prestressing in conjunction with cold-formed steel has been previously explored
in practice when proprietary LiteSteel Beams [25, 26] were used to form long-span shell
structures [14], with important economies in the erection process and significant savings in
material reported.

The objectives of the present paper are to introduce the concept of prestressed cold-
formed steel beams, to study their structural behaviour and to evaluate the benefits they may
offer. Firstly, simple analytical expressions are developed to examine the mechanical response
of the prestressed steel members. Subsequently, failure criteria for the design of prestressed
cold-formed steel beams are proposed by analysing the prestressed beams as beam-column
members. For this purpose, interaction equations, alongside the Direct Strength Method
(DSM), are employed to determine the capacity of the members under the combination of
axial loads and bending moments. Finite element (FE) models, which idealise the material
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response, the beam–cable connection alongside the boundary and loading conditions, are then
created to compare the mechanical behaviour of the proposed beams in the prestressing and
imposed loading stages with the developed analytical expressions and capacity predictions.
Finally, sample FE results are analysed in detail and the potential benefits of prestressed
cold-formed steel beams are discussed. Conclusions are then drawn.

2. Mechanical behaviour and design concept

The mechanical behaviour and design of simply-supported prestressed cold-formed steel
beams are explored in this section. Two stages of behaviour are considered. In Stage I, the
transfer of the prestressing force into the cold-formed steel beam is assessed. In Stage II, the
application of uniformly distributed imposed loading is investigated. Analytical expressions
are employed to describe the elastic behaviour of the beams during the two stages, in terms
of the stress levels at the critical cross-section of the beam, which is located at midspan, and
the load–deflection response of the member.

The ultimate response of cold-formed steel members is highly dependent on the applied
stress distribution which, especially in the case of cold-formed steel members subjected to
combinations of axial load and bending moments, can be considered to be the key controlling
parameter [27, 28]. Hence, the stress distributions at different stages of loading are carefully
assessed herein. A similar approach has been followed in previous research on prestressed
steel beams [29, 3] and prestressed composite steel beams [6, 9, 7].

2.1. Cross-sectional geometry and member restraints

In comparison with hot-rolled steel, the fabrication process of cold-formed steel is more
rapid and less energy-intensive, while the flexibility offered by the rolling or pressing process
allows the fabrication of members with complex and tailored cross-sectional geometries. This
is exploited in the proposed concept, where a tubular region is formed within the cross-section
profile of the cold-formed steel beam to house the prestressing cable.

The reference cross-section shown in Fig. 1 is used as an example throughout the present
paper, the dimensions of which are listed in Table 1, where rc is the radius of the cable. Note

Table 1: Dimensions of the reference cross-section profile, where symbols are defined in Fig. 1.

h = 280.0 mm b1 = 28.0 mm t = 2.25 mm r1 = 3.5 mm
d1 = 28.0 mm b2 = 70.0 mm a1 = 82.5 mm r2 = 12.0 mm
d2 = 20.0 mm b3 = 12.0 mm a2 = 115.0 mm rc = 5.25 mm

that the prestressing cable is eccentric to the strong geometric axis but not to the weak axis of
the section. The cross-sectional geometry is essentially that of a lipped channel section with
two longitudinal stiffeners in the web and with the bottom flange being bent back towards
the web to form the tubular region of the section. The bottom stiffener is required to increase
the resistance of the cross-section to local buckling during the prestressing stage while the
bottom part of the section is under compression. Similarly, the top stiffener increases the
local buckling resistance of the cross-section during the imposed loading stage.

The means of connection between the bottom hollow flange and the web of the section
is not explicitly considered herein, but it could be achieved by means of welding or screws,
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Figure 1: Reference cross-section profile of the studied prestressed cold-formed steel beam. External dimen-
sions are shown; r1 and r2 are the internal radii of the corners and web stiffeners respectively. Note that the
x–x and y–y axes shown are the strong and weak geometric axes of the cross-section respectively, and that
in-plane bending about the x–x axis is studied herein.

both of which have been evaluated during the development of the LiteSteel Beam [25, 30].
Similarly, the anchorage system for the prestressing cable and the effect of the presence of
any sheeting on the top flange are not explicitly examined.

Along the member, the prestressing cable is kept concentric to the bottom hollow flange
by means of connecting collars, which are dimensioned to an outer diameter matching the
internal dimensions of the hollow flange and are fitted to the cable at regular intervals.
As discussed in [16, 17], where the behaviour of prestressed steel tubular members was
studied analytically, numerically and experimentally, the presence of the connecting collars
reduces the effective length of the member and thus increases significantly its global flexural
buckling strength when subjected to an internal compressive prestressing force. Therefore, in
the present study, it is assumed that global flexural buckling under the internal prestressing
force is restrained during both loading stages. Moreover, the proposed beams are assumed
to be fully braced against lateral-torsional buckling (during both loading stages), owing
to the presence of sheeting and sag bars at regular intervals at the top and bottom parts
of the beam respectively. Similarly, distortional buckling due to negative bending (during
the prestressing stage) is restrained by both the presence of the cable and by the bottom
lateral restraints. Finally, note that the lateral restraints confine bending about the strong
geometric axis, thus preventing any asymmetric bending effects.

In the following sections, appropriate assumptions are made to approximate the effects
of the aforementioned features.

2.2. Stage I: Prestressing

In Stage I, the cable is tensioned using a jacking mechanism and anchored at the beam
ends, where the prestressing force is transmitted into the cold-formed steel beam. Note
that no loss of prestress, for instance from cable relaxation or from friction, is considered
herein. As shown in Figs. 2(a) and (b), the resulting eccentric compression is equivalent to
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Figure 2: (a) Loading configuration, (b) deformed shape and (c) bending moment diagram at the end of
Stage I.

a concentric compressive force and a hogging (negative) bending moment applied at the two
ends of the beam, causing the uniform hogging bending moment diagram shown in Fig. 2(c).

The axial stress distribution induced within the steel cross-section due to the initial
prestressing force Pi is shown in Fig. 3, where tensile stresses are positive. The net stress
distribution can be decomposed into a uniform compression, shown in Fig. 3(a), and a linearly

−Pi/As

−Pi/As −Pie/Sb

+Pie/St σt,p

σb,p

e

yt

yb

Ac, Ec

As, Es

(a) (b) (c)

Stage I:

Figure 3: Axial stress distribution within the steel cross-section at the end of Stage I. (a) Uniform compression
component due to Pi, (b) bending component due to the eccentricity at which Pi is applied and (c) net stress
distribution.

varying stress distribution, shown in Fig. 3(b). The latter is a result of the eccentricity e at
which the initial prestressing force is applied. Superposition of the two components leads to
a net tensile stress in the top flange σt,p and a net compressive stress in the bottom flange
σb,p, as illustrated in Fig. 3(c), thus:

σt,p = − Pi

As

+
Pie

St

, (1)
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σb,p = − Pi

As

− Pie

Sb

, (2)

where As is the cross-sectional area of the steel; St=Is/yt and Sb=Is/yb are the elastic section
moduli corresponding to first yield of the top and bottom flanges respectively, with yt and yb
being the distance of the centroid from the top and bottom fibres respectively, and Is being
the second moment of area of the steel section about its strong axis.

As shown in Fig. 3(c), the capacity of the section in Stage I is limited by the level of
compression at the bottom flange; the initial prestressing force is therefore limited by either
yielding or local/distortional buckling (depending on the cross-sectional slenderness) of the
bottom part of the section. Hence, that possible failure of the compressed bottom flange of
the steel section during prestressing also needs to be considered.

The uniform hogging moment Pie, induces a “pre-camber”, i.e. an upwards deflection of
the beam, as shown in Figs. 2(a) and (b). The pre-camber offers benefits in the serviceability
performance of the proposed system since it cancels out part of the deflections induced in
Stage II. At the end of the prestressing stage, the relationship between the initial prestressing
force and the vertical deflection at midspan δmid,p is given by:

δmid,p = −
(

L2

8EsIs

)
Pie, (3)

where L and Es are the length of the beam and Young’s modulus of the cold-formed steel
respectively.

2.3. Stage II: Imposed loading

As shown in Fig. 4(a), Stage II involves the application of external loading, in the form of
a uniformly distributed load q, which induces a maximum sagging (positive) bending moment
Mmax=qL

2/8 at midspan. As the beam deflects vertically, the cable is stretched further and
hence an additional axial force is induced in the cable. This force is transferred back into
the steel beam at the end anchorages as an incremental prestressing force ∆P , which results
in an additional uniform hogging moment, equal to ∆Pe, as shown in Figs. 4(b) and (c).

The bending moment diagram at the end of Stage II is shown in Fig. 4(c), where, as in-
dicated by the dotted area, the hogging moment induced along the beam during prestressing
causes the partial cancellation of the sagging moment induced during loading. The effect of
the prestressing may be seen to reduce the imposed moment at midspan from Mmax to M II

net,
where M II

net is the net bending moment at midspan at the end of Stage II.
As shown in Fig. 5(e), the net stress distribution at the midspan of the beam at the

end of Stage II is composed of the stress distribution from the end of Stage I (Fig. 5(a)), a
linearly varying stress distribution about the centroid of the cross-section as a result of Mmax

(Fig. 5(b)), as well as two stress distributions (compression and bending) due to ∆P (Figs.
5(c) and (d)). Since the initial tensile stresses induced in the top flange during Stage I must
first be overcome before detrimental compressive stresses are experienced, the occurrence of
local and distortional buckling of the top flange is delayed and thus the moment capacity of
the member is enhanced.
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(a) Loading configuration

(b) Deformed geometry
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Figure 4: (a) Loading configuration, (b) deformed shape and (c) bending moment diagram at the end of
Stage II. The dotted area in (c) represents the benefit obtained, in terms of the partial cancellation of the
bending moment, due to the prestressing process.
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Figure 5: Axial stress distribution within the steel cross-section at the end of Stage II. (a) Stress distribution
from Stage I, (b) bending component due to Mmax, (c) uniform compression component due to ∆P , (d)
bending component due to the eccentricity of ∆P , and (e) net stress distribution.
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At the end of Stage II, the net stress levels at the top σt and bottom σb extreme fibres
of the cold-formed steel section are given by:

σt = (Pi + ∆P )

(
e

St

− 1

As

)
− Mmax

St

, (4)

σb = −(Pi + ∆P )

(
e

Sb

+
1

As

)
+
Mmax

Sb

. (5)

As shown in Fig. 5(e), the capacity of the section in Stage II is limited by the level of
compression at the top flange, with failure occurring either by local/distortional buckling or
yielding, depending on the cross-sectional slenderness.

2.4. Connection/bond between cable and steel section

The behaviour of the prestressed system is influenced greatly by the connection/bond
between the cable and the cold-formed steel beam, which complicates the calculation of
∆P . If grouting were introduced along the member, a fully bonded beam–cable connection
would have been assumed. In the proposed beams, however, the cable is ungrouted and a
connection is provided only at the end anchorages where the force-transfer mechanism takes
place. Hence, the cable is considered to be unbonded, i.e. free to elongate along the entire
length of the member. In this case, as the beam deflects vertically during the imposed loading
stage, the axial strain in the cable, which is constant along the member length, is different
from the axial strain in the steel cross-section at the level of the cable, which now varies
along the member length. Consequently, the contribution of the cable to the bending stiffness
of the system varies with the form of the imposed loading, and the cable elongation must
be determined with consideration to the deformation of the entire member. The following
approach is therefore taken to determine ∆P . Since the system is statically determinate
externally but statically indeterminate internally, the minimum potential energy principle is
employed, where, assuming a zero initial prestressing force, the strain energy due to axial
shortening of the steel section UA1 and the cable UA2 can be taken as:

UA1 =
1

2
ksz

2
p, UA2 =

1

2
kcz

2
p, (6)

where zp is the axial shortening or elongation of the beam and cable due to ∆P with
ks=EsAs/L and kc=EcAc/L being the axial stiffnesses of the steel beam and cable respec-
tively; Ec and Ac are the Young’s modulus and cross-sectional area of the cable respectively.

The strain energy from bending of the cold-formed steel beam, to leading order, is:

UB =

∫ L

0

1

2
EsIs

(
d2w

dz2

)2

dz, (7)

where w is the vertical deflection of the beam. Assuming a zero initial prestressing force,
the net moment along the member in Stage II is equivalent to Mx − ∆Pe, where Mx is
the moment about the strong geometric axis of the cross-section. Therefore, using basic
structural mechanics, Eq. (7) may be expressed as:

UB =
1

2

∫ L

0

(Mx − ∆Pe)2

EsIs
dz, (8)
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and hence by superimposing Eqs. (6) and (8) and using ∆P=kszp, the total strain energy U
stored in the system can be obtained:

U =
1

2

∫ L

0

(Mx − kszpe)
2

EsIs
dz +

1

2
ksz

2
p +

1

2
kcz

2
p. (9)

Differentiating Eq. (9) with respect to the generalized coordinate zp, setting it equal to zero
for equilibrium, substituting in ∆P=kszp and subsequently solving for ∆P , the relationship
between ∆P and Mx is obtained:

∆P =

e

L

∫ L

0
Mxdz[

e2 +
EsIs
EcAc

+ r2
] , (10)

where r=
√
Is/As is the radius of gyration of the steel cross-section.

The integral in Eq. (10) is equivalent to the area under the applied bending moment
diagram and hence, in the case of uniformly distributed loading, ∆P is proportional to
Mmax during the elastic response of the beam, as given in:

∆P =
2Mmaxe

3

[
e2 +

EsIs
EcAc

+ r2
] . (11)

The additional tensile stress in the cable σc,p induced in Stage II is thus:

σc,p =
∆P

Ac

. (12)

The overall vertical deflection at midspan δmid at the end of Stage II is obtained by
superposing the pre-camber induced in Stage I, as given in Eq. (3), with the deflection due
to the imposed loading and incremental prestressing force from Stage II, such that:

δmid =

(
23L2

216EsIs

)
Mmax −

(
L2

8EsIs

)
(Pi + ∆P )e. (13)

Note that the bending stiffness of the system, i.e. the gradient of the moment–deflection rela-
tionship, is independent of the initial prestressing force, as expected. Alternative approaches
to establishing a relationship between ∆P and Mmax, including applying the principle of vir-
tual work, have been presented in previous studies [3, 29, 31].

3. Failure criteria for design

As shown in Figs. 2 and 4, prestressed cold-formed steel beams are subjected to combined
axial compressive load and bending during both prestressing (Stage I) and under the appli-
cation of external imposed loading (Stage II), and hence generally may be considered to be
beam-column members. For this purpose, in the design of the proposed beams, interaction
equations are employed to check the capacity of the cold-formed steel beam, as recommended
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in most current design standards, including the North American (AISI-S100-16) [32] and Eu-
ropean (EN 1993-1-3:2006) [33] specifications. The tensile capacity of the prestressing cable
is also checked during the two stages, as described below. Since the loading configuration is
different in the two stages, design checks need to be performed in each stage by considering
the respective net axial compressive force and bending moment.

3.1. Interaction equations

In the present work, the resistance functions and interaction equations from the North
American (AISI-S100-16) [32] specification are employed as the basis for the member design
checks since they facilitate the estimation of the capacity of geometrically complex section
profiles, such as those examined herein, through the Direct Strength Method (DSM) [34].
The basic interaction equation, as given by Eq. H1.2-1 in [32], is used for the design of
cold-formed steel beam-columns:

P

Pa

+
Mx

Max

+
My

May

6 1.0, (14)

where, in the numerator, P is the axial compressive force based on factored loads (i.e. the
required axial compressive strength) with due allowance for any global second-order effects
and Mx and My are the bending moments based on factored loads (i.e. the required flexural
strengths) about the major and minor centroidal axes respectively, with due allowance for
both global and member second-order effects. In the denominator, Pa is the factored axial
compressive resistance (i.e. the available axial strength) of the member, but in the present
study needs only to allow for local and distortional buckling since global flexural buckling
is restrained by the presence of the cable (see Section 2.1). Similarly, Max and May are the
factored bending resistances (i.e. the available flexural strengths) about the major and minor
centroidal axes respectively, also allowing only for local and distortional buckling since the
proposed beams are fully braced against lateral-torsional buckling (see Section 2.1). Note
that, in the present paper, Mx, My, Max and May are taken with respect to the strong and
weak geometric axes accordingly, with the difference between the bending moments about
the major principal and strong geometric axes being less than 1% for the cross-sections
studied herein. Finally, since no moment arises about the weak geometric axis of the cross-
section, i.e. My=0, the third term in Eq. (14) is eliminated hereafter. The determination of
the aforementioned strengths in the case of prestressed cold-formed steel beams is described
below.

3.1.1. Determination of cross-section forces and moments (i.e. the required strengths)

In the studied system, there are no global sway P–∆ effects since the proposed beams
are simply-supported and would not form part of the global stability system of the structure.
Similarly, there are no member P–δ effects since the cable is located within the cross-section
and thus the lever arm of the prestressing force relative to the strong geometric axis remains
constant during loading, i.e. no second-order P–δ effects are generated as the member de-
forms. Moreover, lateral-torsional buckling is restrained by the lateral restraints that are
present along the member.

The cross-section forces and moments P and Mx are thus simply taken as the net first-
order axial compressive force Pnet and bending moment Mnet,x at the critical cross-section
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of the members respectively. The expressions for Pnet and Mnet,x in Stages I and II are
determined using Figs. 2 and 4 respectively and are summarised in Table 2, where the
superscripts denote the corresponding loading stage.

Table 2: Net first-order axial compressive force and bending moment at the critical cross-section of the
prestressed member in Stages I and II.

Stage I: Stage II:

P I
net = Pi P II

net = Pi + ∆P

M I
net,x = P I

nete M II
net,x = Mmax − P II

nete

The above considerations reduce the governing equation (Eq. (14)) for the design of
prestressed cold-formed steel beams to:

Pnet

Pa

+
Mnet,x

Max

6 1.0, (15)

where the expressions for Pnet and Mnet,x are listed in Table 2 and the factored axial and
bending cross-section resistances are determined using the DSM, as outlined below. This
approach is similar to that followed in previous experimental and numerical works on cold-
formed steel beam-columns [28, 35, 36].

3.1.2. Determination of factored cross-section resistances (i.e. the available strengths)

The factored resistances (i.e. the available strengths) are given by Pa=φcPn andMax=φbMnx,
where φc and φb are the resistance factors. To determine the nominal axial Pn and bending
Mnx resistances of the examined members, the DSM, which is a recently developed alterna-
tive to the classical Effective Width Method (EWM), is employed. The EWM, first proposed
by von Kármán [37], requires the reduction of the gross properties of the cross-section to
effective properties to account for the development of local instabilities in the compressed
regions of the cross-section. The calculation of the effective properties can be an iterative
and inefficient process, especially in the case of complex cross-section profiles, such as those
employed in the proposed concept. In contrast, in the DSM, the stability of the entire cross-
section is taken into account, without the use of effective widths. The interaction between
the different elements of the cross-section, as well as the effect of stiffeners, are considered
directly by utilising advanced buckling analysis tools to determine the elastic critical buck-
ling loads and moments of the member; the DSM design strength equations are then used
to estimate the nominal axial and bending resistances of the member, as described below.

The DSM expressions are a function of the yield load alongside the global, local and dis-
tortional elastic critical buckling loads (Py, Pcre, Pcrl and Pcrd respectively) or moments (My,
Mcre, Mcrl and Mcrd respectively) of the member. These can be readily determined using the
software CUFSM [38], which employs the semi-analytical finite strip method (FSM) to assess
the stability of the entire cross-section under any combination of axial and bending stresses.
The CUFSM software is used to obtain the so-called signature curve of the member, as
shown in Fig. 6 for the case of the reference geometry when subjected to pure positive bend-
ing. The minimum points of the signature curve indicate the critical local and distortional
buckling moments and the corresponding half-wavelengths. However, since the conventional
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Figure 6: Signature curve corresponding to pure positive bending (My=34.5 kNm) for the reference geometry:
points (A) and (B) are the local and distortional critical buckling points respectively for positive bending,
with the corresponding buckled shapes being illustrated in Fig. 8. The numbers in the parentheses denote
the coordinates of the labelled points.

FSM considers the coupling effects between the local, distortional and global buckling modes
[39], CUFSM in some cases fails to identify these minimum points [38]. In such cases the
constrained Finite Strip Method (cFSM) [40], which enables modal decomposition and iden-
tification by providing the pure local and distortional modes, may be employed. The cFSM
is used in the form of the “FSM@cFSM-Lcr” method [41] herein, where, as demonstrated in
Fig. 7(a) for the case of pure compression, an equivalent cross-section with sharp corners is
analysed and the critical distortional Lcrd half-wavelength is determined from the minimum
point of the obtained curve. Subsequently, the critical buckling load is identified from the
signature curve of the original cross-section. The FSM@cFSM-Lcr method is also used to
identify the elastic critical distortional buckling strength M−

crd of the cold-formed steel beam
under negative bending, as demonstrated in Fig. 7(b). Note that this mode (see Fig. 8(d))
is similar to that referred to as lateral distortional buckling in previous studies on LiteSteel
Beams [26].

Once the critical buckling loads/moments of the member are obtained, the DSM expres-
sions are used to estimate the nominal axial and bending resistances of the member. The
DSM equations for the global, local and distortional buckling of members in compression
and bending are defined in Chapters E and F in AISI-S100-16 [32] respectively.

In the present work, the load-carrying capacity of prestressed cold-formed steel beams
needs to be checked independently for Stages I and II. For this purpose, the failure criteria
presented in the following sub-sections need to be used to check the capacity of the cold-
formed steel beam and cable when subjected to the net axial forces and moments, as defined
in Table 2 for each stage.
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(a) Pure compression (b) Pure negative bending
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Figure 7: Signature curves for stress distributions corresponding to (a) pure compression (Py=502.1 kN)
and (b) pure negative bending (M−

y =34.5 kNm), as obtained using CUFSM. Illustration of the use of the

FSM@cFSM-Lcr method, to obtain Lcrd from the sharp corner models and subsequently Pcrd and M−
crd

from the original signature curves: points (C) and (D) are the local and distortional critical buckling points
respectively for negative bending, with the corresponding buckled shapes being illustrated in Fig. 8.

3.2. Stage I: Prestressing

The failure criteria for Stage I ensure that the load-carrying capacities of the cold-formed
steel beam and prestressing cable are greater than the required strengths, based on the net
axial force and bending moment in Stage I, as listed in Table 2.

(a) Failure criterion I–A: Capacity of cold-formed steel beam

The failure criterion for the capacity of the cold-formed steel beam in Stage I is based
on Eq. (15). The net axial force and bending moment at the critical cross-section during
Stage I are obtained from Table 2. The nominal axial and negative bending resistances
(i.e. Pn and M−

nx respectively) are determined using the DSM. The nominal axial resistance
is a function of the squash and elastic buckling loads, i.e. Pn=f(Py, Pcre, Pcrl, Pcrd), which
are determined by applying a purely compressive axial stress distribution in CUFSM. The
nominal negative bending resistance is a function of the yield and elastic buckling moments
due to negative bending, i.e. M−

nx=f(M−
y ,M

−
cre,M

−
crl,M

−
crd), which are obtained by applying

a purely negative bending stress distribution in CUFSM. Note that, in the studied system,
global flexural buckling and distortional buckling due to negative bending are restrained
due to the presence of the cable and the lateral restraints. As illustrated by the net stress
distribution in Fig. 3(c), the capacity in Stage I is limited by the compression level at the
bottom extreme fibres of the cross-section.

Depending on the local and distortional slenderness (λl and λd respectively), the capacity
of the cold-formed steel beam is governed by either of the following:
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(i) Local/distortional buckling:

If λl and λd are sufficiently high such that, according to the DSM, Pn<Py and/or
M−

nx<M
−
y , the capacity of the member needs to take account of local or distortional

buckling and thus it is limited by Pn and/or M−
nx. Hence, this failure criterion can be

stated as:
P I
net

φcPn

+
M I

net,x

φbM−
nx

6 1.0. (16)

(ii) Material yielding:

If the cross-section is sufficiently stocky (compact) such that, according to the DSM,
Pn=Py and M−

nx=M
−
y , local/distortional buckling can be neglected. Hence, Pn and M−

nx

in Eq. (16) are simply replaced by Py and M−
y respectively.

(b) Failure criterion I–B: Tensile capacity of prestressing cable

The failure criterion for the cable is defined as the point at which the initial prestressing
force causes yielding of the cable, i.e.:

P I
net 6 φtFy,cAc, (17)

where φt is the resistance factor and Fy,c is the yield stress of the cable.

Assuming that the maximum allowable prestressing force Pmax that can be applied in
Stage I is limited by the capacity of the cold-formed steel beam (i.e. failure criterion I–A),
and assuming that the failure criterion I–B is satisfied by using a sufficiently large cable that
can carry this force (i.e. Pmax 6 φtFy,cAc), then Pmax (utilising Eq. (16), the net actions
from Table 2 and rearranging for Pmax) is found from the following expression:

Pmax =
1

1

φcPn

+
e

φbM−
nx

. (18)

3.3. Stage II: Imposed loading

The failure criteria for Stage II ensure that the cold-formed steel beam and prestressing
cable can carry the net axial force and bending moment in Stage II, as listed in Table 2.

(a) Failure criterion II–A: Capacity of cold-formed steel beam

Using the same approach as for failure criterion I–A, the capacity of the steel beam in
Stage II is assessed using Eq. (15), with the net axial force and bending moment being taken
from Table 2. The nominal axial resistance Pn is the same as from Stage I, while the bending
strength is now the resistance of the member under sagging moments M+

nx. The latter
is obtained using the DSM, where M+

nx=f(My,M
+
cre,M

+
crl,M

+
crd), while the elastic critical

buckling moments are determined by applying a purely positive bending stress distribution
in CUFSM. As is typically the case in cold-formed steel beams, the capacity of the section
under imposed loading is limited by the compressive stress level at the top fibres of the beam,
as shown in Fig. 5(e).

Depending on the local and distortional slenderness, the capacity of the cold-formed steel
beam is governed by either of the following:

14



(i) Local/distortional buckling:

If the cross-section is sufficiently slender such that, according to the DSM, Pn<Py and/or
M+

nx<My, local/distortional buckling need to be considered. Therefore, the capacity of
the member is limited by Pn and/or M+

nx and thus:

P II
net

φcPn

+
M II

net,x

φbM+
nx

6 1.0. (19)

(ii) Material yielding:

If the slenderness of the cross-section is sufficiently low such that, according to the
DSM, Pn=Py and M+

nx=My, local/distortional buckilng are neglected and thus Pn and
M+

nx in Eq. (19) are replaced by Py and My respectively.

(b) Failure criterion II–B: Tensile capacity of prestressing cable

The tensile force in the cable during Stage II is equal to P II
net and is limited by the yielding

of the cable according to:
P II
net 6 φtFy,cAc. (20)

Tables 3 and 4 summarise the failure criteria for Stages I and II respectively. In the
following section, the design approach and failure criteria set out in the current section are
assessed against the results from FE simulations of prestressed cold-formed steel beams.

Table 3: Failure criteria for Stage I.

Stage I: Prestressing
Eccentric axial compression

(a) Failure criterion I–A: Cold-formed steel beam

(i) Local/distortional buckling – if Pn < Py and/or M−
nx < M−

y :

P I
net

φcPn

+
M I

net,x

φbM−
nx

6 1.0. (21)

(ii) Material yielding – if Pn = Py and M−
nx = M−

y :

P I
net

φcPy

+
M I

net,x

φbM−
y

6 1.0. (22)

(b) Failure criterion I–B: Prestressing cable

(i) Material yielding:

P I
net 6 φtFy,cAc. (23)

Note: See Table 2 for the expressions for P I
net and M I

net,x.
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Table 4: Failure criteria for Stage II.

Stage II: Imposed loading
Eccentric axial compression + vertical loading

(a) Failure criterion II–A: Cold-formed steel beam

(i) Local/distortional buckling – if Pn < Py and/or M+
nx < My:

P II
net

φcPn

+
M II

net,x

φbM+
nx

6 1.0. (24)

(ii) Material yielding – if Pn = Py and M+
nx = My:

P II
net

φcPy

+
M II

net,x

φbMy

6 1.0. (25)

(b) Failure criterion II–B: Prestressing cable

(i) Material yielding:

P II
net 6 φtFy,cAc. (26)

Note: See Table 2 for the expressions for P II
net and M II

net,x.

4. Finite element modelling

The commercial finite element (FE) analysis package ABAQUS [42], which has been
widely used in previous research for the modelling of cold-formed steel members [43, 44, 45,
46, 47], is employed to simulate the mechanical behaviour of the prestressed cold-formed
steel beams herein. A geometrically and materially nonlinear analysis with imperfections is
performed, aiming to understand the mechanical behaviour of the proposed beams and to
provide an insight to the scale of the potential benefits that can be derived from prestressing.
The key features of the modelling approach are presented below.

4.1. Material modelling

Cold-formed steel typically features a rounded nonlinear material stress-strain response
with strain hardening and no distinct yielding point. However, in the present paper, the
material behaviour is idealised using an elastic, perfectly-plastic material model with no
strain hardening to enable direct comparisons to be made with the idealised analytical pre-
dictions derived in Section 2. A yield stress of Fy,s=491 N/mm2 and Young’s modulus of
Es=201 kN/mm2 are chosen for the cold-formed steel, based on the research conducted by
Kyvelou et al. [47]. The high-strength steel cable is modelled using an elastic material model
with Fy,c=1860 N/mm2 and Ec=195 kN/mm2, based on [15] and [48] respectively. Note that
the strength enhancements in the corner regions of the cold-formed steel section arising from
the plastic deformations induced during the cold-forming process are not modelled herein.

The engineering stress-strain (σ–ε) responses for both materials are converted in true
stress σtrue and logarithmic plastic strain εplln using Eq. (27) for input into ABAQUS:

σtrue = σ(1 + ε), εplln = ln(1 + ε) − σtrue
E

, (27)
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where σ and ε are the engineering stress and strain respectively, and E is the Young’s
modulus of the material.

4.2. Element types and meshing scheme

Shell elements are typically used to model thin-walled structures since they can capture
local instability phenomena accurately [49, 44, 50]. The 4-noded linear S4R [42] shell element
with reduced integration and hourglass control is used herein for the modelling of the cold-
formed steel sections. It has been demonstrated in previous research studies that these
elements can replicate the local and distortional buckling that typically occur in cold-formed
steel members subjected to bending [45, 51, 47]. A mesh sensitivity analysis was conducted to
determine an appropriate cross-sectional discretization that would be both computationally
inexpensive and sufficiently fine to capture the local instabilities with good accuracy. The
mesh chosen for the cold-formed steel section is shown in Fig. 1. In comparison with the flat
regions, a finer mesh is employed in the corner and stiffener regions to ensure an accurate
representation of the geometry. The cable is modelled using 2-noded three-dimensional T3D2
[42] truss elements that are often employed to model slender structural members that can
transmit axial forces only [15, 52]. The longitudinal element size for both the cold-formed
steel section and the cable is 10 mm.

4.3. Initial geometric imperfections

The buckling behaviour and ultimate load-carrying capacity of cold-formed steel mem-
bers are strongly influenced by the shape, distribution and magnitude of initial geometric
imperfections [53]. Hence, in the present work, perturbations are imposed on the initially
perfect geometry of the cold-formed steel beams. As described below, the characteristics of
these perturbations are based on the critical local and distortional buckling modes of the
steel cross-section, which are obtained from the CUFSM software. Note that, since the pro-
posed beams are fully braced against lateral-torsional buckling, imperfections corresponding
to this mode are not introduced herein.

As discussed in Sections 2.2 and 2.3, in prestressed cold-formed steel beams, the net axial
stress distribution at the end of Stages I and II corresponds to compression plus negative and
positive bending respectively. Consequently, the buckling modes corresponding to Stages I
and II are obtained by applying negative and positive bending stress distributions in CUFSM
respectively. The resulting signature curves, shown in Figs. 6 and 7(b), are then utilised to
determine the shapes and distributions of the initial imperfections, as described below.

Firstly, the cross-sectional deformations corresponding to the critical local buckling mode
for negative bending (Fig. 8(c)) and the local and distortional critical buckling modes for
positive bending (Fig. 8(a) and (b)) are extracted. The distortional mode for negative
bending (Fig. 8(d)) is not imposed herein since it is restrained by both the presence of the
cable and by the lateral restraints that are present along the bottom flange of the beam.
The buckling shapes are then scaled according to the corresponding maximum imperfection
magnitudes. Since no measured data are available for the purpose of the present work,
the imperfection magnitudes are based on the cumulative distribution functions (CDFs)
proposed by Schafer and Peköz [53]. The CDFs were derived from measured imperfection
magnitudes and represent the probability of a magnitude being exceeded. As often adopted
in the literature [45, 54, 55, 27, 56, 57], geometric imperfections consistent with a CDF value
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Figure 8: Deformation shapes and magnitudes of initial geometric imperfections corresponding to the signa-
ture curves in Figs. 6 (points A–B) and 7(a) (points C–D) for positive and negative bending respectively.

of 50% are employed herein, corresponding to values of d1/t = 0.34 and d2/t = 0.94 for the
local and distortional buckling modes respectively, as illustrated in Figs. 8(a)–(c).

Subsequently, the imperfections are distributed along the member using sinusoidal func-
tions with half-wavelengths corresponding to the critical local and distortional modes, as
determined using CUFSM. The half-wavelengths are adjusted slightly to align the maximum
local and distortional modes at midspan, while an inward top flange–lip motion at midspan is
also imposed [55, 58]. Finally, the three imperfection distributions are superposed and then
introduced to the initially perfect geometry of the cold-formed steel beam, as illustrated in
Fig. 9.

L+crd

L+crl

L−crl

Figure 9: 3-D FE representation of the superposed initial geometric imperfections; L+
crl, L

+
crd and L−

crl are
the critical half-wavelengths corresponding to modes (A), (B) and (C) respectively in Fig. 8. For illustration
purposes the imperfections have been magnified by a factor of 20.

4.4. Beam–cable connection

An idealised connection between the beam and the cable is modelled by making the
following assumptions: (i) the cable is unbonded and concentric with respect to the bottom
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hollow flange of the cross-section along the entire span of the beam, (ii) the end anchorages
are the only locations where a physical connection between the beam and the cable is present,
and (iii) no loss of prestress occurs in the cable or at the anchorages.

To achieve a good representation of the idealised connection, two types of constraints
are imposed to the degrees of freedom (DOFs) of the cable nodes, as demonstrated in Figs.
10(a) and (b). Firstly, two sets of linear constraint equations, modelled with the *Equation

5

2
13

4
6

(c)(b)(a)

DOFs–2&6 DOF–3

Reference point

Kinematic coupling

Reference point

Figure 10: (a) Constraint equations applied at every cross-section along the length of the member. (b)
Kinematic coupling applied to a reference point at the two ends of the member to model the anchorages. (c)
Kinematic coupling to a reference point applied at the two end supports.

keyword in ABAQUS [42], are introduced at every cross-section along the length of the beam,
as illustrated in Fig. 10(a). One set of equations constrains the vertical translation (DOF-2)
and in-plane rotation (DOF-6) of the cable nodes to the middle side node of the bottom
hollow flange and a second set of equations constrains the out-of-plane translation (DOF-3)
to the middle bottom node of the flange. Following this approach, the cable is allowed to
elongate freely along the member since DOF-1 remains unconstrained, but remains in the
centre of the hollow flange. Secondly, kinematic coupling constraints [42] are utilised to
model the anchorages. As illustrated in Fig. 10(b), the cable end node is tied to a reference
point on which the end nodes of the bottom hollow flange are also linked using kinematic
coupling. This type of connection ensures the uniform transfer of the prestressing force into
the entire bottom flange at the two ends of the beam.

4.5. Boundary and loading conditions

In modelling the simply-supported boundary conditions at the ends of the member, kine-
matic coupling constraints are employed to link the DOFs of the end nodes of the mem-
ber to those of a single reference point, which is defined at the centroid of the section, as
demonstrated in Fig. 10(c). Subsequently, the vertical (DOF-2) and out-of-plane (DOF-3)
translations of the reference point are restrained and thus the effect of the boundary condi-
tions applied at the reference point is uniformly distributed across the entire cross-section.
Note that the kinematic coupling constraints result in warping-fixed conditions at both end
supports. Longitudinal rigid body motion of the member is prevented by restraining the
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longitudinal (DOF-1) translation of the middle node of the web at midspan. Furthermore,
since the member is assumed to be fully restrained against lateral-torsional buckling, the
out-of-plane (DOF-3) translations of the top and bottom nodes of the web, as shown in Fig.
10(c), are restrained at regular intervals along the beam length, as illustrated in Fig. 2(b).

To model the prestressing and imposed loading conditions, two distinct loading steps are
defined in ABAQUS [42]. In the first step, the prestressing force is modelled by imposing
a negative change in temperature in the cable elements using the *Temperature keyword.
The restrained thermal contraction of the cable causes the development of a tensile force P ,
which is then transferred as the initial prestressing force at the anchorages of the beam. The
temperature difference ∆T required to induce the desired prestressing can be back-calculated
using the expression P = −EcAcαth∆T , where αth is the thermal expansion coefficient of
the cable, defined as 1.2×10−5 K−1 herein. This approach of introducing prestress using
thermal loading has been successfully used in previous studies [15, 48]. In the second step,
the uniformly distributed loading is modelled by applying point loads at the junction between
the top flange and the web along the entire span of the member, as indicated in Fig. 10(c).
The second step is performed using the modified Riks arc-length solver [59], which is typically
employed to analyse complex geometrically nonlinear responses in FE models, such as cold-
formed steel members [50].

In the following section, the results of the FE simulations are used to corroborate the
analytical and design predictions from Sections 2 and 3 respectively. The findings also serve
to extend the understanding of the behaviour of prestressed cold-formed steel beams and
provide an insight into the potential benefits in terms of structural performance they may
offer.

5. Analysis of sample FE results, comparisons and discussion

Comparisons between sample FE results, analytical results and capacity predictions are
presented below. The FE results are obtained using the modelling approach presented in
Section 4. The analytical results and capacity predictions are based on the expressions
presented in Section 2 and the failure criteria from Section 3 respectively. Note that the
resistance factors in the equations of the failure criteria are set, together with the load
factors, equal to unity throughout the present section.

The sample FE results are based on the reference geometry, shown in Fig. 1, with the
dimensions and properties listed in Tables 1 and 5 respectively. In the present section, the

Table 5: Properties of the reference cold-formed steel beam and cable.

Py = 502.1 kN My = 34.5 kNm As = 1022.6 mm2 St = 7.80×104 mm3

Pn = 0.528Py M+
nx = 0.830My Is = 1.04×107 mm4 Sb = 7.04×104 mm3

Pmax = 131.1 kN M−
nx = 1.0 My Ac = 86.5 mm2 e = 133.2 mm

following cases are examined: (i) bare steel beam, (ii) non-prestressed beam with the cable
present (Pi/Pmax=0.0), and (iii) fully prestressed beam (Pi/Pmax=1.0), where Pmax is based
on failure criterion I–A, and is the maximum allowable initial prestressing force that the
cold-formed steel beam can carry in Stage I, as given in Eq. (18). Hence, when Pi/Pmax=1.0
the beam is considered to be fully prestressed. Based on the CUFSM and cFSM results
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(shown in Fig. 7) and the nominal axial and bending resistances estimated using the DSM
(listed in Table 5), Pmax is calculated to be 131.1 kN. Note that in these models, unless
otherwise stated, the length of the beam is 4800 mm.

5.1. Moment–deflection response

The applied loading in Stage II can be expressed in terms of Mmax (i.e. the maximum
moment due to the imposed loading only, as shown in Fig. 4(c)), and in a normalised form,
as Mmax/My, where My is the yield moment of the bare steel section. Meanwhile, the global
response of the system can be measured in terms of the vertical deflection of the beam at
midspan δmid, which can also be normalised by the midspan vertical deflection of the bare
steel beam at the point of first yield δmid,y. The Mmax/My versus δmid/δmid,y response of the
reference system considering the three cases listed above is plotted in Fig. 11.

Pi/Pmax=1.0

Pi/Pmax=0.0

Bare steel

Figure 11: Comparison of the moment–deflection response of the three sample FE models with the analytical
results and the failure criteria.

The analytical results (sloping part) and failure criteria (horizontal part) are represented
in Fig. 11 by the dashed lines. The analytical results are calculated using Eqs. (3) and (13)
for Stages I and II respectively. The capacity prediction for the bare steel beam is simply
M+

nx as estimated using the DSM. The capacity predictions for the non-prestressed and fully
prestressed beams are based on failure criterion II–A. More specifically, by substituting the
expressions for P II

net and M II
net,x (Table 2) and the equation for ∆P (Eq. (11)) into Eq. (19),

the maximum moment that can be carried by the steel beam for a given initial prestressing
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force can be estimated as:

Mmax 6
1.0 − Pi

Pn

+
Pie

M+
nx

2e

3PnC
+

1

M+
nx

− 2e2

3M+
nxC

, (28)

where C is the denominator of the equation for ∆P , i.e.:

C = e2 +
EsIs
EcAc

+ r2. (29)

During the elastic response of the system, good agreement is observed between the FE
and analytical results in all cases. The slight deviation of the FE results from the analytical
results is attributed to the effect of the initial geometric imperfections, as illustrated in Fig.
12, where the response of the bare steel and fully prestressed FE models with and without

Pi/Pmax=1.0

Bare steel

Figure 12: Moment–deflection response of the bare steel and fully prestressed FE models with (solid) and
without (dashed) initial geometric imperfections.

imperfections is shown. The influence of the imperfections is evident firstly by the gradual
decrease in the bending stiffness and secondly by the reduced ultimate moment capacity of
the beams. In Fig. 11, good agreement is also exhibited between the FE results and the
capacity predictions, demonstrating that the proposed design approach provides a suitable
estimation of the load-carrying capacity of prestressed cold-formed steel beams.

As far as the mechanical behaviour of the beams is concerned, comparing the responses
of the bare steel and non-prestressed beams in Fig. 11, it is observed that the introduction of
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the cable increases the bending stiffness and the ultimate moment capacity of the bare steel
beam. As discussed previously, owing to the unbonded nature of the beam–cable connection,
the cable does not contribute fully to the bending stiffness of the system, and the increase in
the bending stiffness is calculated by considering the effect of ∆P on the moment–deflection
response (Eq. (13)).

With the application of prestress, an initial pre-camber δmid,p is induced at midspan,
hence the shift of the moment–deflection response of the non-prestressed beam to the left.
Additionally, the fact that the non-prestressed and fully prestressed responses have the same
gradient indicates that the bending stiffness of the system is independent of the applied
initial prestressing force. This is also evident in Eq. (13) which, if rearranged in the form
Mmax=f(δmid), shows that Pi only determines the starting point of the moment–deflection
response and does not affect the gradient. The ultimate moment capacity of the prestressed
beam Mult,p is considerably higher than that of the bare steel beam. This increase represents
the principal benefit from the prestressing process, as far as the load-carrying capacity of
the beam is concerned. In this example, an increase of 15% in the moment capacity of the
bare steel beam is achieved, although up to 45% is considered to be possible with further
optimisation, as a result of the application of a 131.1 kN prestressing force using a cable of
radius 5.25 mm (i.e. 8.5% more material, as calculated using the Ac/As ratio), while a 60%
decrease in the overall deflections of the beam at midspan is also accomplished.

5.2. Moment–stress response

Owing to the different stages and combinations of loading acting on prestressed cold-
formed steel beams, and since the stability of cold-formed steel members is generally highly
dependent on the applied stress distribution [28], the variations in stress at critical locations
within the cross-section, namely the top flange, bottom flange and cable, are studied herein.
The average membrane stress levels across the width of the top σt,av and bottom σb,av flanges
of the critical cross-section of the beam are given herein. The axial stress level in the cable σc
is uniform along its entire length due to the unbonded nature of the beam–cable connection.
Note that, in the analytical results presented below, the stress levels are also calculated with
respect to the centre line of the top and bottom flanges. The stress levels are normalised
against the corresponding material yield strength (i.e. steel Fy,s or cable Fy,c).

The stress levels in Stage I at the aforementioned locations within the critical cross-section
of the fully prestressed model (i.e. Pi/Pmax=1.0) are shown in Fig. 13, where a precise match
between the FE and analytical results, calculated using Eqs. (1) and (2), is achieved. The
stress level in the cable at the end of the prestressing stage is approximately 80% of its yield
strength, allowing for the increase in the prestressing force ∆P in Stage II. Furthermore,
the stress levels within the top and bottom flanges are approximately 20% and 80% of the
yield strength respectively. Even though the maximum allowable force has been applied,
the stress level at the bottom flange does not reach the material yield strength since the
calculation of Pmax in Eq. (18) accounts for both the local and distortional buckling effects
that may develop during prestressing.

The stress levels at the end of Stage I define the starting points of the moment–stress
responses in Stage II, as shown in Fig. 14, where again a good match between the FE and
analytical results is generally achieved during the elastic response of the system. In the case
of the top flange, the deviation of the FE results from the analytical results is attributed
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Cable

Top flange

Bottom flange

Cable

Top flange

Bottom flange

FE

Figure 13: Stress levels within the top and bottom flanges of the steel beam and in the cable in Stage I of the
fully-prestressed FE model (solid lines) and comparison with the analytical results (markers); σ corresponds
to σt,av, σb,av and σc accordingly.

Pi/Pmax=1.0

Bare steel
Bare steel

Pi/Pmax=0.0Pi/Pmax=0.0

(a) (b)

Pi/Pmax=1.0

σt,DSM

Figure 14: Comparison between the FE results, analytical results and failure criteria corresponding to the
average membrane stress level across the (a) top flange and (b) bottom flange of the critical cross-section of
the three sample models.
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to the influence of the imperfections, which induce the development of a non-uniform stress
distribution across the flange from an early stage. This non-uniform shape means that, for
a given applied moment, σt,av in the FE model is higher than the analytical stress level,
where a uniform distribution across the top flange is assumed. The deviation of the FE
results from the analytical results grows as the buckling effects develop. The aforementioned
considerations have been verified by comparing the response of the FE model with and
without imperfections.

The effect of the application of prestress is evident from the shift of the starting points
away from the non-prestressed case, towards the right for the top flange, i.e. towards ten-
sion, and towards the left for the bottom flange, i.e. towards compression. It is observed
that in all cases, irrespective of whether prestressing has been applied, the failure of the
beam takes place once σt,av reaches approximately the same stress level. This stress level
is accurately predicted by the DSM, as indicated by the vertical dotted line in Fig. 14(a),
which is the “DSM failure stress” σt,DSM determined from σt,DSM = M+

nx/St, where M+
nx is

the DSM prediction for the moment capacity of the bare steel beam when subjected to pure
positive bending and St is the elastic section modulus corresponding to the top flange. In
the prestressed case, since the tensile stresses imposed in the top flange in Stage I need to
be overcome first during Stage II, the entire moment–stress response of the non-prestressed
case is shifted to the right and thus the moment–stress path to reach σt,DSM is extended.
Consequently, failure of the beam takes place at a higher applied moment, i.e. the ultimate
moment capacity of the beam is enhanced. This is where the benefits from the prestressing
process originate.

As shown in Fig. 14(b), the addition of the cable, but without prestressing, decreases the
stress imposed at the bottom flange of the steel section for a given applied moment. This
is because, as shown in Fig. 15, part of the applied load is now carried by the cable. As
shown in Fig. 14(b), when prestressing is applied, owing to the relatively high compressive
stresses imposed in Stage I, the stress level within the bottom flange at failure is only at
approximately 10% of the yield stress, indicating that the bottom flange is not efficiently
utilised. Hence, it may be concluded that, even though the maximum allowable prestressing
force was applied in this case, the solution is sub-optimal for the given geometry. Currently,
the authors are studying the effect of various parameters on the performance of the proposed
beams since the aforementioned observation indicates that by optimising the solution, even
greater benefits may be obtained.

To check the capacity of the cable, failure criterion II–B can be used. More specifically,
by substituting the expressions for P II

net (Table 2) and ∆P (Eq. (11)) into Eq. (20), the
maximum moment that can be applied at the midspan of the beam before the cable yields
in tension can be estimated as:

Mmax 6
3C

2e
(Fy,cAc − Pi), (30)

where C was given in Eq. (29).
In the case of the fully prestressed model, the maximum moment corresponding to failure

criterion II–B (capacity of cable) is equal to 1.47 My; this criterion is not within the range of
Fig. 15. For the same model, the maximum moment corresponding to failure criterion II–A
(capacity of cold-formed steel beam) is 0.94 My and thus this criterion governs the failure of
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Pi/Pmax=0.0

Figure 15: Comparison between the FE results, analytical results and failure criteria corresponding to the
stress level in the prestressing cable in the non-prestressed and fully prestressed sample cases.

the system.

5.3. Deformed shapes and stress distributions

The effect of prestressing is studied further by comparing the deformed shapes and axial
stress distributions at the critical cross-section of the non-prestressed and fully prestressed
beams at different stages of loading. The deformed shapes shown in Fig. 16 correspond to
the Points A–E on the moment–deflection response of the fully prestressed model in Fig. 17.
The initial pre-camber induced during prestressing, as indicated by the upwards deflection
of the beam at Point A, decreases gradually with the application of vertical loading until the
unloaded position of the beam is reached approximately at Point C. Eventually, at Point E,
failure of the beam takes place due to distortional buckling and subsequently the behaviour
becomes strongly unstable, as indicated by the sharp drop in capacity after Point E in Fig.
17. The distortional buckling failure is also evident in Fig. 18, where a 3-D representation of
the FE model is shown. In general, owing to the initial pre-camber, the overall deflections
of the beam are reduced significantly and thus the serviceability performance of the beam is
enhanced.

The stress distributions of the non-prestressed and fully-prestressed models, which corre-
spond to Points A–E in Figs. 17 and 19, are compared in Fig. 20, providing valuable insight
into the effect of prestressing. As expected, in the non-prestressed model, the imposed load-
ing results in the stress distribution that is traditionally observed in beams subjected to
positive pure bending, i.e. compression above the centroidal axis and tension below. The
stress levels increase with loading and the location of the neutral axis remains essentially un-
changed, until the collapse of the beam that takes place at Point D, when the average stress
level at the top flange reached the DSM failure stress (see Section 5.2). Note the development
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Pi

Pmax
= 1.0

Figure 16: Deformed (solid lines) and undeformed (dashed lines) geometry of the critical cross-section of the
fully prestressed model. Points A–E correspond to the loading steps indicated in Fig. 17. For illustration
purposes the deformations have been magnified by a factor of 3.

Figure 17: Normalised moment–deflection response of the non-prestressed (dashed lines) and fully prestressed
(solid lines) FE models. Points A–E correspond to the points in Figs. 16, 19 and 20.
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Material yielding

Figure 18: 3-D FE representation of the distortional buckling failure mode and yielded regions (dark grey)
at the midspan of the fully prestressed beam just beyond the ultimate load. For illustration purposes the
deformations have been magnified by a factor of 2.

Bottom flange

Top flange

Figure 19: Normalised moment–stress responses of the non-prestressed (dashed lines) and fully prestressed
(solid lines) FE models. Points A–E correspond to the points in Figs. 16, 17 and 20.
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(a)

Figure 20: Axial stress distributions along the top flange, web and bottom flange of the critical cross-section
of the (a) non-prestressed and (b) fully prestressed FE models. Points A-E correspond to the loading steps
indicated in Figs. 16, 17 and 19. The dashed lines indicate the material yield strength of the steel beam.

29



of the non-uniform stress distribution across the top flange, as discussed earlier. Also note
that, as local and distortional buckling become more prominent, stress concentrations build
up at the locations of the intermediate stiffeners in the web. This is attributed to the fact
that the stiffeners retain their axial stiffness and attract a higher proportion of the applied
load while the surrounding flat regions experience buckling heralding a loss in axial stiffness.
Stress concentrations at the location of intermediate stiffeners have also been reported in
[60] and [61].

In the fully prestressed case (Fig. 20(b)), the top and bottom parts of the section are
initially under tension and compression respectively, due to the prestressing applied in Stage
I. As the imposed vertical loading is introduced and increased, a triangular stress distribu-
tion is reached at Point B, where the top flange is under no stress. Subsequently, a purely
compressive distribution is reached across the entire section at Point C, where, as indicated
in Fig. 19(b), the stress levels at the top and bottom flanges are equal. An inverted trian-
gular distribution is reached at approximately Point D. Eventually, at Point E, when the
DSM failure stress is reached at the top flange, the collapse of the beam takes place due
to distortional buckling. Comparing the two models, it is observed that the application of
prestressing decreases the compressive stress level at the top flange at any given stage and
thus delays the development of local and distortional buckling and the subsequent collapse
of the beam. Hence, a higher applied moment is needed to cause the failure of the beam,
i.e. the moment capacity of the beam is enhanced.

6. Conclusions

A simple yet novel concept, where the performance of cold-formed steel beams is enhanced
through prestressing, has been presented herein. In the proposed concept, the application
of prestressing delays the development of local instabilities in cold-formed steel beams by
imposing initial stresses that are opposite to the stresses induced in the loading stage. As a
result, the ultimate moment capacity of the beams is enhanced. The prestressing is applied
using a pre-tensioned high-strength steel cable that is housed at an eccentric location within
the cold-formed steel section. Owing to the pre-camber induced during prestressing and the
contribution of the cable in the system bending stiffness, a significant improvement to the
serviceability performance of the beams is also achieved.

The conceptual development of prestressed cold-formed steel beams was presented herein
and a study was conducted to determine the potential benefits that may be obtained. Firstly,
the mechanical behaviour of the prestressed cold-formed steel beams was described using
analytical expressions that capture the linear elastic response of the beams during the pre-
stressing and imposed loading stages. Interaction equations alongside the Direct Strength
Method (DSM) were then employed to define the maximum allowable prestressing force and
the failure criteria for the design of prestressed cold-formed steel beams. A geometrically
and materially nonlinear finite element (FE) model with imperfections was developed to
simulate the behaviour of the proposed beams and the results from three sample models
were used to evaluate the modelling approach against the developed analytical expressions
and failure criteria. Subsequently, the effect of the prestressing process was investigated by
analysing the moment–deflection and moment–stress responses of the sample FE models,
while the deformed shape and stress distribution at the critical cross-section of the beam at
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different loading stages were shown to be a valuable tool for understanding the behaviour of
prestressed cold-formed steel beams.

The benefits and potential of prestressing cold-formed steel beams, in terms of enhanced
structural performance at both ultimate and serviceability limit states have been demon-
strated herein. In future work, parametric studies to investigate the effect of the key pa-
rameters, such as the prestressing level, cable size, cross-sectional slenderness and location
of the centroidal axis will be presented.
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[40] Li Z, Batista Abreu JC, Leng J, Ádány S, Schafer BW. Review: Constrained finite
strip method developments and applications in cold-formed steel design. Thin-Walled
Structures 2014;81:2–18.

[41] Li Z, Schafer BW. Application of the finite strip method in cold-formed steel member
design. Journal of Constructional Steel Research 2010;66(8-9):971–80.

[42] ABAQUS . Dassault Systemes Simulia Corp. Abaqus v 614-2 Analysis User’s Guide -
Online Documentation 2014;.

33



[43] Young B, Yan J. Numerical investigation of channel columns with complex stiffeners -
part II: parametric study and design. Thin-Walled Structures 2004;42(6):895–909.

[44] Borges Dinis P, Camotim D, Silvestre N. FEM-based analysis of the local-
plate/distortional mode interaction in cold-formed steel lipped channel columns. Com-
puters and Structures 2007;85(19-20):1461–74.

[45] Yu C, Schafer BW. Simulation of cold-formed steel beams in local and distortional
buckling with applications to the direct strength method. Journal of Constructional
Steel Research 2007;63(5):581–90.

[46] Keerthan P, Mahendran M. Numerical modeling of LiteSteel beams subject to shear.
Journal of Structural Engineering, ASCE 2011;137(12):1428–39.

[47] Kyvelou P, Gardner L, Nethercot DA. Finite element modelling of composite cold-
formed steel flooring systems. Engineering Structures 2018;158:28–42.

[48] Madrazo-Aguirre F, Wadee MA, Ruiz-Teran AM. Non-linear stability of under-deck
cable-stayed bridge decks. International Journal of Non-Linear Mechanics 2015;77:28–
40.
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