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A B S T R A C T

The structural behaviour of sheathed cold-formed steel lipped channel section columns (studs) subjected
to combined compression and major axis bending is investigated herein by means of numerical modelling.
Finite element (FE) models of single studs, set in tracks and connected to oriented strand board (OSB) and
gypsum plasterboard sheathing under varying combinations of axial compression and horizontal loading were
developed in ABAQUS and validated against experimental results reported in the literature. The developed
numerical models incorporated cross-sectional and global geometric imperfections, while geometrical and
material nonlinearities for both the steel and the sheathing were considered in the analyses. Particular emphasis
was given to replicating the ‘‘as-built’’ boundary conditions at the ends of the columns, controlled by the screws
connecting the column to the track and by the column–track contact interaction. The interaction between
the sheathing and the column, as well as the behaviour of the fasteners connecting the two components,
were also explicitly modelled. Both the shear and pull-through characteristics of the fasteners were considered
and simulated based on experimental findings. Following successful validation of the finite element models,
parametric studies were conducted. The results showed that substantial structural performance benefits can be
achieved by the addition of sheathing to cold-formed steel members and that the spacing of the connectors
has a strong influence on the member response. For a typical system, decreasing the connector spacing from
300 mm to 75 mm was found to increase stud capacity and stiffness by up to 12% and 10% respectively when
in pure compression and up to 26% and 22% respectively when in pure bending; under combined loading,
capacity increases of up to 29% were found.
1. Introduction

Cold-formed steel C-lipped vertical members (studs) set in tracks
and sheathed with wood-based boards or gypsum plasterboards are fre-
quently employed in the construction industry, both as non-structural
and load-bearing wall systems, offering practicality, economy and ver-
satility. Load-bearing light-steel frames are becoming increasingly pop-
ular in buildings exceeding four storeys, with their use being further
promoted by the recent emerging practice of lightweight modular
construction [1].

It is well understood that column strength can be increased by brac-
ing the member, and since sheathing is present in most load-bearing
stud applications, it is logical to utilise its presence structurally [2–
15] and potentially eliminate the need for secondary steel bracing
members. Therefore, although several studies have been carried out to
investigate the structural response of bare cold-formed steel C-lipped
members [16–20], others [4–9,11,12] have focused on quantifying the
beneficial bracing effect of sheathing on the axial load-bearing capacity
of cold-formed steel studs. Nevertheless, research on the possibility
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of achieving further performance gains by increasing the number of
connectors between the columns and boards has been limited [6–8].

Analytical work [8] on cold-formed steel studs under axial load,
sheathed on one or both sides, indicated that no significant benefits
can be achieved by decreasing the connector spacing from 600 mm
to 300 mm or by using stronger sheathing material, while numerical
investigations with plasterboard sheathing on one or both sides of
the stud [6,8] indicated further enhancements in capacity could be
achieved by decreasing the connector spacing to less than 300 mm.
Work on the beneficial influence of sheathing on stud columns under
combined compression and major axis bending has been presented
in [10], while sheathed specimens under pure bending was the focus
in [21].

Finite element models of single sheathed studs or wall systems
under compression have been presented in [6,12,13,22] but equivalent
models for combined axial and horizontal loading are lacking. Numer-
ical studies to date [6,12,13,22] have adopted a linear elastic material
model for the sheathing. In [22], the focus was on the assessment of the
shear demand on the screw connectors between the sheathing and the
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Fig. 1. Illustrations of (a) stud wall with sheathing (b) single sheathed stud column under compression and bending about the major axis (c) finite element model.
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steel, while in [12], modelling of user-defined elements to describe the
nonlinear response of these screws under monotonic and cyclic loading
was presented and evaluated against experimental results.

A sophisticated finite element (FE) model developed for the simula-
tion of stud columns sheathed with OSB and plasterboard is presented
in Section 2 of this paper. Models of the screw connection behaviour
in pull-through and shear, developed in [23] based on experimental
studies [24], are employed herein to capture the connector behaviour
observed in the full scale sheathed beam–column tests reported in [25,
26]. After successful validation against experimental data reported
in [10,18–20,25–29] (see Section 3), the developed FE model is em-
ployed for parametric studies, presented in Section 4, which show
that significant performance gains can be achieved by decreasing the
spacing of the connectors used to secure various configurations of
sheathing to the studs.

2. Finite element modelling

The finite element software ABAQUS [30], which has been exten-
sively used in the past for simulating cold-formed steel members [12,
22,31–34] as well as composite structural systems [35], was employed
for the numerical investigation presented herein. The examined struc-
tural system, illustrated in Fig. 1, is made up of a single stud column
connected to sheathing and tracks, reflecting the boundary and loading
conditions experienced by stud columns in sheathed wall systems under
compression and bending about the major axis. A single stud column
was modelled for computational efficiency since, based on experimen-
tal studies, single studs set in tracks and connected to sheathing were
shown to accurately reflect the behaviour of stud wall systems consist-
ing of five studs [9]. Note that the conducted finite element simulations
were based on the configurations presented in the experimental studies
of [10,25], where bending was introduced using a mid-height load and
four point loads (simulating uniform distributed loading) respectively.
The configurations considered involve OSB or plasterboard fastened to
the cold-formed steel columns by means of screws, which are simulated
with the use of spring elements. The key features of the developed
finite element models as well as the relevant modelling assumptions
are presented in the following subsections.

2.1. Element type and meshing scheme

The steel components of the examined system, namely the columns
and tracks, were modelled with general purpose quadrilateral four-
noded S4R [30] shell elements with reduced integration and hourglass
control, while the sheathing boards were modelled using eight-noded
2

C3D8R [30] solid elements with reduced integration and hourglass
control, with an aspect ratio approximately equal to one. The spring el-
ements SPRING1, SPRING2 and SPRINGA [30] were used to model the
screwed connectors between steel-to-steel and steel-to-board elements
in shear and pull-through, as well as to replicate physical restraints such
as contact with the loading surfaces or the presence of the foundation.

Following a sensitivity study to ensure that the arising local and
distortional buckling modes could be accurately captured, a refined
mesh, aiming at an aspect ratio of 1:1 for the flat regions of the cross-
section and never exceeding 4:1 for the corners, was employed for the
modelling of the cold-formed steel columns and tracks. Since in practice
service openings are often cut in the web of stud members which are
deeper than 150 mm, and to allow direct comparisons with experiments
on stud columns with service hole openings [25], explicit modelling of
these openings was performed — see Fig. 2.

For the board, a mesh size of 10 mm along its width and length
was employed to ensure alignment with the nodes of the cold-formed
steel columns at every other node. Following a sensitivity study, two
layers of elements were employed through the board thickness since
no significant improvements in accuracy were achieved by the use of
more elements. The employed mesh was able to accurately capture the
global bow deformation (i.e. horizontal deflection) of the board during
loading, while also being relatively computationally inexpensive. The
cross-sectional mesh discretisation of the sheathing and cross-sectional
notation for both the stud column and the sheathing are illustrated in
Fig. 3, where ℎ is the depth of the stud, 𝑏 is the flange width, 𝑐 is the
ip length, 𝑟 is the internal corner radius of the stud, 𝑡 is the thickness

of the stud and 𝑡𝑏 is the thickness of the sheathing.

.2. Material modelling

.2.1. Cold-formed steel
The material properties assigned to the cold-formed steel compo-

ents of the systems examined herein and used in the validation of
he finite element models were obtained from the respective stress–
train curves reported in [22,25,29,31], which were derived by means
f tensile coupon testing. The material properties of the test specimens
eported in [25], which also served as the basis for the parametric
tudies reported in Section 4.2, are summarised in Table 1, where 𝑡 is
he thickness of the steel section; a Poisson’s ratio of 0.3 was assumed
hroughout. To describe the stress–strain behaviour of the stud sections
eaturing a yield plateau, the material model given by Eq. (1) was
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Fig. 2. Adopted finite element mesh for the cold-formed steel columns in the region of a service hole.
Fig. 3. Cross-sectional notation of stud column and finite element discretisation of sheathing.
Table 1
Average material properties of stud and track reported in [25] and used in the FE model.
Member 𝑡 (mm) 𝐸 (GPa) 𝑓𝑦 (MPa) 𝜀𝑠ℎ (%) 𝑓𝑢 (MPa) 𝜀𝑢 (%) 𝑛

Stud 1.44 204 482 2.38 514 7.90 –
Track 1.18 201 495 1.34 613 13.4 9
employed [36].
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In Eq. (1), 𝜎 is the stress, 𝜀 is the strain, 𝐸 is the Young’s modulus,
𝑓𝑦 is the yield strength, 𝜀𝑦 is the strain at 𝑓𝑦, 𝜀𝑠ℎ is the strain at the
end of the yield plateau, 𝑓𝑢 is the ultimate stress and 𝜀𝑢 is the ultimate
strain.

Note that for the track sections, which demonstrated a rounded
stress–strain profile prior to yield [25], instead of using the linear
expression of Eq. (1) up to the yield point, the Ramberg–Osgood
model [37,38], given by Eq. (2) was used, where 𝑛 is an exponent that
describes the roundedness of the curve.

𝜀 = 𝜎 + 0.002
(

𝜎
)𝑛

for 𝜎 ≤ 𝑓𝑦 (2)

𝐸 𝑓𝑦

3

In Fig. 4, typical stress–strain responses of the stud and track
sections [25], along with the fitted models (Eqs. (1) and (2)) and
their conversion to true stresses 𝜎𝑡𝑟𝑢𝑒 and true plastic strains 𝜀𝑝𝑙𝑡𝑟𝑢𝑒
using Eqs. (3) and (4) respectively, for input into ABAQUS [30], are
presented. Note that no strength enhancements in the corner regions
were considered since their influence was deemed to be negligible due
to the small thickness 𝑡 and corner radius 𝑟 of the modelled cold-formed
steel cross-sections.

𝜎𝑡𝑟𝑢𝑒 = 𝜎(1 + 𝜀) (3)

𝜀𝑝𝑙𝑡𝑟𝑢𝑒 = ln(1 + 𝜀) − 𝜎𝑡𝑟𝑢𝑒∕𝐸 (4)

2.2.2. Plasterboard
Plasterboard displays different stress–strain characteristics in ten-

sion and compression, with the ultimate strength in compression 𝑓𝑢
being higher by about two to four times compared with that in tension,
but with the ultimate strain 𝜀𝑢 at 𝑓𝑢 being significantly higher in
tension [23]. Plasterboard also displays a degree of anisotropy due to its
production process, with the mechanical properties in the longitudinal
direction being higher than those in the transverse direction [23,39].

The material models established in [23] were employed herein. The
adopted stress–strain behaviour is illustrated in Fig. 5, with the positive
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Fig. 4. Stress–strain curves for (a) stud and (b) track.
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Fig. 5. Uniaxial stress–strain behaviour of plasterboard adopted in finite element
models, with positive values signifying tension.

values of stress and strain corresponding to tension and the negative
values signifying compression. The nonlinear material behaviour in
compression was extended beyond the ultimate capacity 𝑓𝑢, and up
o 20% drop after 𝑓𝑢, using the Mander [40] model as demonstrated
n [23,39,41]. Note that the material response was assumed to be elastic
p to 0.33𝑓𝑢 in tension and 0.7𝑓𝑢 in compression — see Fig. 5.

The influence of anisotropy in plasterboard material on the overall
structural response of the examined systems was investigated by carry-
ing out FE analyses with either the longitudinal or transverse mechan-
ical properties [23,24]. The observed degree of anisotropy reported
in [23] for 12.5 mm thick gypsum plasterboard (i.e. 12% difference in
elastic modulus and 10% difference in compressive strength) was found
to have a negligible impact (less than 2%) on the ultimate compression
capacities of the studied systems. The material behaviour was therefore
assumed to be isotropic, based on the mean values of the longitudinal
and transverse properties reported in [23], which are presented in
Table 2.

Table 2
Material properties of plasterboard adopted in FE models.

Tension Compression

𝐸 (MPa) 𝑣 𝑓𝑢 (MPa) 𝜀𝑢 (%) 𝑛 𝑓𝑢 (MPa) 𝜀𝑢 (%)

2010 0.2 1.20 0.665 7.25 3.24 0.245

The evolution of the yield surface, reflecting compressive crushing
nd tensile cracking of the gypsum, was simulated using the concrete
amaged plasticity model in ABAQUS [30], with the model parameters
aken as the default ABAQUS [30] values apart from the dilation angle
hich was taken as 𝜓 = 11.0 following sensitivity studies to ensure

numerical convergence and good agreement with the experimental
4

results. In compression, the post-elastic stress–strain behaviour was
described using the *CONCRETE COMPRESSION HARDENING [30]
function, while in tension the model was adapted to account for the
ductile tensile behaviour of the gypsum, by defining the stresses and
strains explicitly up to the ultimate tensile strain 𝜀𝑢 and stress 𝜎𝑢 using
the *CONCRETE TENSION STIFFENING [30] function.

2.2.3. OSB
OSB also displays a degree of anisotropy, but as for the plasterboard,

this was found to have a negligible influence on the response of the
examined systems, and hence the material properties were taken as
the mean values for the longitudinal and transverse directions reported
in [23] — see Table 3, while the Ramberg–Osgood formulation pro-
vided in [23] was adopted to describe the stress–strain behaviour of
the OSB material.

Table 3
OSB material model characteristics.

Tension Compression

𝐸 (MPa) 𝑣 𝑓𝑢 (MPa) 𝑓𝑢 (MPa) 𝜀𝑢 (%) 𝑛

3080 0.2 10.2 12.4 0.56 12

2.3. Modelling of screwed connections

2.3.1. Sheathing-to-steel connection
The self-drilling screws used for the connection between the sheath-

ing boards and the flanges of the steel C-lipped columns were modelled
using three 2-noded nonlinear translational springs (SPRING2 [30])
acting in the 𝑥, 𝑦 and 𝑧 directions, as illustrated in Fig. 6. The spring
in the 𝑦 direction was defined between a node on the steel flange and

node on the outer surface of the sheathing, while the springs in the
and 𝑧 directions were defined between the respective nodes on the

nside surface of the sheathing and the steel flange.
The characteristics of the springs acting along the length and width

f the stud-board interface (in 𝑧 and 𝑥 direction respectively as per
Fig. 6) were defined using the load–slip behaviour of an equivalent
screwed connection in shear, while the separation of the two surfaces
at the screw (spring) locations (i.e. along 𝑦 direction) was defined
using the pull-through behaviour of an equivalent screwed connection,
determined in accordance with the models established in [23]. The
derived responses in shear and pull-through are illustrated in Fig. 7 (a)
and Fig. 7 (b) respectively, where it can be observed that for the
springs describing the shear behaviour of the connection, the same
load–slip response was assigned in both directions (to designate the
same behaviour in tension and compression), while for the springs
describing the pull-through behaviour, load–slip values were defined
only in one direction, to activate the springs only when in tension.
Note that, due to the nonlinearity of the response assigned to the

springs, the stiffness of the connection would be slightly overestimated



C. Kyprianou, P. Kyvelou, L. Gardner et al. Thin-Walled Structures 183 (2023) 110365
Fig. 6. Simulation of screwed connection between sheathing and cold-formed steel using three 2-noded nonlinear springs.
Fig. 7. Adopted load–slip responses for springs in the FE model for simulating sheathing-to-steel (a) shear and (b) pull-through screwed connection behaviour.
for forces acting at an angle to the global axes since more than one
spring would be engaged. However, for the systems examined herein,
the shear force at the stud–sheathing interface was always found to
act along the longitudinal direction (i.e. 𝑧 axis), thus not affecting the
obtained results.

2.3.2. Steel-to-steel connection
The self-driving screws used in practice for the column-to-track con-

nection were modelled using 2-noded nonlinear translational springs
(SPRING2) along the longitudinal and transverse column-to-track in-
terfaces. The load–slip response assigned to the springs was derived
using a nonlinear bearing deformation curve introduced in [42], and
was capped by the shear capacity of the connection 𝐹𝑢,𝑣, as deter-
mined in [24]. The adopted load–slip response of these springs in
shear is illustrated in Fig. 8, where positive and negative values desig-
nate compression and tension respectively. For the axial behaviour of
the screwed connection, a 2-noded linear translational spring, defined
along the direction of the length of the screw, was used, with its
stiffness set equal to the axial stiffness of the screw 𝐸𝐴∕𝐿, where 𝐴 is
the cross-sectional area of the screw and 𝐿 is the sum of the thickness
of the stud and track. The ultimate tensile capacity of the screw 𝐹𝑢,𝑠
was determined in line with the results reported in [24].

2.4. Geometrical imperfections

Cold-formed steel sections are particularly prone to cross-sectional
instabilities, such as local and distortional buckling, as well as to global
instabilities, such as flexural and flexural–torsional buckling, when
unbraced. Initial imperfections that ensure that these modes of buck-
ling are not inhibited were therefore incorporated into the developed
FE models. The imperfections were introduced in the form of elastic

buckling mode shapes obtained from the finite element strip analysis

5

Fig. 8. Adopted load–slip response for springs in the FE model for simulating
steel-to-steel screwed connection behaviour in shear.

software CUFSM [43]. Following their determination, the local and dis-
tortional modes were longitudinally distributed using sinusoidal func-
tions with periods equal to their corresponding critical wavelengths.
Similarly, the global imperfection shapes were introduced using single
half-sine and full cosine functions for the flexural and torsional buck-
ling modes, respectively, as recommended in [44] and illustrated in
Fig. 9. The distribution of all buckling mode shapes along the length
of the steel columns is shown in Fig. 10. All the cross-sectional and
global buckling modes were then scaled to a prescribed amplitude and
superimposed for implementation in ABAQUS [30]. For the validation
studies presented in Section 3, the measured imperfection amplitudes
reported in [18,25,27,29] were used in the corresponding models,
while for the parametric study presented in Section 4.2, the adopted
imperfection amplitudes were based on the values reported in [25].
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Fig. 9. Shapes of different imperfection modes along member lengths.
Fig. 10. Illustration of: (a, b) cross-sectional and (c – e) global imperfections.
Fig. 11. Mode shape and amplitude notation of: (a, b) cross-sectional and (c – e) global imperfections.
ote that for sheathed specimens, the sheathing boards were also
odelled with major and minor flexural imperfections equal to those

f the stud in order to ensure that there were no gaps between the
tud and the board, as well as alignment of the nodes on the board
nd steel used for the spring definitions (simulating the screws). The
ollowing notation is employed for the imperfection amplitudes: 𝛿𝐿 for

local, 𝛿𝐷 for distortional, 𝛿𝐺,𝑚𝑖𝑛 for minor axis flexural, 𝛿𝐺,𝑚𝑎𝑗 for major
axis flexural and 𝜃𝐺,𝑡𝑜𝑟 for twist; these are illustrated in Fig. 11.

.5. Boundary and loading conditions

It is common practice for steel columns to be modelled under the
ssumption of idealised boundaries corresponding to either fully fixed
r pinned end conditions. However, since in reality cold-formed steel
tuds are usually set in tracks, their actual boundary conditions are
omewhat different. Both the idealised and realistic end conditions are
onsidered herein.
6

Idealised boundary conditions were implemented by coupling all
the cross-sectional nodes at both column ends to reference nodes lo-
cated at the respective end centroids, using BEAM Multipoint Con-
straints (MPCs) [30]. For the simulation of pinned conditions, the
rotational degrees of freedom about the major and minor axes were
released.

For the finite element models simulating the realistic boundary con-
ditions at the column ends, as tested in [10,25,27], explicit modelling of
the tracks, contact with the studs, and the track-to-column connection
were all implemented, as shown in Fig. 12. The adopted behaviour of
the springs, for the simulation of the screwed connection, was modelled
using the description given in Section 2.3.2.

Nonlinear translational springs (SPRING1 type) were positioned un-
der the bottom track, simulating the ground, allowing upward but pre-
venting downward movement. The holding-down anchor bolt shown
in Fig. 12 (a), used to secure the track to the ground, was simulated
as a pinned constraint (restraining all three translations), as shown in
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Fig. 12. Column-to-track connection: (a) 3D illustration and (b) FE model.
Fig. 12 (b). Similarly, the use of nonlinear springs at the top track al-
lowed downward movement, by being freely extensible, but prevented
upward movement, by being incompressible. Unlike the ground springs
which were fixed into position (SPRING1 type), the top springs were 2-
noded (SPRING2 type) and connected at their free ends by an MPC to
a reference node located at the centre of the track as shown in Fig. 13.
For the specimens under pure compression and combined loading, axial
loading was introduced through this reference node to the web of the
track, only when the nonlinear springs were in compression, simulating
the effect of a rigid loading plate at the top of the track. Anchors on
the top track used to secure it to the rigid loading plane were simulated
with pinned constraints only in the 𝑥 and 𝑦 directions, while in the
𝑧 direction, the *EQUATION command was used to keep the vertical
distance between the anchors and the loading point constant.

Similarly, lateral loading was applied to the board surface with the
use of nonlinear 2-noded springs (with high stiffness defined when
the springs were in compression). As for the springs on the top track,
the free ends of the springs were connected with BEAM MPCs to a
single reference point, where the load was introduced. To simulate
the four-point loading scheme employed in the tests reported in [25],
7

a whiffle-tree arrangement was modelled using stiff linear 2-noded
springs (SPRINGA type) and BEAM MPC elements, connected to a single
reference point at mid-height and mid-width of the board, where the
lateral load was applied. A schematic illustration of the implementation
of the lateral four-point loading scheme is illustrated in Fig. 14.

Note that, since the sheathing boards in the FE model were not di-
rectly loaded, their top and bottom ends were free to move, replicating
the boundary conditions of the physical tests described in [10,25,27].
In Fig. 15, the end deformations of the modelled column and track
at various key stages of the loading are presented, along with the
corresponding board deformation. When under pure compression, the
incompressible springs transfer the load directly to the web of the
track, while, when in bending, the susceptibility of the column-to-track
connection to rotation is accounted for by allowing the track to move
downwards but preventing it from moving upwards, as such replicating
the realistic boundary conditions. The boards, as described in the
physical tests reported in [25], were not connected to the tracks but
their contact interaction was simulated using springs, which prevented
the boards moving towards the tracks but allowed their free movement
away from them — see Fig. 15 (c).
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Fig. 13. Column-to-top-track detail and axial loading.

Fig. 14. FE model of four-point loading scheme.

8
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Fig. 15. Stages of typical end deformation from FE model of column and track under combined loading at (a) start of analysis (b) end of compression — Step 1 and (c) end of
lateral load (bending) – Step 2.
m
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2.6. Contact interaction and solution scheme

The contact interaction between the column and the tracks was im-
plemented using the generalised contact algorithm in ABAQUS (*CON-
TACT INCLUSIONS) [30], while the interaction between the column
and the boards was defined using the contact pair algorithm (*CON-
TACT PAIR) [30]. ‘‘Hard contact’’ was defined in the normal direction
ensuring no surface overlapping, and a friction coefficient of 0.2 [45]
was employed in the tangential direction. Both geometric and material
nonlinearities were accounted for in the analyses performed. For the
finite element analyses where idealised fully fixed and pinned bare
steel columns were modelled, the modified static Riks [30] solver
was employed. However, for the simulation of the more complicated
systems (i.e. specimens in tracks with single or double sheathing), the
use of the general static solver with artificial stabilisation was necessary
to achieve convergence.

For the combined load cases, compression was initially introduced
using a geometrically nonlinear static analysis in load control, followed
by a second load step where horizontal loading was introduced using
displacement control in conjunction with the general static solver
and artificial stabilisation, with a set limit of stabilisation to strain
energy equal to 0.01. For the combined loading scenarios, the *MODEL
CHANGE ADD and *MODEL CHANGE REMOVE commands [30] were
used between the two load steps (with the first load step corresponding
to the axial loading of the column and the second to the lateral
loading), to add the lateral springs associated with the whiffle-tree and
to replace the top track springs with undeformed ones. The position
of the top axial reference node and the compression load remained
constant during the second load step. Replacement of the top track
springs was performed so that, with the onset of bending (i.e. load
step 2), the top springs would not be in an already compressed phase
(achieved during step 1) but in their neutral state.

3. FE model validation

Validation of the developed FE models against test results from four
different studies, is presented herein. A summary of the configurations
and loading conditions of the modelled specimens is presented in
Table 4. In total, 56 physical tests were employed for the validation
process, of which 42 were loaded in pure compression [18,25,28],
11 under combined loading [25,29] and 3 in pure bending [25].

The selected pool of tests varied in section size, length, sheathing

9

configuration, boundary conditions and loading conditions. Detailed
comparisons between the test and FE results are reported in [26], while
a summary is provided herein.

3.1. Studs under compression

A summary of the 42 pure compression studies considered and
comparisons between the ultimate compression capacities attained by
the test specimens 𝑃𝑢,𝑒𝑥𝑝 and those predicted by the finite elements

odels 𝑃𝑢,𝐹𝐸 are presented in Table 5.

.1.1. Bare studs with either fully fixed or pinned boundary conditions
For the first set of validation models, a series of tests [18] on

are cold-formed steel C-lipped shaped columns of different lengths
nd cross-section sizes was simulated, with the end boundaries either
ully fixed or pinned. Measured material stress–strain curves, specimen
imensions and geometric imperfections, as reported in [18–20,31],
ere employed in the conducted finite element simulations. Compar-

sons between the ultimate compression capacities attained by the test
pecimens 𝑃𝑢,𝑒𝑥𝑝 [18] and those predicted by the finite elements models
𝑢,𝐹𝐸 are presented in Table 5, with a mean 𝑃𝑢,𝑒𝑥𝑝∕𝑃𝑢,𝐹𝐸 ratio of 1.03

and a coefficient of variation (COV) of 0.04. The finite element models
were also found capable of accurately capturing the exhibited failure
modes as well as the recorded load–axial shortening curves, as shown
in Fig. 16.

3.1.2. Studs with various sheathing configurations set in tracks
The second considered set of tests [28] allowed validation of the

model in which the end tracks were explicitly simulated, as described
in Section 2.5. Twenty physical tests on studs set in tracks of various
lengths and sheathing configurations, as reported in [27,28], were
utilised. Measured cross-sectional dimensions [27], material proper-
ties [22] and initial imperfections [27] were incorporated into the
numerical simulations, while for all sheathed specimens a connector
spacing of 300 mm was employed. The observed failure modes were
captured (including local, distortional, flexural and flexural–torsional
buckling, as reported in [27]) by the finite element models. Compar-
isons between the FE and test results are presented in Table 5, where
a mean 𝑃𝑢,𝑒𝑥𝑝/𝑃𝑢,𝐹𝐸 ratio of 0.96 was obtained for all the examined
systems. In order to examine the influence of the adopted boundary
conditions (i.e. explicit modelling of the end tracks) on the load-

carrying capacity of the studs, finite element analyses of the same
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Table 4
Summary of studies and types of specimen used for the FE model validation.

Study Loading No. of tests Configuration

[18] Compression 14 Bare studs with ideal boundaries (pinned and fixed)

[28] Compression
4
16

Bare studs set in tracks
Sheathed studs set in tracks

[29] Combined loading 5 Sheathed studs set in tracks

[25]
Compression
Combined loading
Bending

8
6
3

Sheathed studs set in tracks
Table 5
Comparison between FE and test results for specimens loaded in compression reported in [18,25,28].

Study No. of tests Sheathing Screw spacing Boundaries 𝑃𝑢,𝑒𝑥𝑝∕𝑃𝑢,𝐹𝐸
(mm) Mean COV

[18] 10 No sheathing N/A Fixed–Fixed 1.03 0.05
4 No sheathing N/A Pinned–Pinned 1.02 0.03

[28]

4 No sheathing N/A Tracks 0.93 0.07
4 OSB–Bare 300 Tracks 0.99 0.03
4 Plasterboard–Plasterboard 300 Tracks 0.95 0.07
4 OSB–Plasterboard 300 Tracks 0.95 0.04
4 OSB–OSB 300 Tracks 1.00 0.01

[25]

2 Plasterboard–Plasterboard 600 Tracks 0.96 0.08
2 Plasterboard–Plasterboard 300 Tracks 1.01 0.05
1 Plasterboard–Plasterboard 150 Tracks 0.95 –
1 Plasterboard–Plasterboard 75 Tracks 1.00 –
1 OSB–OSB 600 Tracks 0.96 –
1 OSB–OSB 75 Tracks 0.97 –

Weighted average 0.99 0.05
o
d
u
a

specimens but with idealised fixed boundaries were also carried out,
where a mean 𝑃𝑢,𝑒𝑥𝑝/𝑃𝑢,𝐹𝐸 ratio of 0.95 was obtained. The minor
iscrepancy of 1% in the mean values of ultimate capacities obtained
or the two alternative boundary conditions indicates that, when under
ure compression, the assumption of idealised fully fixed boundary
onditions for a cold-formed steel stud in tracks is realistic.
 o

10
The third set of validation models were based on the eight tests
f studs under pure compression reported in [25]. A summary of the
etails of boundary conditions, sheathing and screw spacing config-
ration is provided in Table 5 along with a comparison of the test
nd FE results, where a mean 𝑃𝑢,𝑒𝑥𝑝/𝑃𝑢,𝐹𝐸 ratio of 0.98 and a COV
f 0.04 was obtained. The specimens were 2.4 m long, while the
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Fig. 16. Typical comparison between the results from the developed FE model and the tests from [18]; example shown is L48F1500 (a lipped channel with flange width 48 mm,
1.5 m long and fully fixed ends).
Fig. 17. Comparisons between FE and test results from [25], with subfigures (a1, b1) providing axial load–displacement curves, and (a2, b2) failure modes for plasterboard-sheathed
embers with screws at 600 mm spacings [G-100-S600] and OSB-sheathed members with screws at 75 mm spacings [O-100-S75] respectively.
imensions of their C-lipped shaped cross-section were based on the
ean measurements reported in [25]. Material nonlinearity for the

teel and sheathing was implemented as described in Section 2.2 and
nitial geometric imperfections as described in Section 2.4 with the
dopted imperfection amplitudes based on the measurements reported
n [25] and the sensitivity studies described in [26].

Typical comparisons between the FE and test axial load–
isplacement curves for the specimens under pure compression re-
orted in [25] are presented in Figs. 17 (a1) and (b1) for the
lasterboard-sheathed members with screws at 600 mm spacings (G-
00-S600) and the OSB-sheathed members with screws at 75 mm

pacings (O-100-S75) respectively, where it is demonstrated that the

11
initial axial stiffness (𝐸𝐴∕𝐿) and the overall curve profile are accu-
rately captured. As indicated by the accompanying Figs. 17 (a2) and
(b2), the FE models were also found to be capable of capturing the
exhibited failure modes accurately. In order to capture pull-through
failure in the numerical simulations of the specimens with screw
spacings of 600 mm and 300 mm, the pull-through load capacity of
the screws in plasterboard, was halved to reflect the fact that, during
axial loading of the column, initiation of global buckling about the
minor axis results in shear slipping of the screws, causing loss of contact
between one side of the screw shank and the inner core of the board.
This effect gets magnified with decreasing numbers of screws and at the

mid-height of the column where the resulting bow is at its maximum.
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Fig. 18. Illustration of pull-through connector failure, where points A to C are indicated on (a) an axial load–displacement FE curve of the column, (b) FE model detail and (c)
combined graph of two curves consisting of the pull-through screw load and the axial load of the column, both plotted against the pull-though displacement of the screw.
Table 6
Comparison between FE and test results for specimens under combined compression and bending reported in [10,25].

Study No. of tests Axial loading level (%)a Sheathing Connector spacing (mm) 𝐻𝑢,𝑒𝑥𝑝∕𝐻𝑢,𝐹𝐸 𝑅𝑒𝑥𝑝∕𝑅𝐹𝐸
Mean COV Mean COV

[29] 5 80, 60, 50, 30, 10 OSB–OSB 300 0.99 0.06 1.00 0.01

[25] 3 75, 50, 25 OSB–OSB 600 1.06 0.01 1.01 0.01
3 75, 50, 25 OSB–OSB 75 1.05 0.02 1.01 0.01

aExpressed as a percentage of the predetermined experimental axial capacity 𝑃𝑢 of the specimen.
t
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he pull-through load–displacement behaviour of the critical screw at
he mid-height of specimen G-100-S600 is illustrated in Fig. 18, where
he key stages are also highlighted with regards to the overall axial
oad–displacement behaviour of the column.

.2. Sheathed studs under combined loading

To account for the combined effect of compression 𝑃𝑢 and horizontal
ctions 𝐻𝑢, a resultant force 𝑅 was calculated using Eq. (5) to facil-
tate comparisons between the test and FE results. A summary of the
ombined load test and FE results is presented in Table 6.

=
√

𝑃𝑢2 +𝐻𝑢
2 (5)

3.2.1. Sheathed studs under combined compression and mid-height loading
For sheathed stud wall specimens loaded both axially and hori-

zontally, five tests from the study in [10,29] were utilised for the FE
model validation; the specimens were sheathed on both sides with OSB,
connected using screws of 4.8 mm diameter at a spacing of 300 mm.
The specimens tested were first axially loaded to a predetermined load
level (see Table 6), calculated based on the results obtained in [27],
and then laterally loaded at mid-height until failure, using a line load
across the board.

The horizontal line load at mid-height was simulated by a series
of springs and a single BEAM MPC element, which is a simplified
version of the 4-point loading scheme explained in Section 2.5. The
measured cross-sectional dimensions, initial imperfections and material
stress–strain curves reported in [29] were incorporated into the FE
model. Following the test procedure, the FE models were first loaded
to the prescribed axial load level and then loaded horizontally until
failure. A comparison between the compressive 𝑃𝑢 and horizontal 𝐻𝑢
orces attained by the test specimens and predicted by the FE models
s illustrated in Fig. 19. As shown in Fig. 19 and reflected by the mean
𝑢,𝑒𝑥𝑝∕𝐻𝑢,𝐹𝐸 and 𝑅𝑒𝑥𝑝∕𝑅𝐹𝐸 ratios of 0.99 and 1.00 (see Table 6), there

s excellent agreement between the test and FE results.
Accurate replication of the observed failure modes for all specimens

nder combined loading [10] was achieved by the FE models —
ee Fig. 20 (b). A typical comparison between the horizontal load–
isplacement curves from the tests and FE models is presented in
 7

12
Fig. 19. Comparison between ultimate compression 𝑃𝑢 and horizontal 𝐻𝑢 loads from
he developed FE model and the tests from [10,29] for beam–columns sheathed with
SB and connected at 300 mm intervals.

ig. 20 (a), where the initial stiffnesses of the curves match that of
he theoretical response of the member with pinned boundaries. Note
hat the screw connector between the loaded side of the sheathing
nd the steel column at mid-height, where local buckling occurred,
uffered pull-through beyond the peak load level, as reported in [10]
nd illustrated in Fig. 20 (b).

.2.2. Sheathed studs under combined compression and four-point horizon-
al loading

The tests under combined axial compression and four-point hori-
ontal loading reported in [25] and summarised in Table 6 are utilised
or the further validation of the FE models. Material nonlinearity
as implemented as described in Section 2.2 and initial geometric

mperfections as described in Section 2.4 with the adopted imperfec-
ion amplitudes based on the measurements reported in [25]. These
pecimens were OSB sheathed and had two different screw connector
pacings — at 600 mm and 75 mm. Load application in the FE model
ollowed that of the tests, where specimens were initially compressed at
5%, 50% and 25% of their compressive capacity and then horizontally
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Fig. 20. Typical comparison between the results from the developed FE model and the tests from [29]; the example shown is sheathed with OSB and loaded axially at 10% of
𝑃𝑢,𝑒𝑥𝑝 prior to horizontal loading.
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Fig. 21. Comparison between the ultimate compressive 𝑃𝑢 and horizontal 𝐻𝑢 loads
etermined from the developed FE models and the tests reported in [25].

oaded until failure. A comparison between the FE and test compression
𝑢 and horizontal 𝐻𝑢 ultimate values is presented in Fig. 21, illustrating
xcellent agreement, with a mean 𝑅𝑒𝑥𝑝∕𝑅𝐹𝐸 ratio of 1.01 and a COV
f 0.01 — see Table 6. Note that Fig. 21 includes the pure compression
nd pure bending values for completeness.

The test and FE horizontal load–deflection curves compare well
n terms of initial stiffnesses and peak capacities. It should be noted
hat the initial stiffness of the load–deflection curves is close to the
heoretical pinned limits, while a slight increase in fixity is demon-
trated with decreasing screw spacing (from 600 mm to 75 mm) and
ith increasing pre-compression. The FE models were also capable of

apturing accurately the observed test failure modes. Typical examples
f horizontal load–deflection curves and failure modes are illustrated in
ig. 22 for the specimens compressed at 75% of the compression load
ith screw spacings of 600 mm (O-75-S600) and 75 mm (O-75-S675).
ote that Fig. 22 displays only the bending part of the response of the
ighly pre-compressed members (at 75% of 𝑃𝑢) and, thus the deviations
etween the FE and test results close to 𝐻𝑢 are not as significant for the

verall combined effect measured with the resultant force 𝑅.

13
.3. Sheathed studs under bending

For specimens under pure bending, the same FE model as in Sec-
ion 3.2.2 was used. The three tests reported in [25] and summarised
n Table 7 are utilised to validate the model, where a mean 𝐻𝑒𝑥𝑝∕𝐻𝑢,𝐹𝐸
atio of 1.00 and a COV of 0.04 was obtained. The ultimate resistance
rom the FE model was limited by the shear capacity of the column-to-
rack screw, in agreement with the physical tests. The shear load–slip
ehaviour of the critical column-to-track screw is illustrated in Fig. 23,
here the key points are highlighted with reference to the overall
orizontal load–deflection behaviour of the column.

Table 7
Comparison between FE and test results for specimens under pure bending reported in
[25].

Study No. of tests Sheathing Connector spacing 𝐻𝑢,𝑒𝑥𝑝∕𝐻𝑢,𝐹𝐸

Mean COV

[25] 1 OSB–OSB 600 mm 1.02 –
2 OSB–OSB 75 mm 0.98 0.05

4. Parametric studies

Following validation of the developed FE models, parametric studies
were undertaken to investigate the influence of the sheathing, spacing
of sheathing-to-stud fasteners and section depth on the load-bearing
capacity of the examined specimens under various loading scenarios.

4.1. Effect of sheathing

The effect of sheathing type and fastener spacing on the com-
pression capacity of sheathed stud members is investigated in this
sub-section. As shown in Table 8, three different sheathing configu-
rations have been assessed, all benchmarked against their equivalent
unsheathed response. All specimens were 2.7 m long, while their cross-
sectional dimensions were set to: ℎ = 100 mm, 𝑏 = 44 mm, 𝑐 = 12 mm,
𝑟 = 2.5 mm and 𝑡 = 1.46 mm — see Fig. 3 for the adopted notation. The
material properties of the cold-formed steel studs were taken from [22],
while the employed imperfection amplitudes, as shown in Fig. 11, were
taken as the recommended 50%ile values from [46]. Therefore, with
reference to Fig. 11, 𝛿𝐿 = 0.31𝑡, 𝛿𝐷 = 0.75𝑡, 𝛿𝐺,𝑚𝑖𝑛 = 𝐿∕2910, 𝛿𝐺,𝑚𝑎𝑗 =
𝐿∕4010 and 𝜃𝐺,𝑡𝑜𝑟 = 0.3 deg/m, where 𝑡 is the nominal thickness and
𝐿 is 2.7 m. The material behaviour of the plasterboard and OSB was
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Fig. 22. Comparison between the FE and test horizontal load–displacement curves for OSB sheathed specimens, connected with screws at a spacing of (a1) 600 mm and (b1) 75
m after being axially loaded to 75% of their compressive capacity; subfigures (a2) and (b2) illustrate the respective failure modes.
Fig. 23. Illustration of column-to-track shear connector failure for a member in pure bending, where points A to C are indicated on (a) a mid-height horizontal load–displacement
E curve of the column, (b) FE model detail and (c) a combined graph of two curves consisting of the shear load on the screw and the horizontal load of the column, both plotted
gainst the shear slip of the screw.
odelled as reported in Sections 2.2.2 and 2.2.3 respectively, while
he modelling of the screw fasteners is described in Section 2.3.1. A
omparison of the load–axial shortening curves of the studied systems
s shown in Fig. 24. The identification system of the specimens begins
ith two letters corresponding to the type of sheathing board on each

ide of the stud (with B = bare, G = plasterboard (gypsum) and O =
SB), followed by the employed fastener spacing in mm.

The FE results showed that adding sheathing to one side of the stud
olumns led to an increase in capacity of about 30% over the capacity
f the bare steel column 𝑃𝐹𝐸,𝐵𝐵 , while for sheathing on both sides,
he capacity rose by about 80%–100%. The more robust OSB material
ielded greater gains than the plasterboard. The primary reason for
he increase in capacity was the restraint against minor axis flexural
nd flexural–torsional buckling afforded to the columns through the
heathing and fasteners. Greater gains were achieved however for the
loser connector spacing (i.e. moving from 300 mm to 100 mm); this is
14
attributed to the mobilisation of composite action between the boards
and the column as well as to a reduction in the wavelength of the
distortional buckles.

Table 8
Description and key results of examined systems in FE parametric study.

Specimen Sheathing Spacing of fasteners
𝑃𝐹𝐸 (kN) 𝑃𝐹𝐸/𝑃𝐹𝐸,𝐵𝐵(mm)

BB Bare–Bare – 43.2 1.00
GB-S300 Gypsum–Bare 300 53.0 1.23
GB-S100 Gypsum–Bare 100 58.0 1.34
OB-S300 OSB–Bare 300 58.2 1.35
OB-S100 OSB–Bare 100 64.3 1.49
GG-S300 Gypsum–Gypsum 300 76.7 1.78
GG-S100 Gypsum–Gypsum 100 82.0 1.90
OO-S300 OSB–OSB 300 82.0 1.90
OO-S100 OSB–OSB 100 88.1 2.04
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Fig. 24. Comparison of FE load–axial shortening curves for bare steel stud and (a) plasterboard or (b) OSB sheathed systems.
.2. Effect of connector spacing and section depth

The influence of fastener spacing and section depth on the response
f specimens set in tracks and sheathed on both sides with OSB boards
s reported in this subsection. The modelled members were studied in
ure compression, pure bending and under various combinations of
xial and horizontal loading. All specimens were 2.4 m long, while
heir cross-sectional dimensions were set to 𝑏 = 44 mm, 𝑐 = 12 mm,
= 2.5 mm and 𝑡 = 1.46 mm, with a varying section depth ℎ =

68, 100, 150, 201 and 252 mm – see Fig. 3 for the adopted notation. Note
that for the members with the deeper sections (i.e. ℎ = 150, 201 and
252 mm), three service holes were modelled along the stud length. The
employed connectors were screws of 4.8 mm in diameter, while the
three different connector spacings that were examined were 300 mm,
150 mm and 75 mm, connecting an OSB board of 11 mm thickness
to the steel stud. The material properties assigned to the cold-formed
steel members and OSB boards were as described in Section 2.2. The
modelled tracks were 800 mm long and the boards were 600 mm
wide, while the lateral load was introduced using the 4-point loading

scheme described in Section 2.5. Modelling of the imperfections was s

15
implemented as described in Section 2.4 using the magnitudes reported
in [25], while the screw fasteners were modelled as described in
Section 2.3.

A summary of the obtained results is provided in Table 9. The
adopted specimen notation starts with the section depth in mm, fol-
lowed by the nominal thickness of the cold-formed steel member in mm
multiplied by 10, then by a hyphen (-) and the letter S and, finally,
by the connector spacing in mm. Note that, in the notation of the
specimens with depths of 68 mm, 201 mm and 252 mm, these were
rounded to 70, 200 and 250 respectively.

4.2.1. Pure compression results
The axial load–displacement curves of all specimens under pure

compression are presented in Fig. 25. It can be observed that the
initial axial stiffness (𝐸𝐴∕𝐿) increases with increasing section depth
and decreasing connector spacing, but the stiffness reduces at relatively
low load levels for the deeper sections due to the earlier onset of elastic
local buckling. The influence of the connector spacing on the ultimate
axial capacity 𝑃𝑢 and measured initial axial stiffness 𝐾𝑝 of the examined

ystems is schematically illustrated in Figs. 26 and 27 respectively,
Table 9
Key results of the examined systems in the FE parametric studies with varying section depth from 70 mm to 250 mm and fastener spacing from 300 mm to 75 mm under pure
compression, pure bending and under various combinations of axial and horizontal loading.

Specimen Pure compression 0.75𝑃𝑢 followed by bending 0.5𝑃𝑢 followed by bending 0.25𝑃𝑢 followed by bending Pure bending

𝑃𝑢 (kN) 0.75𝑃𝑢 (kN) 𝐻𝑢 (kN) 0.5𝑃𝑢 (kN) 𝐻𝑢 (kN) 0.25𝑃𝑢 (kN) 𝐻𝑢 (kN) 𝐻𝑢 (kN)

7015-S300 92.5 69.4 3.2 46.2 5.8 23.1 7.2 8.3
7015-S150 96.2 72.2 3.8 48.1 6.3 24.1 8.0 9.3
7015-S75 99.7 74.8 4.1 49.8 6.8 24.9 8.9 10.5
10015-S300 99.5 74.6 6.1 49.7 10.1 24.9 13.2 15.3
10015-S150 102.8 77.1 6.6 51.4 11.0 25.7 14.3 16.5
10015-S75 103.7 77.8 7.8 51.9 13.1 25.9 16.6 18.8
15015-S300 92.0 69.0 9.5 46.0 15.8 23.0 20.2 23.1
15015-S150 94.3 70.7 10.4 47.1 17.4 23.6 22.1 25.1
15015-S75 95.8 71.9 11.8 47.9 19.6 24.0 24.5 27.9
20015-S300 96.6 72.5 12.6 48.3 21.0 24.2 26.2 29.4
20015-S150 100.3 75.2 13.6 50.2 22.6 25.1 28.8 32.8
20015-S75 103.2 77.4 14.9 51.6 24.9 25.8 31.7 36.1
25015-S300 99.2 74.4 15.1 49.6 25.1 24.8 31.7 35.9
25015-S150 108.3 81.2 16.4 54.2 27.3 27.1 34.5 39.0
25015-S75 110.9 83.2 17.7 55.4 29.6 27.7 37.5 42.5
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Fig. 25. FE parametric axial load–displacements curves for sheathed members in compression: (a) full spectrum and (b) initial detail.
Fig. 26. Influence of connector spacing on ultimate compression capacity: (a) absolute values and (b) normalised by the compression capacity of the equivalent system with
300 mm connector spacing.
Fig. 27. Influence of connector spacing on measured initial axial stiffness: (a) absolute values and (b) normalised by the stiffness of the equivalent system with 300 mm connector
spacing.
where the ultimate capacity 𝑃𝑢 and initial stiffness 𝐾𝑝 of each system is
presented both in absolute values and normalised by the capacity and
stiffness of the equivalent system with the widest (i.e. 300 mm) spacing
of connectors (𝑃𝑢,𝑆300 and 𝐾𝑝,𝑆300 respectively). Up to 12% increases in
trength and 10% increases in stiffness were achieved for the systems
mploying the closest connector spacing (i.e. 75 mm) — see Figs. 26
nd 27 respectively. As shown in Figs. 25 and 26, the ultimate capacity
𝑢 was not significantly affected by changes in section depth as local
uckling limits the capacity of the specimens with the more slender
ross-sections [47].
 r

16
4.2.2. Bending results
The horizontal load–displacement curves of all specimens under

bending alone are presented in Fig. 28. As expected, the bending
stiffness and ultimate bending capacity (indicated in terms of the
ultimate horizontal load 𝐻𝑢) were found to increase with increasing
section depth, with up to four times higher strength and 13 times higher
stiffness achieved when increasing the section depth from 68 mm
to 252 mm. The maximum horizontal load 𝐻𝑢 and initial flexural
stiffness 𝐾ℎ attained by each specimen are presented in Figs. 29 and 30
espectively, both in absolute values and normalised by the maximum
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Fig. 28. FE parametric results of horizontal load vs mid-height deflections: (a) full spectrum and (b) initial detail.
Fig. 29. Influence of connector spacing on ultimate bending capacity in terms of horizontal loads 𝐻𝑢: (a) absolute values and (b) normalised by the ultimate loads of the
equivalent system with 300 mm connector spacing.
Fig. 30. Influence of connector spacing on flexural stiffness for the examined systems under bending: (a) absolute values and (b) normalised by the stiffness of the equivalent
system with 300 mm connector spacing.
7
w
c

horizontal load and stiffness of the equivalent specimen with the widest
(i.e. 300 mm) screw spacing (𝐻𝑢,𝑆300 and 𝐾ℎ,𝑆300 respectively). Up to
26% increases in horizontal capacity 𝐻𝑢 and 22% increases in bending
stiffness 𝐾ℎ were achieved by decreasing the connector spacing from
300 mm to 75 mm, largely due to the effects of composite action – see
Figs. 29 and 30 respectively.

A pronounced change in gradient can be observed in Fig. 28 for the
specimens with a depth equal to or deeper than 150 mm at a load level
of a 15 kN; this was caused by localised material yielding and buckling
at the stud ends, as verified in Fig. 31. The effect of the end track on the
behaviour of sheathed cold-formed steel members is discussed further
in Section 4.3.
 s

17
4.2.3. Combined loading results
The FE results of the specimens subjected to combined loading

(i.e. axially loaded up to a percentage of the compressive capacity of
the stud and then laterally loaded until failure) are reported in terms
of axial load 𝑃𝑢 and ultimate horizontal load 𝐻𝑢 in Table 9. It is
apparent that the 𝑃𝑢−𝐻𝑢 relationship is not linear, since the specimens
initially loaded up to 25%, 50% and 75% of 𝑃𝑢 failed at about 90%,
0% and 40% respectively of the ultimate horizontal load 𝐻𝑢 attained
hen under bending alone. The capacities of the specimens under

ombined loading were found to increase with decreasing connector
pacing and increasing section depth, while the influence of the section
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Fig. 31. Comparison of specimen 15015-S300 under bending modelled with (i) elastic and (ii) elastic–plastic material behaviour.
Fig. 32. Influence of connector spacing on bending capacity for specimens initially compressed to 50% of their compression capacity, in terms of horizontal loads 𝐻𝑢: (a) absolute
values and (b) normalised by the loads of equivalent systems with a 300 mm connector spacing.
depth was found to be higher for lower levels of initial compression.
A typical example of the influence of the connector spacing on the
ultimate horizontal capacity 𝐻𝑢 is provided in Fig. 32, where capacity
improvements of up to 29% were achieved when shifting to closer
spaced connectors (from 300 mm to 75 mm) for the specimens initially
compressed to 50% of 𝑃𝑢.

The ultimate interaction curves for all of the examined specimens
under combined loading are presented in Fig. 33, where the ultimate
compressive load 𝑃𝑢 is plotted against the ultimate horizontal load 𝐻𝑢,
in terms of absolute values.

In order to examine more clearly the influence of the connector
spacing on the response of specimens of different section depths, the
ultimate interaction curves for each cross-section are plotted separately
and presented in a normalised format in Fig. 34, using Eqs. (6) and (7),
where 𝑁𝑐,𝑅𝑘 is the axial cross-section resistance in compression, 𝐴𝑒𝑓𝑓 is
the effective area in compression and 𝑓𝑦 is the yield strength. In Eq. (7),
𝐻𝑐,𝑦,𝑅𝑘 is the horizontal load resistance corresponding to pinned bound-
ary conditions, 𝑀𝑐,𝑦,𝑅𝑘 is the moment resistance about the major axis
nd 𝑊𝑒𝑓𝑓 ,𝑦 is the elastic section modulus of the effective cross-section
bout the major axis. Note that the effective section properties were
alculated using the effective width method, in accordance with the
rovisions in Eurocode 3-1-3 [47].

𝑐,𝑅𝑘 = 𝐴𝑒𝑓𝑓𝑓𝑦 (6)

=𝑀 × 8∕𝐿 = 𝑊 𝑓 × 8∕𝐿 (7)
𝑐,𝑦,𝑅𝑘 𝑐,𝑦,𝑅𝑘 𝑒𝑓𝑓 ,𝑦 𝑦

18
Fig. 33. Ultimate interaction curves from FE parametric results, presented in terms of
ultimate compressive capacity 𝑃𝑢 vs ultimate horizontal load capacity 𝐻𝑢.

As illustrated in Fig. 34, all interaction curves are of a convex
profile, with decreasing connector spacing resulting in increased ca-
pacities. This effect gets more pronounced as bending becomes the
predominant loading action, with the 𝐻 ∕𝐻 values corresponding
𝑢 𝑐,𝑦,𝑅𝑘
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Fig. 34. Interaction curves from FE parametric results presented in terms of normalised capacities with effective cross-sectional properties determined using EN 1993-1-3 [47]
lotted separately for each specimen with section depth: (a) 70 mm, (b) 100 mm, (c) 150 mm, (d) 200 mm and (e) 250 mm.
o bending alone shown to be greater than 1.0 for specimens connected
t 300 mm intervals, then increasing to more than 1.1 for specimens
ith 150 mm connector spacings and, finally, for the specimens with
5 mm connector spacings, to values greater than 1.2. It should be
oted that for section depths of more than 200 mm, the bending
apacity starts to be limited by local buckling of the web.

.3. Discussion on the effect of the track

Based on the parametric studies reported in Section 4.2, the tracks
t the stud ends were found to affect the response of the sheathed
tud wall specimens to different degrees depending on their geometric
eatures as well as on the loading configuration. Under pure compres-
ion, the column-to-track boundaries behave almost like fully fixed
onnections, while when under bending alone, they behave like pinned
onnections — this has also been reported in experimental studies
ound in the literature [9,10,25]. When bending is predominant, the
tructural behaviour and failure mode of the examined systems are
ffected by the section depth, and, as a result, by the track depth. In
ig. 35, the failure modes of specimens of different section depths with

5 mm connector spacing under pure bending are presented. It can be

19
observed that for the two smaller sections, the main failure mode was
local buckling at mid-height, while for the deeper specimens, localised
buckling and yielding near the stud ends became dominant. For sections
with a depth equal to or greater than 150 mm, the thickness of the
track had to be increased to 2.5 mm in order to obtain a smooth load–
displacement curve beyond the point at which the column ends started
to fail. A stronger column-to-track connection was also required to not
limit the system capacity. Therefore, the use of tracks of sufficient
thickness in order to secure a smooth response not limited by the
strength of the connection is recommended along with the use of a
stronger connection between the column and the track, which can be
achieved either with a larger diameter screw or by using more than one
screw connector.

5. Conclusions

Finite element models simulating sheathed cold-formed steel studs
set in tracks and subjected to various loading configurations (i.e. com-
pression, bending and combinations of the two) were developed and
validated against experimental data reported in the literature. The

FE models included geometrical imperfections, while geometrical and
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Fig. 35. Failure modes for specimens under bending alone with 75 mm screw spacing and a section depth of (a) 68 mm, (b) 100 mm, (c) 150 mm (d) 201 mm and (e) 252 mm.
aterial nonlinearities were also taken into account. The finite element
imulations were found to be capable of realistically describing the
olumn-to-track boundary conditions, while the contact interaction
etween the cold-formed steel columns and the boards, as well as
he nonlinear behaviour of the employed connectors, were explicitly
eplicated.

Following successful validation, the FE models were employed to
nvestigate the influence of the sheathing, section depth and fastener
pacing on the load-bearing capacity of the columns under various
oading scenarios. It was found that the addition of sheathing leads to
ignificant increases in load-carrying capacities relative to bare steel
olumns; sheathing on both sides of the cold-formed steel studs with the
ore robust OSB panels led to about a 100% increase in capacity. The
ain reason for the gains in capacity is the restraint against the global

uckling modes, while further increases due to closer connector spacing
re attributed to a reduction of the wavelength of the distortional
uckles and to the mobilisation of composite action between the boards
nd the column.

Decreasing the fastener spacing was found to lead to significant
mprovements in terms of ultimate capacity and stiffness under all
20
loading configurations, with up to 12% and 10% increases in capacity
and stiffness respectively for specimens in pure compression, up to 26%
and 22% increases in capacity and stiffness respectively for specimens
in bending and up to a 29% increase in capacity for specimens under
combined compression and bending when decreasing the connector
spacing from 300 mm to 75 mm. Finally, the characteristics of the
end tracks as well as the strength of the stud-to-track connections were
found to have the potential to significantly affect the response of the
examined systems, limiting their ultimate capacity. Recommendations
on the choice of the end tracks and stud-to-track connection were there-
fore made to secure the efficient performance of sheathed cold-formed
steel stud wall systems.
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