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Abstract: Recently, there has been an increasing demand for buildings that allow rapid assembly of
construction elements, have ample open space areas and are flexible in their final intended use.
Accordingly, researchers have developed new competitive structures in terms of cost and efficiency, such
as cold-formed steel and timber composite floors, to satisfy these requirements. Cold-formed steel and
timber composite floors are light floors with relatively high stiffness, which allow for longer spans. As a
result, they inherently have lower fundamental natural frequency and lower damping. Therefore, they are
likely to undergo unwanted vibrations under the action of human activities such as walking. It is also
quite expensive and complex to implement vibration control measures on problematic floors. In this
study, a finite element model of a composite floor reported in the literature was developed and validated
against four-point bending test results. The validated FE model was then utilised to examine the vibration
behaviour of the investigated composite floor. Predictions obtained from the numerical model were
compared against predictions from analytical formulas reported in the literature. Finally, the influence of
various parameters on the vibration behaviour of the composite floor was studied and discussed.

Keywords: Cold-formed steel, Composite flooring systems, Floor vibrations, Modal analysis, Natural
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1. Introduction

Open plan floors support sustainable development since they accommodate various use throughout their
operational life. As a result, floor structures having large spans with minimum intermediate supports became
increasingly of interest in recent years (Ebrahimpour and Sack 1992; Karki and Far 2021). Advances in
materials and construction techniques enabled designers to produce slender, light, and long-span floor
structures with low stiffness and high ultimate strength, e.g., composite flooring systems or prestressed flat
concrete floors (Feldmann et al. 2009; Mulas ef al. 2018). Consequently, these floors may generate resonant
or near-resonant structural vibrations, affecting occupants’ comfort (Cao et al. 2020).

Nowadays, reduction of CO2 emissions and the ever growing population drives the housing sector to
implement sustainable and rapid housing schemes (Navaratnam et al. 2021). As a result, engineers and
stakeholders seek innovative, sustainable, and cost-effective construction methods, such as modular
construction, which replaces 70-95% of in situ works activities with off-site modular construction at a
designated facility (Thirunavukkarasu et al. 2021). Structures manufactured with modular construction are
eco-friendly and poses numerous advantages, including higher quality control, cost efficiency, and minimised
construction time. Recently, cold-formed steel and timber composite floors have been introduced as an
efficient, economical, and durable alternative to traditional concrete floors (Zhang et al. 2017). Compared to
other traditional construction materials, cold-formed steel provides design flexibility, rapid onsite assembly,
dimensional stability, and a high-strength-to-mass ratio (Xu 2011; Loss et al. 2016). Recent studies (e.g. Far
et al . 2017; Saleh et al. 2018) have also highlighted the benefits of using cold-formed steel members in the
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building industry. Also, cold-formed steel members are lighter than their hot-rolled counterparts; therefore,
the adoption of cold-formed steel members produces lighter structures, ultimately reducing the overall cost
and construction time (Gerilla et al. 2007; Hsu et al. 2014). Moreover, engineered wood products are a
sustainable construction material due to their less embodied carbon and energy than concrete. Besides, cold-
formed steel and engineered wood products are recyclable materials; thus, they significantly reduce the
buildings negative end-of-life impact and promotes a circular economy (Dodoo et al. 2014; Navaratnam ef al.
2021). These advantages show that combining engineered wood products with cold-formed steel sections
produces sustainable and cost-effective floors.

However, cold-formed steel and timber flooring systems with lighter weight and longer spans can undergo
uncomfortable vibrations caused by human movements. Furthermore, It is quite expensive and challenging to
implement vibration control measures in residential and low-rise buildings (Chiniforush er al. 2019),
emphasising the importance of addressing vibration serviceability at the design stage. A typical cold-formed
steel and timber composite floor under construction is shown in Fig. 1. Based on the vibration serviceability,
structural floors are generally classified as low-frequency or high-frequency floors (Wyatt 1989; International
Organization for Standardization 2007). Low-frequency floors show resonant response when their
fundamental natural frequency matches one of the dominant harmonics of a human footstep, and the resonance
is maintained by successive footsteps (Bachmann ef al. 1995; Liu et al. 2019). High-frequency floors, on the
contrary, experience a transient character vibration response that decays to a relatively insignificant value due
to damping before the next footfall is applied (Racic ef al. 2009). Generally, the fourth harmonic of the walking
step frequency is chosen as the cut-off frequency (approximately 10 Hz) to distinguish low and high-frequency
floors (Middleton and Brownjohn 2010).

Fig. 1: Typical cold-formed steel and timber composite floor under construction.

Comprehensive studies have been conducted to explore the static performance of cold-formed steel and
timber composite floors in terms of the ultimate bearing capacity and the attained degree of composite action,
e.g. (Zhu et al. 2016; Kyvelou et al. 2017, 2018; Zhou et al. 2018; Far 2020). Overall, these studies concluded
that the stiffness and load-bearing capacity of those floors could be improved provided that adequate
composite action is achieved between the cold-formed steel joists and timber panels. Several investigations
have been conducted to quantify and assess the vibration performance of cold-formed steel and timber
composite flooring systems. Krause (1997) investigated the dynamic behaviour of twenty-five cold-formed
steel lightweight composite floors. The study concluded that the Canadian timber floor vibration criteria best
assess vibrations in floors supported by cold-formed steel joists. Researchers at the University of Waterloo
examined cold-formed steel and timber composite floors (Tangorra ef al. 2002; Xu and Tangorra 2007; Parnell
et al. 2010). Laboratory and onsite tests were carried out to evaluate the natural frequency, and mode shapes
of the studied floors and identify the key parameters that affect the floor vibrations. The research project
concluded that laboratory tested floors represent the worst-case scenario. Similar studies were carried out by



Rack and Lange (2010) and Guan et al. (2019). Zhang and Xu (2020) recently proposed a new analytical
approach to predict the dynamic behaviour of cold-formed steel and timber composite floors considering three
different loading regimes. Based on the new approach, they investigated the effect of different parameters on
the dynamic response, including boundary conditions and mass ratios. It was shown that floor response might
not be reduced with changing the boundary conditions and that small mass ratios have an insignificant effect
on the floor response. Cao ef al. (2021) conducted in situ testing to evaluate the vibration behaviour of steel
composite floors. The study argued that human-structure interaction reduces the damping ratio of the floor.
Overall, previous research studies are based on limited structural geometries. The derived acceptance criteria
are affected by country norms where the research was conducted; therefore, extending the results into other
structural geometries and other countries should be carefully verified (Casagrande et al. 2018).

Early studies have suggested limiting the floor static deflection at mid-span to control floor vibrations,
pointing out that increasing the floor stiffness will increase its fundamental frequency and minimise vibration
response (Mohammed et al. 2018). For instance, in Australia, the mid-span deflection limit is 2 mm (Standards
Australia 1993). However, a static deflection limit was developed based on the data acquired from residential
floors supported by timber joists. Extending such oversimplified design criterion to composite floors supported
by cold-formed steel joists may still result in inadequate vibration serviceability.

Even though extensive test results have enhanced the understanding of the vibration response of cold-
formed steel lightweight floors, there is still a need for adequate design guidelines and reliable models
pertinent to the vibration serviceability of cold-formed steel and timber composite flooring systems (Zhang et
al. 2017). Thus, further investigations are required to develop the existing pool of data and improve the
understanding of the dynamic behaviour of such floors.

The static behaviour of lightweight floors comprised of cold-formed steel joists and particleboards was
investigated experimentally and numerically by Kyvelou er al. (2017, 2018); however, their vibration
serviceability was not considered. However, to the authors' knowledge, no previous numerical or experimental
studies exist that evaluate the vibration behaviour of such floors. Therefore, this study aims to numerically
investigate the dynamic response of a composite flooring system comprised of cold-formed steel joists and
particleboard panels. Using finite element analysis (FEA), it explores the influence of various design
parameters on the vibration properties such as natural frequency and non-symmetric mode shapes, which affect
how the composite floor performs when excited by human activities at service conditions. In this study, a FE
model was created and validated against the results of a four-point bending experimental test under static
loading. The validated finite element model is then utilised to investigate the vibration behaviour of the cold-
formed steel and timber composite flooring system. Finally, the numerical model is extended to explore the
effects of variations in floorboards, joists geometry, and shear connection spacing on the cold-formed steel
and timber composite floors' vibration behaviour.

It is highlighted that the vibration performance of a structure could be experimentally evaluated. However,
the time and high cost associated with full-scale physical tests, the complexity of raw test data and their post-
analysis, and the availability of various types of lightweight floor systems and shear connections render it
challenging to investigate the dynamic behaviour of the lightweight floors experimentally (Rainer and Pernica
1986; Pernica 1990; Ebrahimpour and Sack 1992). Thus, it is necessary to develop reliable numerical models
that can accurately predict lightweight floors' vibration behaviour, such as cold-formed steel and timber
composite flooring systems.

2. Development of the finite element model

Various studies (Loss ef al. 2016; Zhou et al. 2018; Chiniforush et al. 2019) have utilised commercial
finite element software, such as ANSYS, ABAQUS, and SAP2000, to simulate the behaviour of composite
floors subjected to different loading. Chiniforush et al. (2019) developed a finite element model of steel-timber
composite floors to extend experimental modal testing results by exploring the effects of changing various
parameters on the vibration performance of the steel and timber composite floors. Zhou ef al. (2018) developed
a numerical model in ANSYS that accurately captures the non-linear static behaviour of composite floors



fabricated from cold-formed steel and oriented strand timber boards. Loss ef al. (2016) successfully created a
numerical model that precisely simulates experimental push out tests.

This study uses Ansys Workbench (Ansys 2020) to develop and validate the numerical model for the
studied cold-formed steel and timber composite floors. The floor is comprised of C-shaped cold-formed steel
joists and particle board timber panels. The developed finite element model will be validated against
experimental data from four-point bending tests. The model will be then utilised to investigate the vibration
behaviour of the composite flooring system. Geometry, material properties, the behaviour of shear
connections, and boundary conditions for the investigated composite floor are based on the experimental
research work presented by Kyvelou et al. (2015, 2017). Details of the developed numerical model and its
validation are described in the following sections.

2.1 Geometry of Tested Floors

The investigated floor is comprised of two cold-formed steel joists and two particleboard panels. Each
particleboard is 3 m long and 1.2 m wide and has a thickness of 38 mm. Accordingly, cold-formed steel joists
are 250 mm deep and have 3.02 mm thickness. The composite floors' total length is 6.0 m; however, the
corresponding supported length is 5.8 m. Fig. 2 provides the geometry and dimensions of the tested composite
floors. Shear connectors are self-drilling screws and are spaced at 600 mm intervals.
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Fig. 2: Geometry and dimensions of tested composite floors (a) Longitudinal, (b) Cross-section.



2.2 Materials Properties

The material properties adopted to validate the developed numerical model is based on the experimental
study carried out by Kyvelou et al. (2017). The cold-formed steel joists' non-linear behaviour is represented
by the two-stage Ramberg-Osgood model (Ramberg and Osgood 1943). Based on this model, Gardner and
Ashraf (2006) suggested Eqgs. (1)-(2) to describe the non-linear behaviour of metallic materials such as cold-
formed steel. Thus, they are utilised to model the non-linear behaviour of the cold-formed steel joists.
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where,

o is the engineering stress,

e is the engineering strain,

E is Young's modulus of the material,

002,010 are the 0.2% and 1.0% proof stresses respectively,

€02, €10 are the total strains corresponding to 0.2% and 1.0% proof stresses,

Ey, is the tangent modulus of the stress-strain curve at gy 5, and

n,Mg21.0 are the strain hardening components determining the roundedness of stress-strain curve

A summary of the strength properties of the cold-formed steel joists is provided in Table 1. It should be
highlighted that although several studies observed higher yield stresses in cold-formed steel sections at corner
regions due to accumulations of permanent plastic deformations (Karren 1967; Afshan et al. 2013; Kyvelou
et al. 2017), corner regions and flat regions were assigned the same yield stress value to reduce the model
complexity and, hence, the computation time. Finally, stress-strain values obtained from Eqs. (1)-(2) were
converted to true stresses and true plastic strains for the input into Ansys software.

Table 1: Mechanical characteristics of the cold-formed steel joists (Kyvelou et al. 2018).

Mechanical property Value

Young's Modulus, £ (MPa) 201,000
Poisson's ratio, v 0.3
Flat yield strength, gg , (MPa) 491
Corner yield strength, g, (MPa) 574
Tensile strength, o, (MPa) 561
Exponent, n 11.2
Exponent, ng2,1.0 2.1

Behaviour of the particleboards material was determined using Eq. (1) since the stress-strain relationship
determined from Eq. (1) correlates well with the experimental results (Kyvelou ef al. 2017). The values of
E and gy, in Eq. (1) are assumed equal to Young's modulus in compression and compressive strength of the
board, respectively. Besides, the value of the exponent # is equal to 6 (Kyvelou ef al. 2018). Table 2 provides
the mechanical characteristics of the particleboard.
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Table 2: Mechanical characteristics of the particleboards (Kyvelou et al. 2018).

Mechanical property Value

Young's Modulus, £, (MPa) 2300
Poisson's ratio vy, 0.2
Compressive strength, a., (MPa) 12.9
Tensile strength, oy, (MPa) 5.8
Exponent n 6.0

2.3 Element Type and Meshing

Cold-formed steel joists were modelled using standard 4-noded shell elements (SHELL181) with reduced
integration formulation. Shell elements can precisely capture local instabilities in structural members with one
dimension (thickness) considerably less than the other two dimensions. Additionally, various researchers have
adopted shell elements to model steel or cold-formed steel joists, e.g. (Natario et al. 2014; Hassanieh et al.
2019). On the other hand, 8-noded solid elements (SOLID185) with reduced integration formulation is adopted
to model particleboards. Accordingly, several researchers have utilised solid elements to model timber boards
or concrete slabs where they could replicate experimental results accurately (Vasdravellis ef al. 2015; Ataei et
al. 2016).

The two criteria for selecting the mesh size were capturing the local instabilities in cold-formed steel joists
and minimising computational time. Accordingly, ninety-eight shell elements and 186 solid elements were
used to model the cross-section of cold-formed steel joists and particle boards, respectively. Besides, corner
regions of the cold-formed steel joists are more finely discretised to minimise geometrical errors. The
longitudinal mesh size for cold-formed steel joists was taken as 10 mm, and it is set equal to 20 mm for the
particleboards. To accurately validate the developed numerical model, the selected mesh density described by
Kyvelou et al. (2018) was implemented in this study, which will enable the authors to estimate the vibration
behaviour of the cold-formed steel composite floors with sufficient accuracy.

2.4 Modelling of Contacts and Boundary Conditions

A frictional contact was modelled between the lower surface of the particleboards and the top flange of the
cold-formed steel joists. The geometric modification — interface treatment option was set to "Adjust to Touch"
to prevent excessive penetrations between the particleboards and cold-formed steel joists during the solution.
Similarly, frictional contact was assumed at the interface between the two adjacent particle boards. Whereas
the friction coefficient between the two adjacent particleboards was taken 0.3, the friction coefficient between
particle boards and cold-formed steel joists was set equal to 0.2 (Kyvelou et al. 2018).

Fig. 4 provides the details for the imposed boundary conditions. Both ends of each cold-formed steel joist
were restrained against vertical and out of plane displacements. An additional constraint in the longitudinal
direction was imposed at one end to prevent rigid body motion of the floor during the solution process. Besides,
four confining nodes (Fig. 4) were restrained against out-of-plane displacement at points of support and
applied forces. Those confining nodes were added to replicate the lateral supports adopted in the physical tests
to prevent local failures in the joists. A summary of the adopted boundary conditions is provided in Table 3.
It is worth noting that symmetry conditions, applied at the side face of the timber panel along the z-direction,



were considered in the FE model developed by Kyvelou et al. (2018). In contrast, this study considers the
whole section of the tested floors (Fig. 2b) because the actual geometry of the tested floors is required in the
subsequent Modal Analysis to precisely determine its dynamic properties, which include non-symmetric mode
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Fig. 3: Adopted cross-section geometry in the FE model developed by Kyvelou et al. (2018)
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Fig. 4: Adopted arrangement of boundary conditions in the developed FE model at (a) Supports, (b) Loading
points.



Table 3: Summary of applied boundary conditions

Location Boundary Condition
Front support Translation in X, y, and z directions is restrained
End support Translation in x and y directions is restrained
Loading points Applied y-displacement
Restraining nodes Translation in the x-direction is restrained

2.5 Modelling of Fasteners

Shear connectors were modelled using non-linear spring objects provided in Ansys Workbench. Springs
are defined as longitudinal, i.e., they connect two nodes in a fixed direction; particleboard on one end of the
spring and cold-formed steel joist on the other end. Kyvelou (2017) derived empirical formula (Eq. (3)) based
on the data obtained from push-out tests, which describes the shear connectors' load-slip relationship for this
specific composite floor. The load-slip response of the shear connectors is illustrated in Fig. 5. Coefficients
C; and C; can be calculated using Egs. (4)-(5).
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==+ G (5)
STk By
Py
C1 = 519 k_o
In (sb — %) —1n(Cy)
C, = 0
2 P,
In (P—lo)
where,
s is the slip distance,
P is the applied load corresponding to s,
ko is slip modulus taken as the slope of the initial part of the push-out curve,
S10 is a slip of 10 mm,
Pio is the load corresponding to 10 mm slip,
Py, is the bearing capacity of the particleboard, and
Sp is the slip distance corresponding to Py,

The corresponding values of ko, s;0, Pio, Ps, sy are provided in Table 4. The fasteners' ultimate shear
capacity (Pv) is calculated from its dimensions and material properties.
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2.6 Modelling of Geometric Imperfections

Geometric imperfection is the deviation of thin-walled sections geometry from their perfect configuration
(Dar et al. 2019). Accordingly, initial geometric imperfections can generate in cold-formed steel sections as a
downside of the cold-forming process. As a result, the ultimate load-carrying capacity of cold-formed steel
sections is sensitive to the generated spatial instabilities such as local and distortional buckling.

Thus, Eigenvalue buckling analysis was carried out to account for the initial geometric imperfection in
cold-formed steel joists. First, a linear static analysis was carried out on the composite floor, considering the
same geometry, boundary conditions, and contacts as the actual non-linear static analysis. The linear analysis
was then linked to a downstream eigenvalue finite element analysis from which the lowest buckling mode
shape was determined. The lowest buckling mode shape was then assigned to the floor geometry employed in
the static non-linear analysis as an initial geometric imperfection by creating a perturbed mesh.

Table 4: Required parameters to establish load-slip response for the shear connectors (Kyvelou et al. 2018)

Parameter Value
ko (KN/mm) 1.20
s10 (mm) 10
Pio (kN) 5.11
Py (kN) 2.7
sy (mm) 2.68
P, (kN) 5.55

6 T Load, P (kN)

Displacement, & (mm)

6 L+

Fig. 5: Adopted load-slip response for the non-linear springs
3. Validation of the Numerical Model

After the creation of the FE model, it was validated against experimental results reported by Kyvelou
(2017). The validated model was then utilised to investigate composite floors' dynamic behaviour comprised
of cold-formed steel joists and particleboards. Kyvelou (2017) performed four-point bending tests on twelve-
floor specimens fabricated from C-shaped cold-formed steel joists and particleboards. Four significant



findings were reported in the experimental study: load-displacement relationship, ultimate moment capacity,
flexural rigidity, and normal strain distribution within the cross-section of the floor. Therefore, these four
criteria were selected to validate the developed finite element model in this study. Besides, results of floor
specimens B15-2 and B30-2 were utilised by Kyvelou er al. (2018) to validate their numerical model.
Accordingly, the results of floor specimen B30-2 were chosen to validate the finite element model developed
in this study because the joist in this floor has a thickness of 3.02 mm, which is similar to cold-formed steel
sections available in Australia.

Fig. 7 presents the load-displacement responses of floor B30-2. Load-displacement curves were obtained
from three different resources: the finite element model developed in this study, physical tests conducted by
Kyvelou (2017), and the numerical analysis reported in (Kyvelou ef al. 2018). Fig. 6 compares the mode
failure observed in physical tests and the mode failure predicted by the FE model in this study. It is evident
from Figs. 6-7 that the FE model developed in this study can capture the actual static behaviour observed in
the physical tests.

A
(TSI

Fig. 6: Comparison of mode failures; (a) Physical tests and (b) Current FE model.

Moreover, normal strain distribution at mid-span estimated by the finite element model developed in this
study is in good agreement with normal strain distribution determined from the physical tests (Kyvelou 2017),
as shown in Fig. 8. Furthermore, ratios of ultimate moment capacity and flexural rigidity are 0.98 and 0.99,
respectively, compared to the values determined experimentally. As a result, the predicted load-displacement
response, failure mode, strain distribution, flexural rigidity, and ultimate moment capacity provide sufficient
evidence that the developed numerical model can replicate the actual static behaviour of the investigated
composite floors. Finally, since the model is validated, it can be further utilised to investigate the composite
floor's vibration behaviour comprised of cold-formed steel joists and particleboard panels. The effects of
changing various parameters, such as geometry and degree of shear connection, on such floors' dynamic
behaviour will also be studied.
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Fig. 8: Normal strain distribution for B30-2 composite floor specimen

4. Vibration of the investigated floors
Once the developed FE model was statically validated, a numerical modal analysis was performed to
predict the dynamic properties of the cold-formed steel and particleboard composite flooring system. Then,

analytical formulas reported in the literature, which predict the first bending mode's natural frequency, are
used to investigate the accuracy of the FE model.

4.1 Modal Analysis Prediction

Once the FE model was validated against the experimental results, a modal analysis was carried out to



extract the natural frequencies and mode shapes required to assess the cold-formed steel and particleboard
composite floor's vibration behaviour.

It should be noted that a linear elastic behaviour is assumed for cold-formed steel joists and particleboard
panels at service conditions. Also, element types and meshing attributes are similar to those discussed in
Section 2.3. Furthermore, a pin connection is considered at each end of the cold-formed steel joists as described
in Fig. 4a; however, boundary conditions at loading points were not considered. Additionally, the particleboard
panels are considered discontinuous at the joist's ends and can freely rotate. Linear spring elements
(COMBIN14) were utilised to model the shear connectors between joists and timber panels. The spring
elements' stiffness was taken as the slope of the initial part of the load—slip curve shown in Fig. 5. The gap
between two adjacent particleboards was modelled using COMBIN40 spring elements.

Damping was applied to the FE model to account for the damping effects on the investigated composite
floors' vibration behaviour. Several researchers, e.g. Feldmann et al. (2009); Smith et al. (2009), have
proposed typical damping values for composite floors. Accordingly, this study adopts a damping ratio of 1.1%,
similar to Smith et al. (2009), representing bare floors or floors with a minimum amount of furnishings.
Although non-structural elements such as furniture and partitions are expected to increase the floor damping
significantly, this study investigates the composite floor's vibration performance using a 1.1% damping ratio.
Adopting such a relatively low damping ratio is conservative and is expected to reassure designers about the
acceptability of the floor vibration performance since it represents the worst-case scenario.

Table 5: Natural frequency of the first ten modes of the investigated floor

Vibration
Mods 1 2 3 4 5 6 7 8 9 10
Fr;q(‘lfg)cy’ 12509 16538  21.113  56.895 63388  73.556  93.639 99302 10221  112.52

It should be noted that the FE model developed in this study is part of a broader study that incorporates
experimental modal testing of a 1.2 m wide composite beam comprised of cold-formed steel joists and
Plywood panels. The study is currently carried out at the University of Technology Sydney (UTS), and the
results will be published soon.

Table 5 provides the natural frequencies for the first ten vibration modes. Moreover, mode shapes are
shown in Fig. 9. From the results of the modal analysis, the following observations were made:

e  The first vibration mode is a torsional mode with a frequency of 12.509 Hz. It is evident from
Fig. 9 that the first mode shape is a torsional mode, which indicates that the torsional stiffness
of the floor is lower than its bending stiffness. However, torsional modes scarcely dominate
the vibration behaviour because, in reality, cold-formed steel and timber composite floor
systems are being constructed using continuous timber panels.

e The second vibration mode is the first bending mode of the floor with a natural frequency of
16.538 Hz. According to the Australian standard AS 3623 requirements (Standards Australia
1993), the floor satisfies the specified minimum 8 Hz frequency criterion for high-frequency
floors.

e The third vibration mode is the second torsional mode of the composite floor with a natural
frequency of21.113 Hz.

e The fourth mode is the second bending mode. The natural frequency of the second bending
mode is 56.895 Hz. According to Rao (2007), the analytical ratio between second and first
bending mode frequencies for an ideal simply supported beam is 4, while, in this case, the
ratio is 3.44.



e The fifth vibration mode shows a transverse bending mode, indicating that the composite
floor's flexural stiffness in the transverse direction is considerably higher than the longitudinal
flexural stiffness. The natural frequency of this vibration mode is 63.388 Hz.

e The sixth vibration mode indicates a flexural mode governed mainly by the second bending
mode and coupled with a transverse bending mode in the particleboards. The natural frequency
for this vibration mode is 73.556 Hz.

e The seventh and eighth vibration modes show the third and fourth bending modes of the
composite floor with a natural frequency of 93.639 and 99.302 Hz. The third to the first
flexural modes ratio is 5.662; however, for an ideal simply supported beam, the ratio is close
to 9 (Rao 2007; Chiniforush et al. 2019).

e The ninth and tenth vibration modes are governed mainly by the fourth and fifth flexural
modes coupled with transverse bending modes in timber panels.

These results are compared against the minimum fundamental natural frequency criterion set by different
design guidelines, e.g. (Standards Australia 1993; European Committee for Standardization 2004; Smith et al.
2009; Murray et al. 2016) to evaluate the adequacy of the composite floor. The minimum frequency represents
a cut off frequency that separates low-frequency flooring systems from high-frequency ones. According to
Eurocode 5 and AS 3623, high-frequency floors should have a fundamental natural frequency greater than 8§
Hz, whereas the AISC design guideline sets this limit to 9 Hz. The Steel Construction Institute (SCI) (Smith
et al. 2009) elaborates on the cut off frequency based on the function of the flooring system. Cut off
frequencies according to SCI are tabulated in Table (6). According to Bachmann (1987), the walking step
frequency ranges from 1.6 to 2.3 Hz. A low-frequency floor's fundamental natural frequency could be excited
by one or more of the walking step's harmonic component, which would trigger resonance in the composite
flooring system (Smith et al. 2009). Floor resonance would considerably discomfort the occupants since
human internal organs operate at a frequency range of 4 to 8 Hz (International Organization for Standardization
1989). Thus, designers should avoid low-frequency floors at the conceptual design stage. On the other hand,
high-frequency floors provide better vibration performance since their behaviour is controlled by transient
response, which corresponds to the heel impacts of occupants.

Based on the preceding discussion, it is evident that the fundamental natural frequency of the composite
floor (12.509 Hz) satisfies the high-frequency floors criterion set by different design guidelines, e.g. Standards
Australia (1993); European Committee for Standardization (2004); Murray et al. (2016). Additionally, static
structural results reported by Kyvelou (2017) and the modal analysis results in this study emphasise the
potential of cold-formed steel and particleboard composite flooring systems to provide a durable, sustainable,
and efficient replacement to the traditional concrete floors in low rise buildings. However, mid-span deflection
due to 1 kN point load, velocity and acceleration responses due to human footfall force must be evaluated to
further assess the composite floor's adequacy against annoying vibrations.

Table 6: Cut off frequency values of low-frequency floors to high-frequency floors according to SCI (Smith
et al. 2009).

Floor type Cut-off frequency, 1 (Hz)
General floors, Open plan office floor 10
Enclosed floors, e.g. residential floors 8
Staircases 12

Rhythmic activities floors, e.g. dancing floors and

gymnasium floors 24
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In the following section, analytical formulas to calculate the first flexural frequency of composite floors
are discussed.

Fig. 9: The first ten vibration modes of the investigated floor



4.2 Analytical Prediction

The purpose of this section is to examine how accurate the validated FE model can predict the first bending
mode’s natural frequency. Various analytical relationships (Table 7) have been suggested in the literature to
calculate the first bending mode's natural frequency. It is the most critical vibration mode that defines a floor's
dynamic behaviour. Predictions from these formulas are compared with the results of the modal analysis.

Table 7: Analytical formulas for predicting the frequency of the first bending mode

Reference Formula Description
Wyatt; (Wyatt 1989) £, = 18/ \/% y50 ViVSLE‘h/e3%efEe'[Ct(i§I;3f the floor due to self-weight (W); 6ax =
Wyatts (Wyatt 1989) £.=C \/W %r ipsi ;1 Sclj)];l;;artn)t that defines boundary conditions (C, = 1.57
Murray (21\6[(;l3r;ay etal. £ =®/2) \/W {LZ] giihtl(q;/lf:s)’(zr?sl tit;f:’;z;sl e(lll\lgr:l;)(,mv; is the weight per unit
o T e e e ot

a is the span length (m), b is the width (m), D is the equivalent

. ab |ciDy rigidity in the x-direction (Nm) (= EI/s); s is the spacing of

Lei Xu (Xu et al. 2018) fa=m/2 m | a4 fasteners (m). m is the total mass (kg). c; is rotational fixity
constant (c; = 1 for pin support)

The primary inputs into the formulas listed in Table 7 are the floor's mass and flexural stiffness (EI).
Applied Technology Council (Allen et al. 1999) proposed two equations to calculate a composite floor's
effective flexural stiffness. Eq. (6) evaluates EI of floors with full composite action, whereas Eq. (7)
determines EI for partial composite action floors, as shown in Fig. 9. Furthermore, Kyvelou et al. (2017)
derived an equation that yields similar results as Eq. (7) to determine the E7 value for beams with partial
composite action.

Elg= EI+ EI + e X B4,
ot = By Bt Fa v Ea ©)
Elg = El + El, + ot X B4, 7
eff = =5 ©T EAg + EA;

Where El.yis the effective flexural stiffness, £1;and EI, are the flexural stiffness of the joist and timber,
respectively, EA4; and EA; are the axial stiffness of the timber and joist, respectively, and z is the distance
between the neutral axes of the timber and the joist (Fig. 10). E4,, is the modified axial stiffness of the timber
given in Eq. (8), where £ is the slip modulus, and L is the span length. It is evident from Eq. (8) that the slip
modulus is essential to determine the flexural stiffness of a floor with partial composite action.

EA,
EAy = EA, (3)

1+ 10W



Fig. 10: Illustration of the required properties to calculate El.; of a composite floor

This study assumes a full composite action between cold-formed steel and timber because unpleasant
vibrations have small mid-span vertical deflections; thus, the interface slip is insignificant (Murray et al. 2016;
Xu et al. 2018). Therefore, based on Eq. (6), El.¢f = 3.3778 x 10° Nm?. Besides, the total supported length

of the composite floor is 5.8 m, and the mass per unit length of the floor (m) is 22.325 kg/m.

The first bending mode frequencies obtained from the analytical formulas and modal analysis are provided in
Table 8. Comparing results obtained from the FE model and analytical formulas, the FE model can predict the first
bending mode's natural frequency with sufficient accuracy considering the uncertainty in boundary conditions,
material properties, discontinuities, and degree of composite action. The validated numerical model predicts the
composite floor's natural frequency with a maximum error of 4.05% and a mean error of 2.90%.

Table 8: Comparison between analytical and FE model predictions of first bending mode's frequency

Reference Frequency (Hz) Error (%)
FE model 16.538 -
Wyatt 17.208 4.05
Wyatt, 16.964 2.58
Murray 16.972 2.62
Eurocode - 5 16.972 2.62
Lei Xu 16.973 2.63

Mean Error = 2.90 %

4.3 Influence of various floor details on the vibration behaviour

This section investigates the effect of changing different parameters on the vibration behaviour of the
composite floor. The discussion regarding the influence of joist thickness, shear connection spacing, span
length, and various types of timber panels on the composite floor's vibration behaviour is based on the modal
analysis results, which utilises the validated FE model. Those parameters' effects are compared based on the
natural frequency values of the composite floor's first four vibration modes. In all comparisons, only the
parameter being investigated was modified while all other parameters were kept constant. The considered
parameters and their values are listed in Table 9. The default parameter values are identical to those discussed
in Section 2.1. The influence of different parameters on the composite floor's vibration behaviour is illustrated
in Fig. 11. It is observed that, in most cases, the fundamental natural frequency of the cold-formed steel and
timber composite floors is higher than 8 Hz except for floors with span length more than 8.0 m and floors with
joist thickness of less than 1.2 mm.



Table 9: List of influential parameters on the dynamic performance of the composite flooring system

Parameter Value

1 Joist thickness, # (mm) (a 1.0,(b)1.2,(c)1.5,(d)1.9,(e)24

2 Timber material properties (a) Oriented strand board (OSB)
(b) Laminated veneer lumber (LVL)
(c) Cross-laminated timber (CLT)
(d) Laminated Moso bamboo

3 Spacing of shear connectors, S (mm) (a) 600, (b) 300, (c) 200, (d) 150

4 Span length, L (m) (a) 4.0, (b) 6.0, (c) 8.0, (d) 10.0

4.3.1 Influence of joist thickness

Various joist thickness values were studied to assess their influence on the vibration behaviour of the
composite floor. The investigated thicknesses are based on the joist thicknesses available in the Australian
market. According to Fig. 11(a), floors with thicker cold-formed steel joists have higher natural frequencies.
For instance, floors supported by 1.0 mm thick joists have a fundamental natural frequency of 5.576 Hz
compared to 12.509 Hz for floors with 3.02 mm thick joists with a 224% increase in the fundamental natural
frequency. As a result, it has become apparent that the joist's thickness significantly impacts the floor's natural
frequencies. This increase is attributed to the floor's flexural stiffness provided by the cold-formed steel joist.
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Fig. 11: Comparison of the first four vibration modes frequencies with different (a) Joist thickness, (b)
Engineered wood products, (¢) Spacing of shear connectors, (d) Span length

4.3.2 Influence of timber material properties

Commercially available engineered wood products, such as Oriented Strand Boards (OSB), provide a
sustainable solution to replace particleboard in the cold-formed steel-particleboard composite flooring
systems. Therefore, the validated FE model was used to study the composite floor's vibrational behaviour,
replacing particleboards with several engineered wood products. The orthotropic elastic properties of the
considered engineered wood products are provided in Table 10. These properties are based on data reported
by several researchers, e.g. (Bai ef al. 1999; Janowiak ef al. 2001; Chen and He 2017).

Table 10: Mechanical properties of different timber types adopted in the parametric study

Young's Modulus (MPa) Shear Modulus (MPa) Poisson's ratio
Timber ID
E; E> E; G2 Gi3 G23 V12 013 023
Particleboard (Kyvelou et al. 2017) 2,300 2,300 2,300 958 958 958 0.20 0.20 0.20
Southern pine OSB (Chen and He 2017) 4,000 2,400 690 690 207 170 0.15 0.30 0.30

Southern pine LVL (Janowiak ef al. 2001) 16,100 1,600 570 754 403 120 0.52 0.35 0.40
CLT (Chiniforush et al. 2019) 13,200 700 700 800 800 140 0.48 0.48 0.22

Laminated Moso Bamboo (Bai et al. 1999) 10,350 500 690 830 900 290 0.39 0.34 0.31

As described in Section 4.1, linear modal analyses were carried out using engineered wood mechanical
properties listed in Table 9 and identical floor details of the validated FE model. The predicted numerical
fundamental frequencies of the first four vibration modes for various composite floors with different
engineered wood products are tabulated in Table 11 and illustrated in Fig. 11(b). Comparing the results in
Table 11 shows that floors with particleboards yield the highest fundamental natural frequency. Replacing
particleboards with OSB, Laminated Veneer Lumber (LVL), Cross Laminated Timber (CLT), and laminated
bamboo reduced the fundamental natural frequency by 19.5%, 27.2%, 15.6%, and 19.8%, respectively.
Therefore, it is recommended that designers be careful in replacing isotropic timber material with an
orthotropic engineered wood product. It is also advisable that builders pay careful attention to the strong axis
orientation of stratified engineered wood products (such as CLT, LVL, and Plywood) since this would affect
the floor's fundamental natural frequency, as concluded by several studies (Chiniforush et al. 2019). The
fundamental natural frequency for those floors is higher when the joist and timber strong axes are parallel.

The observed reduction in the natural frequencies was probably because of the low transverse Young's
moduli (E£;and E3) and low out-of-plane shear moduli (G;3and G23) of the engineered wood products compared
to transverse Young's modulus of the particleboard (2300 MPa) and its out-of-plane shear modulus (958 MPa).
Based on that, OSB, LVL, CLT, and laminated bamboo orthotropic elastic properties have a considerable
influence on the dynamic performance of the cold-formed steel-timber composite flooring systems. However,
the fundamental natural frequency is more than 8 Hz for all composite floors utilising engineered wood
products. Therefore, PB, OSB, LVL, CLT, and laminated bamboo can be considered in designing composite
floors comprised of cold-formed steel joists and timber panels.



Table 11: Natural frequencies of the first four vibration modes for different engineered wood products

) Natural Frequency (Hz)

Engineered wood product - -

Ji 2 f3 f1
Particleboard 12.509 16.538 21.113 56.895
Southern pine OSB 10.472 14.633 17.945 53.04
Southern pine LVL 9.834 14.03 17.39 51.97
Cross Laminated Timber (CLT) 10.823 15.393 18.79 55.07
Laminated Moso bamboo 10.44 14.37 18.375 52.68

4.3.3 Influence of shear connectors spacing

In the construction of composite floors, the cold-formed steel joists and particleboards panels were
mechanically joined together using self-tapping screws. Various screw spacing is utilised in construction
practice; typical screw spacing is 150 mm and 300 mm (Xu 2011). Closer screw spacing results in higher
stiffness of the composite flooring system and less mid-span deflection (Mirambell ez al. 2021), which would
affect their vibration performance acceptability. Therefore, this study investigates the influence of different
screw spacing on the dynamic behaviour of such floors.

Modal analysis results illustrated in Fig. 11(c) show that increasing the number of screws has a minor
effect on the natural frequencies of the first four vibration modes. Despite reducing the screw spacing from
300 mm to 150 mm, a slight increase (less than 5%) in the natural frequencies was observed. The negligible
effect of the screw spacing is attributed to the fact that annoying vibrations have small mid-span vertical
deflections; hence, the interface slip between cold-formed steel joist and particleboards panels is insignificant
and full composite action is assumed (Murray et al. 2016; Xu ef al. 2018).

Alternatively, spacing of shear connectors has had a more significant effect on the mid-span deflection of
the floor as illustrated in Table 12. It is observed that increasing screw spacing results in higher mid-span
deflection, which would result in unsatisfactory vibration performance of the floor system since different
standards adopt mid-span deflection criteria to assess floor vibrations. For instance, according to Swedish
standards requirements (Zhang ef al. 2013), the mid-span deflection due to 1 kN static point load is limited to
1.50 mm. Consequently, composite floors with shear connector spacing of 200, 300, and 600 mm have
unacceptable vibration behaviour. In contrast, AS 3623 limits the deflection due to a 1 kN static point load
applied anywhere on the floor to 2 mm. Results provided in Table 12 show that the mid-span deflection
criterion specified in AS 3623 is satisfied for all cases of shear connector spacing. However, Krause (1997)
argued that the Australian criteria are excessively tolerant in assessing floor vibrations. Therefore, it is
recommended that AS 3623 be revised and updated to prevent negative comments from arising due to
annoying vibrations.

Table 12: Mid-span deflection due to 1 kN concentrated load for different spacing of shear connectors

Shear connectors Spacing, S (mm) Mid-span deflection, 6 (mm)
150 1.47
200 1.51
300 1.56

600 1.69




4.3.4 Influence of span length

The natural frequencies of the first four vibration modes are listed in Table 13 and illustrated in Fig. 11(d)
for different span lengths. Comparing the results in Fig. 11(d) indicates that span length significantly
influences the natural frequencies of the composite floor system. A 4 m long composite floor has a fundamental
natural frequency of 19.544 Hz. In contrast, it is 7.952 Hz for a composite floor with an 8 m span length, i.e.
reducing the span length from 8.0 m to 4.0 m increased the fundamental natural frequency by 2.458 times.
Moreover, composite flooring systems with a span length of more than 8.0 m are more vulnerable to annoying
vibrations since their fundamental natural frequencies are less than the 8 Hz limit (e.g. Standards Australia
1993; European Committee for Standardization 2004; Murray et al. 2016). Eurocode 5 states that an elaborated
method is required to assess the floor adequacy against uncomfortable floor vibrations if its fundamental
natural frequency falls below 8 Hz. AS 3623, on the other hand, does not provide any guidance in such a case.

Considering the natural frequencies for different span lengths (Table 13), it is evident that the span length
considerably affects the floor system's stiffness, especially the flexural stiffness, which explains its significant
influence on the natural frequencies of the composite flooring system. The equations listed in Table 6 also
demonstrate the inverse relationship between the fundamental natural frequency and the span length.

Table 13: Natural frequencies of the first four vibration modes for different span lengths

Natural frequency, f» (Hz)

Span length, L (m)

Ji f2 S5 Ja
4.0 19.544 24.987 26.748 68.598
6.0 12.509 16.538 21.113 56.895
8.0 7.952 9.70 14.332 41.736
10.0 5.50 6.24 11.735 34.412

5. Conclusion

Cold-formed steel and timber composite flooring systems are susceptible to annoying vibrations at service
loading conditions due to their lightness and relatively low damping. Therefore, it is essential to assess their
dynamic behaviour thoroughly during the conceptual design stage.

This study investigates the vibration performance of a composite floor system comprising cold-formed
steel joists and particleboards panels. It further examines the influence of various floor details on the dynamic
behaviour of the composite floor system. First, a FE model was developed and validated against available
experimental results. Modal analysis was then carried out to explore the vibration characteristics of the cold-
formed steel and particleboard flooring system, including natural frequencies, mode shapes, and modal mass.
The first bending mode frequency predicted by the FE model was verified using analytical formulas reported
in the literature. The FE model accurately predicted the first bending mode frequency with an average error
0f 2.9%. Based on the numerical investigation outcomes, it is apparent that the predicted first vibration mode
frequency of the studied composite floor meets the minimum frequency criteria set by different design
guidelines such as Australian standard AS 3623, AISC design guide 11, and Eurocode 5.

The validated FE model explored the effects of joist thickness, timber material properties, shear connectors
spacing, and span length. The thickness of the cold-formed steel joist and the span length were the two most
influential parameters on the composite floor vibration performance due to their considerable contribution to
flexural stiffness. The spacing of the shear connectors had a minimal effect on the floor’s natural frequencies.
However, fasteners’ spacing substantially affects the composite floor's maximum deflection under the action
of 1 kN concentrated load at mid-span. Wider spacing will produce higher mid-span deflection, which would
result in unsatisfactory vibration behaviour if the deflection limit is exceeded. Furthermore, the natural
frequencies of the composite floor system were sensitive to timber orthotropic elastic properties; thus, it is
recommended that designers and builders pay particular attention to the timber’s strong axis orientation.



Modal analysis results show that cold-formed steel and particleboard composite flooring systems meet
serviceability limit state requirements, particularly the floor vibration criteria. However, further research is
recommended to investigate the floor's maximum velocity and acceleration responses to ensure its vibration
performance adequacy. Accordingly, such study with more detailed investigation is currently underway at the
University of Technology Sydney. Results in this study are based on the numerical investigation of the
composite floor vibration behaviour. The findings of this study provide insight into the dynamic behaviour of
lightweight composite floors and endorse the cold-formed steel and timber composite floor as a sustainable
and cost effective floor solution. Additionally, findings can be utilised to develop analytical formulae that can
be adopted by design standards. These formulae will help designers to determine the vibration response of
lightweight composite floors at the design stage and avoid expensive repairs in the future.
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