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A B S T R A C T   

Cold-formed steel and timber composite floors are lightweight structures with relatively high stiffness, allowing 
for longer spans. Consequently, they demonstrate inherent characteristics of reduced fundamental natural fre
quency and damping compared to conventional counterparts, rendering them prone to vibrations induced by 
human activities such as walking and dancing. This study delves into the dynamic performance of such light
weight floors, comprising cold-formed steel joists and plywood panels. Employing modal testing alongside 
deflection assessments, twelve full-scale composite floors were subjected to analysis to elucidate their dynamic 
attributes, including natural frequencies, mode shapes, and flexural stiffness. The findings unveiled that com
posite floors constructed with cold-formed steel and plywood, featuring a span length of 4.50 m, manifested 
fundamental natural frequencies exceeding 8 Hz. Furthermore, assessments of flexural stiffness derived from 
vibration and deflection tests suggested a robust composite action, with minimal slip observed at the interface 
between plywood panels and cold-formed steel joists.   

1. Introduction 

The competitive trends in the construction industry have redirected 
the research compass towards practical, sustainable, and more impor
tantly, energy-efficient structural solutions to compete with conven
tional structural systems, such as reinforced concrete floors [1,2]. 
Additionally, long span floors with minimum intermediate supports 
became increasingly of interest in recent years [3]. Recently, composite 
floors comprising of cold-formed joists and timber flooring panels 
earned strategic importance in the construction industry in Europe, 
North America, Australia, and New Zealand, especially the residential 
and high-rise building sectors [4,5], owing to their lightness, design 
flexibility, rapid onsite assembly, dimensional stability, and a high 
strength-to-mass ratio [6,7]. 

Among different types of composite floors, cold-formed steel and 
timber composite floors combine a supporting cold-formed steel joists 
with engineered mass timber panels, such as plywood panels, Cross 
Laminated Timber (CLT), or Glue Laminated (GL) lumber, to create a 
composite flooring system with higher span-to-depth ratio. Cold-formed 
steel joists, which mainly resist tensile stresses, enhances the bearing 
capacity and ductility and reduces the self-weight of the floors [8,9], 
whereas, timber floor panels contributes to the lightness of the floors 

and offers numerous advantages, such as structural in-plane stability, 
low embodied energy, low carbon footprint, and the ability to recycle 
and replace the decayed elements [7,10–12]. Moreover, the construc
tion of composite floors comprised of engineered timber panels and 
cold-formed steel joists can be modularised [7], i.e. 70–95% of onsite 
assembly activities are replaced by off-site construction at a designated 
facility [3]. Modular Building Systems (MBS) are environmentally 
friendly and offers various advantages such as higher quality control, 
cost efficiency, and less construction time compared to monolithic 
building systems [13,14]. 

The efficiency of composite floors is primarily attributed to the 
achieved degree of composite action which is governed by the behaviour 
of the shear connection between the cold-formed steel joists and timber 
slabs [3,15–17]. Shear connections in composite construction are 
essentially designed to endure the horizontal shear forces that develop 
between the joist flange and top slab and endure the uplift loads between 
them [18]. Different types of connections were proposed in the literature 
including mechanical fasteners (e.g. self-drilling screws and bolts) 
[19,20], adhesives [7,21], and steel mesh plates [20,22]. 

Cold-formed steel and timber composite flooring systems are light
weight and allow for longer spans, thus, they are likely to experience 
uncomfortable floor vibrations due to human activities such as walking 
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and dancing [23,24]. The deflection and vibration serviceability criteria 
often governs the design of cold-formed steel and timber composite 
floors [25], whilst the ultimate bearing capacity of the floors is generally 
several times higher than the design load level of the structure. When 
timber panels are connected to cold-formed steel joists using high- 
performance dowels, the static flexural stiffness is considerably 
increased [26–28]. However, the addition of timber panels does not 
guarantee a satisfactory vibration performance of the floors. The 
fundamental natural frequency may deteriorate if the increase in stiff
ness is not enough to offset the increase in mass [25]. Therefore, the 
dynamic behaviour of the composite floors can be a decisive criterion in 
the design of modern open floor layouts with longer span and lower 
damping compared to traditional floors with partitions and heavy 
furniture [29]. 

Numerous studies have been carried out to measure and evaluate the 
vibration behaviour of composite floors made of cold-formed steel and 
timber. Zhang et al., [25] conducted a series of modal testing on 
concrete-timber composite floors to evaluate their dynamic response. 
According to the test results, the fundamental natural frequencies of the 
tested floors, with 6 m span, were generally found to be above 8 Hz and 
that adding a layer of concrete to the timber panels enhanced the floor's 
fundamental natural frequency and its damping. Cao et al., [30] per
formed field tests to examine the vibration behaviour of steel composite 
floors. The research concluded that the damping ration of the studied 
floors can be minimised by improving the human-structure interaction. 
Xu et al., [5] derived analytical formulas to analyse the dynamic 
behaviour of composite floors made of cold-formed steel and timber 
under three types of loadings. Their research studied how different 
factors, such as boundary conditions and mass ratios, affect the dynamic 
response. Their findings suggest that altering the boundary conditions 
may not decrease the floor vibration response and that the effect of small 
mass ratios on the floor dynamic behaviour is negligible. Overall, the 
existing studies only focused on certain structural geometries, and their 
established standards were based on the local practices. Therefore, these 
results may not be suitable for different structures and countries without 
careful consideration [31]. 

Design guidelines of ISO 10137 [29,32] and AISC are frequently 
applied to evaluate concrete and steel composite flooring systems hav
ing Eigen-natural frequency lower than 8.0 Hz [25]. The applicability of 
such guidelines to cold-formed steel and timber composite floors is 
doubtful, which is attributed to lack of the available test data. Also, the 
effect of timber panel on enhancing the vibration behaviour of the bare 
cold-formed steel joists is generally disputed. While the addition of 
timber panels is intended to improve the vibration behaviour of the 
joists, it may also decrease the floor's fundamental natural frequency due 
to the increase in mass. Moreover, previous research on cold-formed 
steel and timber composite floors focused on enhancing the composite 
action efficacy of the floors subjected to static loads through testing 
various shear connections arrangements. Conversely, the vibration 
performance of the cold-formed steel and timber composite floors, 
which can control the floor span and its thickness at the design stage, 
have not been well examined. Therefore, the need arises to evaluate the 
dynamic behaviour of such lightweight floors at the design stage to 
avoid the occurrence of vibration problems in future. In response to this 
imperative, the present study strides towards these objectives by con
ducting experimental analyses on the dynamic attributes of the flooring 
system, encompassing natural frequencies, mode shapes, and flexural 
stiffness. It's imperative to highlight that the research team spearheading 
this project is actively working towards addressing the identified needs 
above, with this manuscript forming a crucial component of our col
lective efforts in this regard. 

It is emphasised that the assessment of vibrations for the tested 
composite floors has been previously published [33] and should be 
considered in conjunction with the current study. Al-Hunaity & Far 
(2024) [33] extensively explores the structural evaluation of floors, 
conducting thorough parametric studies that broaden the scope of this 

study. In the preceding study [33], a finite element model was devel
oped, updated, and validated against experimental results presented in 
this study to scrutinise the influence of design parameters on vibration 
properties. Notably, numerical analyses revealed that as added mass 
exceeded stiffness enhancement, the fundamental natural frequency 
decreased, whereas thicker and deeper joist sections increased funda
mental natural frequency by enhancing stiffness. Expanding upon these 
numerical insights, the current study prioritises experimental aspects, 
scrutinising the dynamic attributes of the flooring system, including 
natural frequencies, mode shapes, and flexural stiffness. 

The primary objective of the present study is to investigate the dy
namic performance of cold-formed steel and plywood composite floors 
and assess their static and bending flexural stiffness. Modal testing was 
conducted on twelve full scale composite floors considering simply 
supported conditions. Using modal analysis techniques, the natural 
frequencies, damping ratios, and mode shapes (known as the modal 
properties) of the floors were extracted. Additionally, static deflection 
tests under concentrated 1 kN load was carried out. Also, the flexural 
stiffness of the tested composite floors calculated from the modal tests 
were compared to flexural stiffness calculated from deflection tests and 
four-point bending tests. Moreover, the effect of utilising different types 
of fasteners and spaced at various intervals was investigated. 

2. Experimental program 

The extensive experimental program adopted in this research project 
is illustrated in Fig. 1. Material tests were first conducted to evaluate the 
mechanical properties of the plywood panels and cold-formed steel 
joists. Then, push out tests were conducted to explore the failure pat
terns and the mechanical properties of the composite cold-formed steel 
and plywood connections. Finally, dynamic behaviour of the cold- 
formed steel and plywood composite floors was explored. Material 
and push out test results were reported and discussed in separate papers 
[15,34]. Accordingly, this study discusses in detail the findings of the 
dynamic tests conducted on the composite floors. 

2.1. Materials 

Locally sourced plywood panels along with standard Australian cold 
formed steel C-sections were used to fabricate the composite floors. 
Several tests, including tensile, compressive and bending tests, were 
conducted on the plywood panels and cold-formed steel joists and their 
corresponding full results, such as dimensions and mechanical proper
ties, were discussed and reported in a separate paper [15,34]. Tables 1 
and 2 summarise the average mechanical properties of the plywood 
panels and cold-formed steel joists, respectively. 

Three different types of shear dowels were employed in the fabri
cation of the composite floors including Self-drilling Screws (SDS) 
(diameter: 6 mm, length: 47 mm, material: low carbon steel), coach 
screws (CS) (diameter: 12 mm, length: 45 mm, material: low carbon 
steel), and bolts diameter: 8 mm and 12 mm, length: 75 mm and 80 mm, 
grade: 4.6). All fasteners were procured from the local market and were 
manufactured according to relevant Australian Standards [35,36]. 

Fig. 1. Experimental program on cold-formed steel and plywood compos
ite floors. 
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2.2. Geometry and details of tested specimens 

A total of twelve composite floor samples were fabricated and tested 
in this study. The investigated composite floors are comprised of two 
cold-formed steel joists and connected to two plywood panels to achieve 
the full length of the floor. The centre-to-centre spacing between the 
joists is 600 mm. The total length of the samples was 4.70 m; however, 
the corresponding supported span is 4.50 m. In general, all specimens 
were identical in terms of cross-sectional geometry but varied in the type 
and spacing of fasteners, presence of structural epoxy resin at the 
interface between the joists and plywood, and web holes cut through the 
joist's web. Table 3 provides the basic parameters for each specimen, 
whereas Fig. 2 shows the details of the tested composite floors. 

Specimen 1 was designed as the reference sample. Specimen 1 uti
lises 6 mm SDS connectors spaced at 400 mm. Similarly, 6 mm SDS 
fasteners spaced at 200 mm are used to fabricate specimen 2. Specimens 
3 and 4 used M12 CS with 400 mm spacing; however, in specimen 3, 
structural epoxy resin was applied at the interface between the joist top 
flange and plywood panels. Specimen 5 employed M12 CS spaced at 200 
mm. M12 nuts and bolts shear connectors with 400 mm spacing were 
utilised to construct specimen 6. Specimens 7 and 8 are identical (M12 
bolts spaced at 800 mm) except structural epoxy resin is applied be
tween the joists and plywood in specimen 7. Specimens 9 and 10 varied 
only in fasteners spacing, that is, 200 mm and 400 mm, respectively, 
whereas the fastener type (M8 bolts) was maintained identical. Finally, 
joists with web openings for utilities are common in practice; therefore, 
Specimens 11 and 12 were fabricated from joists having web openings to 
examine the influence of web openings on the vibration behaviour of the 
cold-formed steel and plywood composite floors. The openings had a 
100 mm diameter and were spaced at 300 mm on centre as shown in 
Fig. 3. In the fabrication of the samples utilising M8 bolts, M12 bolts, and 
M12 CS, pilot holes were pre-drilled into the cold-formed steel joists and 
plywood panels. For bolted and coach screw connections, the diameter 
of the pre-drilled holes in the plywood panels was 1–2 mm larger than 
the bolt's diameter and 2 mm smaller than the coach screw diameter. 
Pre-drilled holes in the cold-formed steel joists had a diameter of 0.5 mm 
greater than the diameter of the connectors (screws and bolts). Con
siderations were taken to ensure the holes in plywood and joists were 
perfectly coincident. Pre-drilling of plywood was unnecessary for spec
imens with SDS dowels as screws were directly drilled into the panels. 

2.3. Methodology 

Impact hammer with a medium tip (Fig. 4a) was used to excite the 
cold-formed steel and plywood composite floors at five different loca
tions. The first, fourth, and fifth impact locations were hammered to 
excite the flexural modes, whereas the second and third location were 
primarily hit to excite the torsional mode shapes. Twenty-four piezo
electric accelerometers (nominal sensitivity 1.02 mV/g, frequency range 
of 0.5–10,000 Hz), shown in Fig. 4b, were mounted on each floor 
specimen to measure the vibration response and capture the relevant 

mode shapes accurately up to 200 Hz. All the accelerometers were 
mounted on top of the plywood panels using a 25 × 25 × 3 mm steel 
chips glued to the plywood panels, then rare earth neodymium magnets 
were used to firmly fix the accelerometer to the steel chip. Fig. 4c cap
tures the input hammer excitation and its corresponding output accel
eration during testing, whereas Fig. 4d depicts a composite floor 
specimen ready for testing. 

It is highlighted that each hammer location was hit five times, i.e., 
each floor was hit twenty-five times to precisely measure the first seven 
natural frequencies and mode shapes. For each hammer location, the 
acquired frequency response functions (FRFs) were averaged to obtain a 
smooth FRF. The raw data was acquired using multichannel modular 
analyser (PXI, National Instruments) and a PC based data acquisition 
system (LabVIEW) (Fig. 4c). Fig. 4d shows a typical modal testing setup, 
whilst Fig. 5 depicts the spatial location of the accelerometers and 
hammering locations. After the modal testing of each floor concluded, 
static deflection tests were conducted to measure the vertical deflection 
of the tested floor under 1 kN concentrated load placed at mid-span of 
the composite floor sample. Two linear variable differential trans
formers (LVDTs), with a stroke of ±50 mm, were employed to measure 
the vertical deflection of the tested floor. The recorded displacement was 
then taken as the average of the LVDTs readings. Location of the LVDTs 
is shown in Fig. 6. 

All composite floors were tested under a simply supported boundary 
conditions. Composite floor samples were resting on spherical supports 
that are mounted on heavy concrete blocks (Fig. 7). The spherical sup
ports were able to accommodate the geometric imperfections of the 
cold-formed steel flange and maintain a full contact between the sup
ports and the tested floors. Further, Teflon pads were placed between the 
cold-formed steel flange and the spherical supports, as shown in Fig. 7, 
to minimise friction and avoid bouncing at supports. 

Dynamic properties of the cold-formed steel and plywood composite 
floors, including natural frequencies, mode shapes and damping, were 
extracted from the acquired Frequency Response Functions (FRFs), 
which are obtained from vibration testing. FRFs are a set of function 
which relate the exciting force to the corresponding vibration responses 
at various positions along the specimen with sufficient spatial and fre
quency resolution [37]. Time histories of the applied forces and their 
corresponding responses are transferred into FRFs by using spectral 
analysis (Eq. (1)). Subsequently, a curve fitting technique is applied to 
estimate FRFs with adequate accuracy. Modal properties, such as natural 
frequencies, damping ratios, and mode shapes, are then calculated from 
the averaged FRFs [38]. 

Table 1 
Mechanical properties of cold-formed steel joists.  

Section 
depth 
(mm) 

Thickness 
(mm) 

Yield 
strength 
(MPa) 

Ultimate 
strength 
(MPa) 

Elastic 
modulus 
(MPa) 

Elongation at 
fracture (%) 

254 2.4 500 560 205,000 13  

Table 2 
Mechanical properties of plywood panels.  

Density 
(kg/m3) 

Bending strength 
(MPa) 

Parallel-to-grain tensile strength 
(MPa) 

Parallel-to-grain compression strength 
(MPa) 

Elastic modulus 
(MPa) 

Shear modulus 
(MPa) 

Poisson's ratio 

500 40 15 30 10,200 41.50 0.3  

Table 3 
Key parameters of the tested composite floors.  

Specimen Fastener Spacing (mm) Structural Epoxy Web Holes 

1 SDS 6 mm 400 – – 
2 200 – – 
3 

M12 CS 
400 True – 

4 400 – – 
5 200 – – 
6 

M12 Bolts 
400 – – 

7 800 True – 
8 800 – – 
9 M8 Bolts 200 – – 
10 400 – – 
11 M12 Bolts 800 – True 
12 M12 CS 200 – True  
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H(ω) =
G(ω)yy

G(ω)xx
(1)  

where, H(ω) is the frequency response function, G(ω)yy is the Power 
Spectral Density of the response, and G(ω)xx is the Power Spectral 
Density of the excitation force. 

The quality of the obtained data can be evaluated by the coherence 
function, which indicates how much input data is involved in the output 
data [38]. The value of the coherence function ranges between 0 and 1. 

A value of zero indicates a weak correlation between input and output 
data, and a value of 1 represents the ideal case. The coherence function 
is defined in Eq. (2). 

γ(ω)xy =

⃒
⃒
⃒G(ω)xy

⃒
⃒
⃒

G(ω)xx*G(ω)yy
(2)  

where, γ(ω)xy is the coherence function, and G(ω)xy is the Cross Power 
Spectral Density of the response between input and output data. 

Fig. 2. Typical cross section and side views of composite floor specimens (all dimensions are in mm).  

Fig. 3. Details of web openings (location and size) drilled through the joist's web (all dimensions are in mm).  
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3. Test results and discussions 

3.1. Dynamic properties 

Modal parameters including natural frequencies, damping ratios, 
and mode shapes, of the tested cold-formed steel and plywood com
posite floors were calculated from the experimental modal analysis 
carried out using Simcenter Testlab software [39]. The natural fre
quencies, mode shapes, and damping ratios were measured from the 
resonant frequencies in the calculated FRFs which were transformed 
from the measured time history acceleration responses utilising the Fast 
Fourier Transform (FFT). The first five flexural natural frequencies of the 
tested composite floors are listed in Table 4, where f11 is the first flexural 
frequency, f12 is the second flexural frequency, f13 is the third flexural 
frequency, whilst f21 and f22 are the first and second transverse flexural 
frequencies, respectively. Table 4 also lists the first and second torsional 
frequencies (denoted by f1t and f2t, respectively) of the tested composite 

floors. Accordingly, the corresponding mode shapes for the composite 
floors, depicted in Fig. 8, were calculated from the relative phase and 
amplitudes of the FRFs for natural frequencies at several points along the 
tested floor. A typical FRFs diagrams of specimen 3 are shown in Fig. 9. 
Fig. 9 also compares the floor responses when excited at H1 and H3 
hammer locations. The depicted FRFs (frequency range 0–200 Hz)) were 
measured at the A10 accelerometer location due to an excitation at H1 
and H3 hammer locations, respectively. As expected, flexural modes 
were dominant when point of symmetry was hit, i.e. location H1, whilst 
multiple torsional modes were excited when un-symmetric location (i.e. 
H3 location) was excited. It is noted that selecting location A10 was 
purely arbitrary and was chosen to serve as an illustrative example of the 
calculated Frequency Response Functions (FRFs). 

3.2. Quality and validation of natural frequencies 

To ensure the quality of the calculated FRFs, the coherence function 

Fig. 4. Typical modal testing arrangement; (a) Medium tip excitation hammer, (b) detailing of accelerometers attachment method, (c) Acquisition system, and (d) 
Sample floor ready for testing. 
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was estimated at each hammer location. As discussed in Section 2, the 
coherence function specifies the degree to which the output data is 
related to the input data in an FRF, i.e. it measures the consistency of the 
FRF from a measurement to be replicated from the same measurement 
[40]. The coherence function takes values between 0 and 1, where 

0 indicates the measurement is not repeatable, i.e., there is an error in 
the measurement, and 1 indicates the FRF phase and amplitude are 
highly repeatable. Coherence functions of specimens 2, 3, 6, and 9 are 
mapped in Fig. 10. It is obvious from Fig. 10 that the modal testing 
measurements yielded a highly repeatable FRFs. It is noted that the dips 
in the coherence diagram happen at the anti-resonance, i.e., when the 
amplitude of the FRF is low. This is normal in modal testing since the 
signals are weak at such points and their repeatability is inconsistent 
with noise floor of the instrumentation [39]. 

Two criteria were utilised to validate the calculated natural fre
quencies: namely, Modal assurance criterion (MAC) and modal synthe
sis. MAC is a validation tool that is used to determine the similarity of 
the calculated natural frequencies and their corresponding mode shapes. 
A value of 1 for the MAC indicates a high similarity between selected 
mode shapes, whereas a value of 0 MAC implies that the calculated 
mode shapes are unique in comparison with other calculated modes. 
MAC values of specimens 2 are illustrated in Fig. 11, which indicate that 
the selected mode shapes are unique and very different. Modal synthesis 
is a process where an FRF is generated from the modes found during 
modal curve fitting. This synthesised FRF can be compared to the actual 
measured FRF to see if there is a good match (Fig. 12). While the MAC 
can indicate if too many modes were selected, the modal synthesis can 
check if any modes were missed during the modal curve fitting process. 
An error percentage and correlation value are assigned to each syn
thesised FRF and its corresponding measured FRF. Accordingly, lower 
error percentage and higher correlation values indicate no mode shapes 
were missed during the curve fitting process. As part of the data post- 
processing procedure, synthesised Frequency Response Functions 
(FRFs) were calculated for all specimens to ensure comprehensive modal 
analysis coverage. It is notable that specimens 3 and 9 exhibited the 
highest error values. It is illustrated in the modal synthesis curves, 
shown in Fig. 12, that minimal error values of 7.33% and 6.99%was 
achieved for specimens 3 and 9, respectively. Accordingly, Table 5 
tabulates the correlation values and their corresponding error compared 
to the actual measured FRFs for all specimens. (See Table 6.) 

3.3. Discussion of vibration properties 

3.3.1. Natural frequencies 
Mass, span, flexural stiffness, and friction at the interface between 

the plywood panels and cold-formed steel joists influenced the natural 
frequencies of the tested floors. Larger mass and span of composite floor 
tend to decrease the natural frequencies, whilst higher flexural stiffness 
increases the natural frequency. For all the tested composite floor 

Fig. 5. Locations of accelerometers and locations of hammer impacts applied on the tested composite floor systems (all dimensions are in mm).  

Fig. 6. Location of the two LVDTs used to measure the deflection at mid span 
due to 1 kN concentrated load. 

Fig. 7. Spherical boundary conditions utilised in modal testing to support the 
composite floor specimens. 
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specimens, the span and mass were maintained constant; however, the 
flexural stiffness was varied. The fundamental natural frequency of 
specimen 1 (reference specimen) was 19.020 Hz, whereas f11 for spec
imen 2 was 21.388 Hz. Doubling the number of self-drilling screws in 
specimen 2 improved the f11 by 12.45% compared specimen 1. The 
enhancement in the fundamental natural frequency is attributed to the 
high friction force at the interface between plywood and the joist which 
resulted in a stiffer connection and minimal slip at the interface. Similar 
behaviour was observed in specimens 3 and 4 (f11 = 21.903 Hz and 
17.530 Hz, respectively) and specimens 7 and 8 (f11 = 20.624 Hz and 
18.180 Hz, respectively). The addition of the structural epoxy resin at 
the interface improved the fundamental natural frequency of specimen 3 
by 25% compared to f11 of specimen 4, whilst the improvement in 
specimen 7 was 13.45% compared to f11 of specimen 8. Again, higher 
friction force produced stiffer connection and negligible slip at the 
interface. 

Specimen 5 had twice the number of fasteners than specimen 1 and 
larger connector diameter; however, specimen 5 had a fundamental 
natural frequency of 18.968 Hz that is slightly less than the fundamental 
natural frequency of the reference specimen which had f11 = 19.020 Hz. 
Similarly, insignificant increase (3%) in f11 was observed in specimen 6 
despite having fasteners diameter twice larger that the SDS connector 
used in specimen 1. Likewise, a minor decrease (2.30%) was observed in 
the fundamental natural frequency of specimen 10 (f11 = 19.156 Hz) 
compared to specimen 9 (f11 = 19.592 Hz). In general, increasing the 
number fasteners or using larger diameter connectors or both had 
insignificant effect on the vibration behaviour of the tested composite 
floors. Similar observations were reported by Chiniforush et al., [1]. 
Rijal [4] reported that increasing the number of notches in timber- 
concrete composite floors had negligible effect on the natural fre
quencies of the tested floors. Dackermann et al., [41] highlighted that 
decreasing the number of fasteners by 50% in a composite floor system 
had no effect on the natural frequencies of the floors. 

Vibration discomfort is a serviceability limit state and service loads 
produce insignificant relative slip at the interface between the plywood 
panels and cold-formed steel joists. As a result, the friction at the 
interface governs the connection behaviour between the two materials. 
Such behaviour is evident from the improved fundamental natural fre
quency of specimens 3 and 7 which utilise structural epoxy resin used to 
enhance the friction force at the interface. The higher fundamental 
natural frequency of specimen 2 was a result of larger normal force 
applied at the interface which improved the friction force between the 
plywood panels and cold-formed steel joists. Higher normal force at the 
interface was achieved by the mechanically driven SDS connectors. 

The effect of the utility holes drilled through the joist web was 
insignificant as evident from the reported values of f11 in specimens 11 
and 12. Specimens 11 and 8 are identical in terms of geometry and the 
fastener type and spacing; however, specimen 11 had a fundamental 
natural frequency of 18.380 Hz which is 1.10% higher than the 

fundamental natural frequency of the specimen 8 (f11 = 18.180 Hz). 
Similar observations were withdrawn for the identical specimens 12 and 
5 (f11 = 19.050 Hz for specimen 12 and 18.968 Hz for specimen 5). 
Cutting utility holes within the webs of the joists slightly reduced the 
total mass of the composite floors and increased the fundamental natural 
frequency of the floors as expected. 

The measured natural frequencies of the second bending mode (f12) 
ranged between 38.012 Hz and 46.906 Hz. For all specimens, the 
average ratio between the second and the first flexural modes natural 
frequencies was 2.21; though, Rao [42] reported that the analytical ratio 
should be around 4 for perfectly simply supported beam. The lower ratio 
between the second and the first flexural modes indicate that the 
adopted boundary conditions in the tests provided rotational fixity for 
the supported composite floors. Overall, the first torsional mode (f1t) had 
the least natural frequency (ranged between 14.096 Hz and 17.834 Hz) 
in all specimens indicating that the cold-formed steel and plywood 
composite floors had a lower torsional stiffness compared to the flexural 
stiffness. However, in real composite floor systems comprised of cold- 
formed steel joists and plywood panels, the torsional modes will not 
dominate the vibration behaviour of the floors due to the continuity of 
the floor panels. 

Fig. 13 presents the theoretical fundamental natural frequencies for 
both full composite and non-composite floors. The fundamental natural 
frequencies for these floors were calculated using Eq. (3), which assumes 
an Euler-Bernoulli beam; 

f11 =
π

2L2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
EI

ρtAt + ρsAj

√

(3)  

where L is the span of the composite floor, ρt and ρs are the densities of 
plywood and cold-formed steel joists, respectively, and At and Aj are the 
cross-sectional areas of the plywood and cold-formed steel joists, 
respectively. EI is flexural stiffness of the floors and can be determined 
according to Eqs. (4) and (5); 

EI0 = EtIt + EjIj (4)  

EI100 = EtIt + EjIj +
EtAt • EjAj

EtAt + EjAj
×

(
ht + hs

2

)2

(5) 

In Eqs. (4) and (5), EI0 and EI100 are the non-composite and full 
composite bending stiffness, respectively, Et and Ej are the Young's 
moduli of the plywood and cold-formed steel joists, respectively, It and Ij 
are the second moment of area of the plywood and cold-formed steel 
joists, respectively, At and Aj are the cross sectional area of the plywood 
and joist, respectively, ht is the thickness of the plywood panel, and hs is 
the depth of the cold-formed steel section. In Eq. (4), the bending stiff
ness is the summation of the individual stiffness of the plywood and 
joists since the connection between the two materials does not exist. 
Accordingly, Eq. (5) essentially combines the individual stiffness 

Table 4 
Measured natural frequencies (Hz) of the tested composite floors.   

Flexural modes   Torsional modes 

Specimen f11 f12 f13 f21 f22 f1t f2t 

1 19.02 43.906 56.431 88.175 93.87 16.926 40.857 
2 21.388 46.906 72.137 91.535 95.247 17.768 44.617 
3 21.903 44.183 – 92.014 95.108 17.365 35.903 
4 17.53 39.434 64.964 83.238 91.068 14.096 32.098 
5 18.968 43.2 69.977 88.42 94.03 15.662 35.139 
6 19.588 45.085 68.91 90.023 95.383 17.834 39.1 
7 20.624 45.003 65.54 89.15 94.782 17.766 37.947 
8 18.18 38.012 57.941 81.84 89.724 16.36 34.94 
9 19.592 44.762 59.88 87.412 91.018 17.004 35.17 
10 19.156 42.56 56.115 84.239 91.513 16.02 35.857 
11 17.8 41.867 66.051 87.433 94.631 15.867 32.86 
12 18.936 40.95 62.786 86.78 94.17 16.78 35.08  
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contributions of the timber and steel components, considering their 
respective elastic moduli, moments of inertia, and cross-sectional areas. 
The last term in the equation represents the geometric adjustment factor 
based on the centroid location of the materials in relation to the global 
centroid of the composite section. 

It is evident from Fig. 13 that the measured natural frequencies of the 
cold-formed steel and plywood composite floors are near to that of the 
full composite floors. Specimens 2, 3, and 7 had the closest natural 
frequencies to the theoretical value of the full composite floors, because 
of a relatively high friction force that exists between cold-formed steel 
and plywood panels due to the influence of glue and post-tensioning 
force. Thus, the composite joints act as a perfect composite section 
with minimal slip and higher stiffness. Generally, specimens utilising M8 

bolts, M12 bolts, and M12 CS had lower natural frequencies in com
parison with specimens using 6 mm SDS fasteners or specimens with 
structural epoxy applied at the interface of the two materials. The reason 
for such behaviour is attributed to the looseness provided by the pre- 
drilled holes in the plywood and joists which significantly affected the 
degree of friction between the connectors, the plywood panels, and the 
cold-formed steel joists. 

3.3.2. Damping 
Damping denotes the ability of a system to dissipate energy [43]. In 

practice, when a system vibrates, its total energy progressively di
minishes until it reaches zero, at which point the system stops vibrating. 
Friction is the primary source of damping in structures. Relative motion 

Fig. 8. Typical measured mode shapes of cold-formed steel and plywood composite floors: (a) f11, (b) f12, (c) f13, (d) f21, (e) f22, (f) f1t, and (g) f2t.  
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between components of solids in a structure produces internal friction, 
which contributes to the damping. This type of damping is called 
structural or hysteretic damping. A different kind of damping generates 
from the sliding contact between two surfaces, such as bolts and nuts or 
furniture sliding over a floor; this type of damping is referred to as dry- 
friction damping. The damping ratios of the first bending mode of the 
tested composite floors are given in Table 5. Curve fitting of FRF using 

fraction polynomial method was used to calculate the damping in the 
tested floors. 

As a dimensionless property, damping ratio primarily depends on the 
actual material damping and stiffness and mass of the floors. As all tested 
composite floors were identical in terms of materials and mass, the 
flexural stiffness determined their damping ratios. Regardless of the 
fastener type, specimens utilising 200 mm spaced connectors had higher 

Fig. 8. (continued). 

Fig. 9. Typical FRFs diagrams of specimen 3 measured at A10 accelerometer location when excited at (a) H1 hammer location, (b) H3 hammer location (c) 
Comparison of floor responses between hammer locations H1 and H3. 
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damping ratios compared to samples with 400 mm and 800 mm 
connector spacing as depicted in Fig. 14. It was also observed that 
specimens 3 and 7, which used structural epoxy resin at the interface 
between the plywood and cold-formed steel joists, had lower damping 
ratios in comparison with their identical counterparts (specimens 4 and 
8, respectively). 

Smith et al., [44] and Eurocode 5 [45] suggest a 1.1% and 1%, 
respectively, typical damping ratio for completely bare floors or floors 

with minimum furnishings. Except for specimen 6, all tested composite 
floors had damping ratios higher than 1.1%. Generally, factors that 
determine damping differ significantly between different structures, 
thus, it is quite challenging to estimate damping at the design stage. In 
actual composite floor systems, damping depends on the existence of 
non-structural elements, for instance partitions, ceilings, and furniture. 
Hence, larger damping ratios are anticipated in an actual composite 
floor sitting compared to the damping values reported in this study. 

Fig. 10. Coherence functions calculated for FRFs measured at A10 accelerometer due to excitation at H1 hammer location: (a) specimen 2, (b) specimen 3, (c) 
specimen 6, and (d) specimen 9. 

Fig. 11. Modal assurance criterion depicted for specimen 2 (dark blue colour indicates close to zero similarity). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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3.3.3. Flexural stiffness 
Once the cross-section geometry (mass) and span of the composite 

floors were determined and maintained constant, the flexural stiffness 
became the governing factor to decide the serviceability performance for 
the composite floors subjected to static and dynamic loads. Previous 
research on cold-formed steel and plywood composite floors extensively 
investigated the static of such composite floors; however, the static 
properties obtained from the static tests may not be applicable to 
determine the dynamic performance of the cold-formed steel and 
plywood composite floors. In this section, the dynamic flexural stiffness 
determined from vibration tests is compared to static flexural stiffness 
measured from the 1 kN point load deflection testes and four-point 
bending tests. It is noted that the authors have made a deliberate 
choice to exclusively employ the Bernoulli beam equation for compar
ison with vibration due to its relevance and suitability for the specific 
context of their study. While alternative methods such as the Murray 
method [29] or CLT design guide methodology [46] developed by 

Woodworks exist, the decision to focus on the Bernoulli beam equation 
may have been influenced by factors such as its widespread acceptance 
and specific objectives and scope of the research, limitations in re
sources, and a deliberate focus on a particular analytical approach for 
consistency and comparability within the study. 

According to the Euler – Bernoulli beam theory, the dynamic flexural 
stiffness, EId, (referred to as dynamic stiffness) was calculated from the 
fundamental natural frequency of the tested specimens by neglecting 

Fig. 12. Comparison of synthesized FRFs and actual measured FRFs calculated for A3 accelerometer for specimens 3 and 9.  

Table 5 
Synthesized FRFs correlations and their corresponding error values compared to the actual measured FRFs.  

Specimen 1 2 3 4 5 6 7 8 9 10 11 12 

Correlation 95.47 94.28 92.67 93.72 93.14 94.76 93.41 93.84 93.01 94.66 94.02 93.78 
Error 4.53 5.72 7.33 6.28 6.86 5.24 6.59 6.16 6.99 5.34 5.98 6.22  

Table 6 
Damping ratios of the tested plywood and cold formed steel composite floors.  

Specimen Fastener Spacing Glue Holes Damping, (%) 

1 
SDS 6 mm 

400   2.97 
2 200   3.39 
3 

M12 CS 
400 TRUE FALSE 2.13 

4 400   2.66 
5 200   2.64 
6 

M12 Bolts 
400   0.86 

7 800 TRUE FALSE 1.16 
8 800   1.91 
9 

M8 Bolts 
200   2.22 

10 400   1.81 
11 M12 Bolts 800 FALSE TRUE 2.65 
12 M12 CS 200 FALSE TRUE 1.89  

Fig. 13. Theoretical fundamental natural frequencies (full composite and non- 
composite) compared to measured fundamental natural frequencies of the 
tested floors. 
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shear deformations in the floors. According to Eq. (6), the dynamic 
stiffness is estimated as 

EId = (ρtAt + ρsAs)

(
2L2f11

π

)2

(6) 

The notations in Eq. (6) are the same as in Eq. (3). Accordingly, the 
static flexural stiffness predicted from 1 kN point load deflection tests, 
EIs, (referred to as static stiffness) is calculated using Eq. (7) [47]; 

EIs =
L3

48
×

w
δ

(7)  

where L is the span of the tested floor, w is the applied 1 kN point load, 
and δ is the measured mid-span deflection from the tests. 

The static flexural stiffness measured from the four-point bending 
tests, EIb, (referred to as bending stiffness) is calculated according to Eq. 
(8) [47]. The full test results of the four-point flexural tests were dis
cussed in a separate project; however, the pertinent bending stiffness 
results are discussed here. 

EI =
a

48
(
3L2 − 4a2)P

δ
(8)  

where L is the span, a is shear span, and P/δ is the slope of the load- 
deflection curve between 0.1Pu and 0.4Pu, which is the load level at 
serviceability limit state according to BS EN 26891 [48]. The flexural 
stiffness of the tested cold-formed steel and plywood composite floors 
calculated from the vibration, deflection, and four-point bending tests 
are listed in Table 7. Moreover, the measured flexural stiffness of the 
tested floors along with the theoretical flexural stiffness for full com
posite and non-composite floors are depicted in Fig. 15. As apparent 
from Fig. 15, the dynamic stiffness of the cold-formed steel and plywood 
composite floors was higher compared to static stiffness except for 

specimens 6 and 8. Overall, of the three measured stiffness values, the 
bending stiffness was the lowest. Unlike static and bending stiffness, the 
dynamic stiffness was the least influenced by the spacing of fasteners 
and its type. As expected, specimens utilising 200 mm fasteners spacing 
had lower mid-span deflection values in comparison with specimens 
with 400 mm and 800 mm spacing. 

The dynamic stiffness of specimens 1 and 2 was 63% and 69% higher 
than their static stiffness even though specimen 2 had lower mid-span 
deflection. The reason is that the dynamic stiffness of specimen 2 was 
26.50% larger than the dynamic stiffness of specimen 1. The high fric
tion at the interface between the plywood panels and the joists resulted 
in higher values of the fundamental natural frequency and larger dy
namic stiffness accordingly. Specimen 4 had a relatively high mid-span 
deflection which resulted in a lesser static stiffness compared to the 
reference specimen (specimen 1). Accordingly, the dynamic stiffness of 
specimen 4 was 133% larger than its static stiffness. Specimen 5 had 
similar stiffness values (dynamic and static) in comparison with the 
reference specimen. Specimens 6 and 8 had their dynamic stiffness less 
than the static stiffness due to the small measured mid-span deflection. 
Static stiffness of specimens 6 and 8 was 53% and 20% larger than their 
dynamic stiffness. Such behaviour indicated that the static stiffness is 
more sensitive to the variations in the degree of composite action. Dy
namic stiffness of specimen 9 was slightly higher compared to the dy
namic stiffness of the reference specimen; however, its static stiffness 
was 37% higher than the static stiffness of the reference specimen. 
Similarly, specimen 10 had a dynamic stiffness 46% larger than its static 
stiffness. In conclusion, the static stiffness was more perceptive to the 
change in the connectors spacing and type, whilst the dynamic stiffness 
was primarily determined by the degree of friction at the interface be
tween the plywood panels and cold-formed steel joists. 

Among the three stiffnesses, the bending stiffness had the lowest 
value. Such behaviour can be attributed to deformations at the service 
and ultimate load levels. In modal testing, the deformations of the tested 
composite floors were insignificant and the slip between the plywood 
and cold-formed steel joists was negligible. The slip resistance between 
the two materials was mainly provided by the friction, whilst it was less 
sensitive to the fasteners type and/or spacing. Likewise, the deformation 
level in the 1 kN point load static tests was relatively small (in the range 
of 0.45 mm to 2.01 mm) which indicates that the behaviour of the tested 
floor was elastic, and that the friction still contributes to the floor flex
ural stiffness. Conversely, owing to the high deformations, the bending 
stiffness of the floors was primarily determined by the degree of the 
composite action provided by bolts or screws. At ultimate loads, cold- 
formed steel and plywood panels tend to have dissimilar curvatures 
which implies that the friction contribution to the composite action is 
negligible. 

Fig. 14. Comparison of measured damping ratios of the first bending mode 
against spacing of fasteners for specimens 1 through 10. 

Table 7 
Flexural stiffness of the tested composite floors measured from different tests.  

Specimen Deflection 
(mm) 

f11 

(Hz) 
Dynamic 
stiffness 
(kNm2) 

Static 
stiffness 
(kNm2) 

Bending 
stiffness 
(kNm2) 

1 1.19 19.020 2596 1595 1484 
2 0.98 21.388 3282 1937 1689 
3 – 21.903 3442 – – 
4 2.01 17.530 2205 944 897 
5 1.18 18.968 2581 1609 1436 
6 0.45 19.588 2753 4219 1825 
7 – 20.624 3052 – – 
8 0.67 18.180 2371 2833 1836 
9 0.87 19.592 2754 2182 1925 
10 1.05 19.156 2631 1808 1731 
11 – 17.800 2273 – – 
12 – 19.050 2604 – –  

Fig. 15. Flexural stiffness of cold-formed steel and plywood composite floors 
determined from vibration, deflection, and four-point flexural tests. 
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4. Conclusion 

A comprehensive experimental study was carried out to investigate 
the vibration behaviour of the cold-formed steel and plywood composite 
floors. The tested composite floors consisted of two cold-formed steel 
joists (254 mm deep and 2.40 thick) connected to two plywood panels 
(1.20 m × 2.40 m × 45 mm) using various types of shear connectors; M6 
self-drilling screws, M8 bolts, M12 coach screws, and M12 bolts. Three 
floor specimens utilising M6 SDS, M12 CS, and M12 bolts coupled with 
structural epoxy adhesive at the interface between the joists and the 
plywood panels were also tested. The total length of the composite floors 
was 4.70 m, whereas the supported span was 4.50 m. 

Fundamental natural frequencies obtained from the modal tests 
proved that the friction at the interface between the joists and plywood 
panels governed the connection behaviour between the two materials. 
Such behaviour is evident from the improved fundamental natural fre
quency of specimens 3 and 7 which utilised structural epoxy resin at the 
interface between the two materials to enhance the friction force at the 
interface. The higher fundamental natural frequency of specimen 2 was 
a result of larger normal force applied at the interface which improved 
the friction force between the plywood panels and cold-formed steel 
joists. Higher normal force at the interface was achieved by the me
chanically driven SDS connectors. 

In contrary, experimental modal tests concluded that increasing the 
number fasteners (i.e., narrower fastener spacing) or using larger 
diameter connectors or both had insignificant effect on the natural fre
quencies of the tested composite floors. Using a wider fastener spacing 
by factor of 2.0 in specimen 10 slightly reduced the fundamental natural 
frequency by 2.30% compared to specimen 9 which had double number 
of shear connectors. However, spacing of fasteners affected the mid-span 
deflection under the action of 1 kN concentrated load at mid-span. 
Specimens utilising 200 mm fasteners spacing had lower mid-span 
deflection values in comparison with specimens with 400 mm and 
800 mm spacing. Wider spacing produced higher mid-span deflections, 
which would result in unsatisfactory vibration behaviour if the deflec
tion limit were exceeded. 

Furthermore, the flexural stiffness of the tested cold-formed steel and 
plywood composite floors was calculated from the vibration, deflection, 
and four-point bending tests. It was shown that the dynamic stiffness of 
the cold-formed steel and plywood composite floors was higher 
compared to static stiffness except for specimens 6 and 8. Overall, of the 
three measured stiffness values, the bending stiffness was the lowest. 
Unlike static and bending stiffness, the dynamic stiffness was the 
slightest influenced by the spacing of fasteners and its type. In conclu
sion, the static stiffness was more perceptive to the change in the con
nectors spacing and type, whilst the dynamic stiffness was primarily 
determined by the degree of friction at the interface between the 
plywood panels and cold-formed steel joists. 

Moreover, Damping, while an integral aspect of this study, was 
briefly addressed in Section 3.3.2 to underscore the measured damping 
values and to compare them with the recommended values stipulated in 
applicable standards. An in-depth examination of damping in structural 
floor systems could indeed serve as a promising avenue for future 
research endeavours. 

Lastly, it is important to note that a comprehensive analysis 
addressing an appropriate design limit, which considers both the mid- 
span deflection and the fundamental natural frequency, has been pre
viously discussed in our prior publication [33]. We highly recommend 
reviewing this publication alongside the current study for a more 
comprehensive understanding of the design considerations and recom
mendations. This prior work provides valuable insights that complement 
and contextualise the findings presented in the present study, thereby 
enriching the overall understanding of the subject matter. 
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