Experimental and numerical
investigation of the natural
frequencies of the composite
profiled steel sheet dry
board (PSSDB) system
F A Gandomkar, W H Wan Badaruzzaman, S A Osman, A Ismail

This paper investigates the natural frequencies of the profiled steel sheet dry board (PSSDB)
system. Frequency response functions (FRFs), estimated experimentally, were used to determine
the natural frequencies of three different PSSDB panels with different screw spacing. Finite
element models (FEMs) were developed to predict the natural frequencies of the tested panels.
The FEMs were verified by comparing their results with results of the experimental test, and
these confirmed the natural frequencies of the system. The effect of screw spacing on the
natural frequencies of the system was studied experimentally and numerically. The numerical
results uncovered the effect of various parameters, such as the PSS and DB thicknesses and
boundary conditions, on the fundamental natural frequency (FNF) of the system. Fifteen finite
element models were developed to determine the FNF of the PSSDB system with practical
dimensions. When applied as a flooring system these panels are categorised as low-frequency
floor (LFF) or high-frequency floor (HFF), to determine occurrence of resonance, design criteria,
and whether or not they would be comfortable for humans.

INTRODUCTION
The PSSDB system is a lightweight composite load-bearing structural system consisting
of profiled steel sheet (PSS) and dry board
(DB). They are attached by self-drilling and
self-tapping screws, as illustrated in Figure 1.
The system was developed by Wright et al
(1989) as a flooring system with many advantages (Wan Badaruzzaman & Wright 1998).
It can be applied in domestic buildings, office
buildings or during renovation (Wright et al
1989) for various structural purposes such as
floors, roofs and walls (Ahmed et al 2000).
According to some researchers on the
static behaviour of the PSSDB system, the

screw spacing has a significant effect on the
stiffness of the system, as a panel with lower
screw spacing is stiffer than a panel with
higher screw spacing (Wan Badaruzzaman et
al 2003; Ahmed et al 1996; Ahmed & Wan
Badaruzzaman 2006). This stiffness has a direct
effect on the natural frequencies of the system.
Soedel (2004) stated that knowledge of
the frequency of a structure is crucial for two
reasons: firstly, from a design point of view,
for example prediction about the occurrence
of resonance conditions on the structure;
and secondly, measurement of natural frequency is needed to obtain forced response
of the structure.

Self-drilling and
self-tapping screw
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Table 1 Characteristics of the experimental samples

Figure 2 The PSSDB system with 200 mm
screw spacing during test
Many reports and studies are available
to show that the FNF of a floor system is
the most important value to determine its
serviceability for human activities. In this
case Wiss & Parmelee (1974) presented a
response rating formula, Murray (1981)
proposed a formula for the critical damping
ratio, Ellingwood & Talin (1984) predicted
the maximum acceleration of a floor midspan, Ebrahimpour & Sack (2005) presented
literature on the critical FNF for wood and
lightweight construction, and Murray et al
(1997) proposed a design criteria graph with
respect to the peak acceleration and FNF of a
floor system.
Over a number of decades studies have
been performed on the dynamic characteristics of the structural system, focusing on
natural frequencies. Hurst & Lezotte (1970)
conducted an analytical and experimental
study on the natural frequency of the
plywood-joist system, considering the effect
of joist size on the results. In their study plywood was nailed to joists. In the same study,
Filiatrault et al (1990) revealed the natural
frequency and mode shapes of a plywoodjoist system for different boundary conditions
by the finite strip method, which, when
compared, agreed well with experimental
test results. They also discussed the effects of
different parameters on the natural frequency
of the system. Fukuwa et al (1996) evaluated
dynamic properties of a prefabricated steel
building by obtaining the natural frequency
and damping ratio of the system for various
construction stages. Effects of non-structural
members on the results were investigated
in their study. El-Dardiry et al (2002) determined the natural frequency of a long-span
flat concrete floor by using a suitable FEM
and an experimental heel-drop test. They
considered several FEMs and refined them
by comparing their results with experimental
test results, and then presenting the most
suitable FEM. Ferreira & Fasshauer (2007)
performed a free vibration study on a composite plate by an innovative numerical method. Results of different thickness-to-length
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Figure 4 Placing of selected points in plan to determine FRFs of PSSDB300 system
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Figure 5 (a) Bruel & Kjaer portable and multi-channel PULSE analyser type 3560D (b) ENDEVCO
uniaxial accelerometer type 751-100 (c) Impact hammer type 2302-10
ratios were determined and discussed in
their study. Ju et al (2008) developed a new
composite floor system, and measured the
natural frequencies and damping ratios of
the system by experimental testing for three
different construction stages: steel erection
stage, concrete casting stage, and finishing
stage. They compared the results with international codes to evaluate the serviceability
of the proposed floor system and obtained
good vibration characteristics. Xing & Liu
(2009) derived successfully the natural modes
of a rectangular orthotropic plate by exact
solution of mathematical statements for three

different boundary conditions. Two studies
were carried out on the modal analysis of an
orthotropic composite floor slab with profiled
steel deck (De A Mello et al 2008) and a preand post-impacted nano-composite laminates
system (Velmurugan 2011). Both studies were
performed to find dynamic characteristics of
composite floor systems, similar to the study
by Bayat et al (2011) to determine the vibration frequencies of tapered beams. Honda &
Narita (2012) presented an analytical method
to determine the natural frequencies and
vibration modes of laminated plates having
such cantilever reinforcing fibres.
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Figure 6 Structural model of the PSSDB100, PSSDB200 and PSSDB300: (a) Longitudinal section (b) Transverse section
Study of the natural frequency of the
PSSDB system is limited to an experimental
study done by Wright et al (1989) to identify
the FNF of the system, considering PMF100
as the PSS and chipboard as the DB. It was
reported that, since the PSSDB system is
slender and flexible by nature, its FNF may
be low. Vibration of such floors during
human activities may therefore be perceivable. It has also been stated that floors with
FNFs lower than approximately 7 Hz are
considered uncomfortable for users (Wright
1989). In addition, Gandomkar et al (2011)
determined the natural frequencies of the
PSSDB system experimentally and numerically with in-filled concrete in the trough
of the PSS. They also evaluated the effect of
various parameters on the FNF of the mentioned system.
There is little energy in high frequency
floors (of approximately 10 Hz) (Middleton
& Brownjohn 2010). A floor is an HFF if it
has an FNF above 10 Hz, but it is known
as an LFF if it is dominated by resonance
from the first four harmonics of a walking
force. Ljunggren et al (2007) stated that
some researchers suggested two different
design criteria for floors: deflection criteria
for HFF and an acceleration limit for LFF.
However, Murray et al (1997) recommended
acceleration limits for LFF and HFF, and a
minimum static stiffness of 1 kN/mm under
concentrated load as an additional check for
HFF. Therefore, knowing the FNF of a floor
system will determine the design of the floor
and whether it should be an LFF or HFF
floor, and hence its level of comfort.
Using non-structural systems, such as
partitions, on a completed floor has an effect
on the damping value of the floor system
(De Silva & Thambiratnam 2009). Knowing
the damping ratio of a bare floor system can
therefore help designers to select a realistic
damping ratio for the dynamic analysis of
the system.
This paper presents natural frequencies
of the PSSDB system, focusing on three
main goals. The first goal is to estimate the
natural frequencies and damping ratios of
the system through experimental study by

considering the effect of different screw
spacing. The natural frequencies and
damping ratios will be used to verify finite
element models (FEMs) and determine
the dynamic response of the system under
human walking load respectively. The
second goal is to develop FEMs to identify
the natural frequencies of various configurations of the PSSDB systems. The third
goal is to determine the effect of various
selected parameters, such as the PSS and
DB thicknesses, and also different boundary conditions, on the FNF of the system
through verified FEMs. The FNFs of panels
with practical dimensions are investigated
for different boundary conditions; then the
panels are categorised as LFF or HFF systems, which will determine how comfortable the panels would be for users.

EXPERIMENTAL DETAILS
In the PSSDB system, the value of partial
interaction between the PSS and DB is
influenced by the screw spacing. The study
of the effect of partial interaction between
the PSS and the DB on the FNF of the PSSDB
system is carried out by experimental tests
to meet the first goal of this paper. For
this purpose, three different samples were
prepared to measure the natural frequencies
and damping ratios of the studied systems
with 100 mm, 200 mm, and 300 mm screw
spacing. The characteristics of the samples
are presented in Table 1.
The length and width of all samples were
selected as 2 400 mm and 795 mm respectively. Figure 2 shows the PSSDB system with
screw spacing of 200 mm during the test.
Natural frequencies of the samples were
measured by estimating their FRFs, as shown
in Figures 3 and 4. Eleven points were selected for the determination of the FNFs of the
PSSDB100 and PSSDB200 samples (Figure
3). In these samples the accelerometer was
fixed very close to Point 10 (Figure 3). In
addition, for sample PSSDB300, seven points
were considered, as illustrated in Figure 4,
and the accelerometer was fixed near Point 6
(Figure 4).

The excitation and response signals
of the studied systems were recorded and
measured. Bruel & Kjaer portable, and
multi-channel PULSE analyser type 3560D
ENDEVCO accelerometers type 751-100,
and impact hammer type 2302-10 were used
as the measuring devices (Figure 5), as well
as the Bruel & Kjaer Pulse LabShop as measurement software. Damping ratios of the
systems were also outcomes of these tests.

STRUCTURAL MODEL
The structural model of the samples is
depicted in Figure 6.
According to Murray et al (1997), the
dynamic modulus of elasticity for steel can
be chosen similar to its static value (BS
5950 Part 4:1994), i.e. 210 GPa. Stalnaker
& Harris (1999) stated that plywood is
nearly isotropic because of its manufacturing
process. Also, Ahmed (1999) declared that,
although dry boards may be found to be
isotropic or orthotropic by nature, they can
easily be modelled as isotropic plates with
very good results. Based on the study carried
out by Narayanamurti et al in Hu (2008),
Matsumoto & Tsutsumi (1968), and Bos &
Bos Casagrande (2003), the dynamic Young’s
modulus of plywood was found to be higher
than its static value. In this study, the static
modulus of elasticity of plywood, available
in the local market, is adopted as 7 164 MPa
(Yean 2006), considering an isotropic sheeting, while the dynamic value is chosen 10%
greater than the static value according to Bos
& Bos Casagrande (2003).
The density of Peva45 and plywood has
been chosen as 7 850 kg/m3 and 600 kg/m3
respectively.
In the PSSDB system, the stiffness of the
screws which is obtained by experimental
push-out tests (Ahmed 1999; Akhand 2001;
Nordin et al 2009) is directly used as input
data for the FEMs (Nordin et al 2009). A
study was performed to identify the connection stiffness between Peva45-Cemboard,
Cemboard-Timber, and Peva45-Plywood by
push-out tests. Also, the shear connection
stiffness between Peva45 and plywood for
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and PSSDB300 systems. The FEMs are
implemented using ANSYS finite element
computer program (ANSYS 2007).
Two methods were used to evaluate the
natural frequencies of the systems. The “Block
Lanczos” and “QR damped” methods were
utilised to extract undamped and damped
natural frequencies of panels respectively.
In the FEMs, the PSS and DB were assigned
by element of SHELL281 (Figure 7) as it is
suitable for analysing thin to moderately thick
shell structures (ANSYS 2007). It comprises
an 8-noded element having six degrees of
freedom at each node: translation in and rotation about the x-, y- and z-axes. In addition,
the screws were represented by an element
of COMBIN14 (Figure 8) as the connection
between Peva45 and plywood. COMBIN14
possesses longitudinal or torsional capability
in 1-D, 2-D or 3-D applications (ANSYS 2007).
The longitudinal spring-damper option is a
uniaxial tension-compression element having
up to three degrees of freedom at each node:
translation in the nodal x-, y- and z-directions.
No bending or torsion is considered. The
spring-damper element has no mass. Mass
can be added by using the appropriate mass
element. The spring or the damping capability
may be removed from the element (ANSYS
2007). In this paper, the capability of damping
was removed (Cv = 0) from the element.
Figure 9 illustrates the procedure of
modelling Peva45 and plywood in a simulation for one bay of the studied system. The
connection between elements of Peva45 and
plywood in the simulation is performed by
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Figure 8 COMBIN14 (ANSYS 2008)
the same configuration was found to be
610 N/mm (Nordin et al 2009), which is the
same as in this paper.

COMPUTATIONAL MODEL
To cover the second goal of this paper, three
FEMs were developed to obtain natural
frequencies of the PSSDB100, PSSDB200,

D1

D2

D3

P1

P2

P3

using spring element (COMBIN14) in three
directions (X, Y, and Z). In this case, and
according to Figure 9, the nodes D2 and D10
were respectively connected to the nodes P2
and P10 in which stiffness of springs were
adopted as 610 N/mm (Nordin et al 2009) in
X and Y directions, and as 105 N/mm in Z
(vertical) direction (see Figure 9).

OBSERVATION OF RESULTS
AND COMPARISON
Results are presented in two parts – experimental and finite element simulation. Then
the experimental and finite element results
are compared to present the accuracy of
the FEMs.

Experimental results
The FRFs of studied systems are shown in
Figure 10 and according to the figure the
first six natural frequencies (NFs) of the
systems are presented in Table 2. Damping
ratios (DRs) corresponding to the NFs of the
systems are also summarised in Table 2.
The status of the natural frequency in
Table 2 was missing for the mode number 5
while the natural frequency of this mode was
available in its FEM (Table 3). The reason for
this absence has been revealed by evaluation
of its mode shape. This mode was in the
transverse direction of accelerations that
were measured. Therefore, the mode did not
appear in the experiments.
According to earlier studies, the
PSSDB100 is stiffer than PSSDB200, and
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Figure 9 (a) One bay PSSDB structural system (b) Positioning of nodes in elements of one bay PSSDB system
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Figure 10 Experimental estimation of FRF between excitation at point A and response at point B for (a) PSSDB100 (b) PSSDB200 (c) PSSDB300
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the latter is stiffer than PSSDB300 due to
the number of screws. On the other hand,
the mass of the PSSDB100, PSSDB200 and
PSSDB300 is almost the same. As a result
it can be predicted that the FNF of the
PSSDB100 should be greater than that of
PSSDB200, and the latter greater than that of
PSSDB300. This issue was verified by results
of the experimental test. Table 2 shows that
the partial interaction between two main
elements of the PSSDB system had an effect
on the natural frequencies of the systems,
as the FNF of the system increased by 3.55%
and 11.24% respectively for changing the
screw spacing from 300 mm to 200 mm, and
300 mm to 100 mm. However, reduction
of the screw spacing decreases the damping of the system. The FNFs of the studied
panels were measured by the test well above
10 Hz. Therefore all panels fell in the HFF
category (Middleton & Brownjohn 2010) and
were also comfortable for users (Wright et
al 1989).

Finite element results
The experimentally observed FRFs of the
systems presented their damped natural
frequencies. Therefore, in the simulation,
damped natural frequencies of the systems
were determined by the QR damped method
via the ANSYS finite element package. In
the QR damped method, damping of the
system is introduced by the Rayleigh damping approach (see more detail in Clough &
Penzien 1993). According to Chowhury &
Dasgupta (2003), only the first few modes
of a structure with large degrees of freedom
(around three at minimum and about 25
at maximum) contribute to the dynamic
response of a structure. In this study, the
first six modes are assumed to be significant
in the dynamic behaviour of the system.
Then the Rayleigh damping coefficients were
determined (Chowhury & Dasgupta 2003)
and used in the simulation.
Three finite element models were developed to identify the natural frequencies of
the PSSDB100, PSSDB200 and PSSDB300
systems. The first six undamped and damped
natural frequencies of the studied systems
are summarised in Table 3.
According to simulation results, the
FNF of the PSSDB100 was greater than the
PSSDB200, and the latter was greater than
PSSDB300. This point is also confirmed by
the experimental results. Table 3 shows small
differences between undamped and damped
natural frequencies of the systems. The
results also show that the undamped natural
frequencies of all systems were greater
than their corresponding damped natural
frequencies. Caughey & O’Kelly (1961) stated
that, in a system with classical normal

Table 2 First six experimental natural frequencies and damping ratios of studied systems
Mode
No

PSSDB100
NF (Hz)(a)

PSSDB200

DR (%)

NF (Hz)(b)

PSSDB300

DR (%)

NF (Hz)(c)

DR (%)

1

18.8

1.230

17.50

1.400

16.9

3.140

2

23.1

1.500

21.3

1.890

21.9

0.984

3

46.9

0.732

46.3

0.840

41.9

0.959

4

55.0

0.936

55.6

0.994

52.5

0.914

5

64.4

0.511

Missing

–

62.5

0.767

6

81.3

0.43

67.5

0.884

68.8

1.06

Note: For further discussions, the labels (a), (b) & (c) have been adopted respectively as T2Ca, T2Cb & T2Cc in the following.
T2Ca means Table 2 Column a.

Table 3 First six numerical undamped and damped natural frequencies of the studied systems
Mode
No

PSSDB100
Undamped

Damped(a)

PSSDB200
Damped(b)

Undamped

PSSDB300
Damped(c)

Undamped

1

18.072 (Hz)

18.070 (Hz)

17.563

17.561

17.410

17.402

2

23.207

23.206

22.026

22.024

22.303

22.295

3

46.790

46.788

44.851

44.848

44.481

44.465

4

60.053

60.049

57.233

57.228

57.303

57.276

5

62.887

62.882

57.278

57.273

58.639

58.611

6

76.707

76.700

69.880

69.873

74.025

73.978

Note: For further discussions, the labels (a), (b) & (c) have been adopted respectively as T3Ca, T3Cb & T3Cc in the following.

Table 4 Error of numerical method in the studied systems (%)
Mode No

PSSDB100(a)

PSSDB200(b)

PSSDB300 (c)

1

3.88

0.35

2.97

2

0.46

3.40

1.80

3

0.24

3.13

6.12

4

9.18

2.93

9.10

5

2.36

–

6.22

6

5.66

3.52

7.53

Note: For further discussions, the labels (a), (b) & (c) have been adopted respectively as T4Ca, T4Cb & T4Cc in the following.

modes, the damped natural frequencies
are always less than or equal to their corresponding undamped natural frequencies.
Piersol et al (2010) mentioned that generally
classical normal modes exist in a structure
without damping or with particular types
of damping. According to the results of this
study, the measured damping can be considered as particular damping for each system;
therefore they can be used in the dynamic
analysis of the bare PSSDB systems with different screw spacing.

Comparison of experimental
and finite element results
As stated, the FRFs of the systems present
their damped natural frequencies. However,
undamped and damped natural frequencies
of the studied systems were calculated very

close to one another by the numerical method. Nevertheless, damped natural frequencies of the systems which were determined
by FEM are compared with their damped
natural frequencies that have been evaluated
by the tests in order to reveal more accurate
errors. The errors of numerical results are
calculated by Eq (1) and presented in Table 4.
Error (%) = T4Ci
[test value – finite element value]
× 100
test value
[T2Ci – T3Ci]
× 100, i = a, b, c
(1)
=
T2Ci

=

where:
T2Ci: column i = a, b, c of Table 2
T3Ci: column i = a, b, c of Table 3
T4Ci: column i = a, b, c of Table 4
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Table 5 Effect of thickness of Peva45 and plywood on the FNF of PSSDB system
Plywood
Peva45

t = 9.252 mm

t = 12.7 mm

t = 18 mm

t = 23 mm

t = 25 mm

FNF (Hz)

PD (%)

FNF

PD

FNF

PD

FNF

PD

FNF

PD

t = 0.8 mm

19.935

13.42

18.826

7.12

17.569

0

16.787

–4.41

16.566

–5.64

t = 1.0 mm

20.677

17.62

19.665

11.88

18.480

5.16

17.710

0.82

17.486

–0.44

PD = Percentage of difference compared with control sample

The mentioned errors show that the FEMs
can predict the natural frequencies of the
PSSDB system with accuracy. Therefore,
performed convergence studies on the finite
element models and selected elements of
the models which were combinations of the
SHELL281 and COMBIN14 elements were
suitable for the purpose of the study. The
difference between the experimental and
FEM results may be due to reasons such as:
■ Finite element method is a numerical
approximate method.
■ Imperfections of the PSS, DB and screws
in the test specimens were not captured
in the FEMs.

PARAMETRIC STUDY

Type of support
FNF (Hz)
PI (%)

Y

A series of parametric studies based on
the FEMs for the PSSDB200 system were
performed to show the effect of different
conditions on the FNF of the system. The
PSSDB system with a length of 2 400 mm
and a width of 795 mm was chosen as the
control sample, adopting 0.8 mm thick
Peva45 as PSS, 18 mm thick plywood as DB,
DS-FH 432 self-drilling and self-tapping
screws at 200 mm screw spacing as the
connectors, and pin support at Y = 0 and
roller support at Y = 2 400 mm both at the
bottom flange of the PSS (Figure 6(a)). A
series of studies were performed to uncover
the FNF of the PSSDB panels with practical
dimensions. Their categorisation and level of
comfort were also revealed. All supports in
these studies were considered at the bottom
flange of the PSS. Only in one case supports
were assumed at the bottom, top and web of
the PSS (see Figure 12).

Effect of thicknesses of Peva45
and plywood
The thickness of the considered Peva45 is
0.8 mm and 1.0 mm, whilst the thickness
of the plywood is 9.252, 12.7, 18, 23 and
25 mm. Both products are available on the
local market. The effect of the thicknesses
of Peva45 and plywood on the FNF of the
system is presented in Table 5. The percentage difference between the FNF of the control sample and the FNF of the panel with
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Table 6 FNF of the PSSDB system under different types of end supports perpendicular to the
strong direction of the PSS
P-R

P-P

P-F

R-F

F-F

17.569

23.126

23.214

17.802

23.304

31.63

32.13

1.33

32.64

0

R

P

F

F

P

P

P

R

Y = 2 400 mm
F

F

X

Y=0

Figure 11 Various end support conditions perpendicular to the strong direction of the PSS

Top flange

Web

Bottom flange

Figure 12 Illustration of supports under top and bottom flanges and web of the PSS
other thicknesses for Peva45 and plywood
are also presented in Table 5.
According to the results, increasing
the thicknesses of the Peva45 and the
plywood enhanced and decreased the FNF
of the system respectively. By enhancing
the thickness of the Peva45 from 0.8 mm
to 1.0 mm, and the thickness of the
plywood from 9.252 mm to 25 mm the FNF
increased and decreased by an average value
of 4.91% and 18.56% respectively. It can
therefore be seen that the obtained results
are a manifestation of the effect of the mass
and stiffness of Peva45 and plywood on the
FNF of the system. The highest value of the
FNF occurred for the maximum thickness
of Peva45 and minimum thickness of
plywood (20.677 Hz), whilst the lowest
value of the FNF occurred for the minimum
thickness of Peva45 and maximum
thickness of plywood (16.566 Hz).

Therefore, by changing the thickness of
main elements the FNF can be increased by
a maximum value of 24.82%. The minimum
value of the FNF of the studied system
showed well above 10 Hz. The studied
system was therefore in the HFF category
and also comfortable for occupants.

Effect of boundary conditions
The effect of boundary conditions on the
FNF of the system was taken into account
in three situations: effect of sliding and
rotation at the end supports perpendicular
to the strong direction of the PSS (sliding
parallel with Y direction of the plan, Figure
11); effect of locating support under the top
flange and web of the PSS at two ends of
the length (Figure 12); and effect of adding
support parallel with the strong direction of
the PSS (parallel with Y direction of the plan,
Figure 13).
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Table 7 Effect of adding supports under top flange and web of the PSS on the FNF
Support
condition

P-R support in bottom
flange only (Case 1)

P-R support in bottom
and top flanges (Case 2)

P-R support in bottom
and top flanges and
web of PSS (Case 3)

FNF (Hz)

17.569 (Hz)

26.256

26.332

49.44

49.88

PI (%)

0

Table 8 Effect of adding supports parallel to the strong direction of the PSS on the FNF
Support condition
FNF (Hz)

Fr-Fr

R-Fr

P-Fr

R-R

P-R

P-P

17.569 (Hz)

18.938

19.430

32.204

33.403

35.818

7.79

10.59

83.30

90.12

PI (%)

0

103.87

Y = 2 400 mm
R

Fr

Fr

P

Y

R

R

R

R

Fr

P

P

Fr

R

P

R

R

P

P

R

R

P

X

P

P

P
Y=0

Figure 13 Different support conditions parallel to the strong direction of the PSS

1 545 mm
771.5 mm

Detail A

Figure 14 The PSSDB panel with two repeating sections

Effect of sliding and rotation
of supports
The effect of sliding and rotation at the
end supports perpendicular to the strong
direction of the PSS (X direction, Figure
11) on the FNF of the system is investigated
for various support conditions, as shown in
Figure 11. These involve (i) pin (P) and roller
(R) (control sample), (ii) P-P, (iii) P-F (fixed),
(iv) R-F and (v) F-F end supports.
The FNF results for these conditions are
presented in Table 6. The percentages of the
increase (PI) in the FNF of the various models over the control sample are also shown in
Table 6.
The results show that if sliding is constrained parallel with the strong direction
of the PSS (P-R support converted into
P-P support), then the FNF is increased
significantly. Chao & Chern (2000) and Jalali
(2012) affirmed this observation. On the
other hand, changing a pin support to a fixed
support (P-F instead of P-P, and F-F instead
of P-P) did not show a considerable effect on

the FNF value. Therefore, the control of rotation at the bottom flange of the PSS at the
end support did not significantly affect the
FNF of the system.

Effect of adding support under
top flange and web of PSS
The supports for the control sample were
only considered under the bottom flange
(Case 1) of the PSS. Table 7 shows the FNF
and PI in the FNF for various models over
the control sample of the system if additional
supports are provided at both the top and
bottom flanges of the PSS (Case 2), and at
the top and bottom flanges and the web
(Figure 12) of the PSS (Case 3).
When comparing the results of Cases 1
and 2, it is clear that the FNF of the system
is enhanced significantly if supports are
added at the top and bottom flanges of the
PSS. Also, by comparing the results of Cases
2 and 3, it is demonstrated that additional
supports at the web do not have any significant effects on the FNF of the system. This

may be because adding support on the top
flange already prevents rotation of the PSS,
so adding more support on the web does not
make a big difference. By keeping the abovementioned three cases in mind, designers
can decide on the shape of supports (beams)
which can be used under the PSS of the
PSSDB floor system to reduce its natural
frequencies.

Effect of adding support parallel
with longitudinal side edges
The supports of the longitudinal side edges
(support in X = 0 and 795 mm parallel with
Y direction of the plan as in Figures 6(b) and
13) for the control sample were considered
free (unconstrained). Various additional support conditions studied at the longitudinal
side edges are shown in Figure 13. Table 8
shows the FNF and PI in the FNF for various
models in the control sample.
As shown in Table 8, when only one of
the longitudinal side edges was supported
(leaving one side edge free), as in the R-Fr
and P-Fr cases, the FNF increased slightly. It
can be seen that restraining sliding perpendicular to the strong direction of the PSS (X
direction of the plan) would not change the
FNF of the system much (2.8% = 10.59%–
7.79%) if only one of the longitudinal side
edges were supported. However, the increase
in FNF was much more significant, based on
restraining both longitudinal side edges as
in the R-R, P-R and P-P cases. The control of
sliding perpendicular to the strong direction
of the PSS shows a pronounced effect on
increasing the FNF of the system (20.57% =
103.87%–83.30%), where both longitudinal
side edges of the panel were supported (P-P
instead of R-R).

FNF of panels with practical
dimensions
Peva45 is available on the local market in
widths of 795 mm and maximum lengths of
15 m. Also, the maximum length and width
of plywood is 2 400 mm and 1 200 mm
respectively. Therefore, to prepare bigger
practical panels, some pieces of Peva45 and
plywood should be used together. Fifteen
panels in four different lengths of 1 200 mm,
2 400 mm, 3 600 mm and 4 800 mm involving one, two, three and four repeating sections of the system were developed, which
were combinations of elements similar to the
control sample, verified by experiments, as
shown in Figure 6(b) and Figures 14–16. In
all fifteen panels, the length and width of all
pieces of plywood were chosen as 2 400 mm
and 795 mm respectively. Also, the length of
Peva45 was used as the length of the panels.
The connection between two adjacent
side-by-side panels (detail A) was represented
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2 295 mm
771.5 mm

748 mm

Detail A

Figure 15 The PSSDB panel with three repeating sections

3 045 mm
771.5 mm

748 mm

Detail A

Figure 16 The PSSDB panel with four repeating sections
Plywood

Plywood

Plywood

Plywood

Screws

i(1)
i(2)

j(1)
j(2)

i(3)

j(3)

Peva45

Peva45

(a)

(b)

Figure 17 Detail A: (a) Constructional model (b) Analytical model
by a typical lap joint idea as shown in Figure
17. Wright & Evans (1987) presented the
connectivity characteristics of such a joint.
As can be seen in Figure 17, nodes i(2) and
j(2) are connected to node i(3) and node j(3)
respectively, assuming complete freedom in
the longitudinal and rotational directions,

whilst assumed to have complete connection
in the vertical and lateral directions (Wright
& Evans 1987). It should be noted that connections between i(1) and j(1) respectively
to i(2) and j(2) (Peva45 to plywood) are
represented by results of the study by Nordin
et al (2009).

The joint does not exist perpendicularly
to the strong direction. Figure 18 shows the
connection between plywood and Peva45
according to their dimensions.
Table 9 shows the characteristics and the
FNF of the developed panels with practical dimensions. The categorisation (LFF
or HFF) and level of comfort of the panels
are also undertaken. All panels had pinroller supports perpendicular to the strong
direction of the PSS and free-free supports
parallel with the strong direction of the PSS
(Model 0).
The width of the panels with only end
supports perpendicular to the strong direction of the PSS did not significantly affect
the FNF of the system, as the panels with
the same length and widths of 795 mm,
1 545 mm, 2 295 mm and 3 045 mm had
close values in terms of the FNF. The reason
for this was the enhancement of the stiffness
and mass by increasing the width. However,

Figure 18 Connection between plywood and Peva45 along the panel
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Table 9 Characteristics, the FNF, and evaluation of the developed PSSDB models (Model 0)
Name of Model

Length (mm)

Width (mm)

FNF (Hz)

(b)

(c)

1PP1LL

1 200

795

49.581

HFF

Ok

1PP2LL(a)

2 400

795

17.569

HFF

Ok

1PP3LL

3 600

795

7.8663

LFF

Ok

1PP4LL

4 800

795

4.4606

LFF

Failed

2PP1LL

1 200

1 545

52.678

HFF

Ok

2PP2LL

2 400

1 545

17.755

HFF

Ok

2PP3LL

3 600

1 545

7.9337

LFF

Ok

2PP4LL

4 800

1 545

4.4958

LFF

Failed

3PP1LL

1 200

2 295

52.733

HFF

Ok

3PP2LL

2 400

2 295

17.824

HFF

Ok

3PP3LL

3 600

2 295

7.9578

LFF

Ok

3PP4LL

4 800

2 295

4.5081

LFF

Failed

4PP1LL

1 200

3 045

52.753

HFF

Ok

4PP2LL

2 400

3 045

17.859

HFF

Ok

4PP3LL

3 600

3 045

7.9700

LFF

Ok

4PP4LL

4 800

3 045

4.5143

LFF

Failed

(a) Control sample
(b) Categorisation of the system as LFF or HFF (Middleton &Brownjohn 2010)
(c) Level of comfort of the panels for occupants (Wright 1989)

R

R

Y

P

R

R

P

P

P

P

Y

Y
X

P

X

Model I

X

P
Model II

P
Model III

Figure 19 Model of boundary conditions for increasing the FNF of LFF panels

the FNF of the 3 045 mm wide panel was
a bit greater than the FRF of the 2 295 mm
wide panel, etc. This may be due to the
increased stiffness of the panels when using
lap joints in the panels, with two pieces of
Peva45 (one-lap joint), three pieces of Peva45
(two-lap joints), and four pieces of Peva45
(three-lap joints), compared to panels with
one piece of Peva45 without a lap joint
(795 mm wide).
It is obvious that the length of the system
has a direct effect on the FNF of the system.
The results showed that the FNF of a PSSDB
system with a length of more than 3 600 mm
and widths of 795 mm, 1 545 mm, 2 295 mm
and 3 045 mm fell in the LFF category. Also,
panels that were 3 600 mm and 4 800 mm
long, with any widths, were respectively
shown to be comfortable and uncomfortable
for users.
An increase in the FNF of a floor system
(less resonance) is required for user comfort.
If panels are supported on all sides, the FNF
of the system will be higher. This can be
used to increase the FNF (stiffness) of the
panels via boundary conditions. Depending
on the control of sliding at supports, roller or
pin supports can be used on all sides. In this
case, all panels with lengths of 3 600 mm
and 4 800 mm were selected in order to
increase their FNFs through three boundary
conditions as shown in Figure 19. Table 10
summarises the increased FNFs of the panels
corresponding to these boundary conditions
(models I, II, and III). It also illustrates the
level of comfort of the studied panels.
The PI in the FNF of the selected panels
are listed in Table 11 by comparing the FNFs
of the panels under boundary conditions
of models I, II, and III with the FNFs of
the panels under boundary conditions of
model 0.
Table 11 shows that control of sliding
parallel with the strong direction of the PSS
in the multi-panel systems had a significant

Table 10 FNF and status of the LFF panels under different models of boundary conditions
Model I
Name of Model

Model II
Status

Model III

Status

FNF (Hz)

Status

FNF (Hz)
(a)

(b)

FNF (Hz)
(a)

(b)

(b)

HFF

Ok

1PP3LL

24.723

HFF

Ok

27.876

HFF

Ok

1PP4LL

22.974

HFF

Ok

25.763

HFF

Ok

26.538

HFF

Ok

2PP3LL

10.242

HFF

Ok

10.634

HFF

Ok

12.755

HFF

Ok

LFF

Ok

HFF

Ok

2PP4LL

6.8417

LFF

Failed

7.1381

LFF

Ok

3PP3LL

8.9882

LFF

Ok

9.1947

LFF

Ok

3PP4LL

5.5847

LFF

Failed

5.7750

LFF

Failed

4PP3LL

8.5472

LFF

Ok

8.6555

LFF

Ok

4PP4LL

5.1182

LFF

Failed

5.2264

LFF

Failed

29.425

(a)

8.1045
11.584
6.9614
11.177
6.5480

LFF

Failed

HFF

Ok

LFF

Failed

(a) Categorisation of the system as LFF or HFF (Middleton & Brownjohn 2010)
(b) Level of comfort of the panels for occupants (Wright 1989)
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Table 11 PI in the FNF of the LFF panels by comparison of Model 0 (see Table 9) with Models I, II
and III
Effect of sliding in supports
Name of
Model

Model of support condition
(%)

profiled steel sheeting dry board continuous floor.
PhD Thesis, Malaysia: Universiti Kebangsaan,
Department of Civil & Structural Engineering.
ANSYS Version 11.0 2007. Swanson Analysis Systems,

Comparison of
Model II with Model I

Comparison of
Model III with Model II

Inc., Houston, PA, US.
Bayat, B, Pakar, I & Bayat, M 2011. Analytical study on

Model I

Model II

Model III

X direction

Y direction

1PP3LL

214.29

254.37

274.06

40.08

19.69

1PP4LL

415.04

477.57

494.94

62.53

17.37

Bos, F & Bos Casagrande, S 2003. On-line non-destruc-

2PP3LL

29.09

34.04

60.77

4.95

26.73

tive evaluation and control of wood-based panels by

2PP4LL

52.18

58.77

80.27

6.59

21.5

3PP3LL

12.95

15.54

45.57

2.59

30.03

3PP4LL

23.88

28.10

54.42

4.22

26.32

4PP3LL

7.24

8.60

40.24

1.36

31.64

the vibration frequencies of tapered beams. Latin
American Journal of Solids and Structures, 8(2):
149–162.

vibration analysis. Journal of Sound and Vibration,

4PP4LL

13.38

15.77

45.05

2.39

29.28

268: 403–412.
BS 5950 1994. Structural use of steelwork in building.
Part 4: Code of practice for design of composite
slabs with profiled steel sheeting. British Standards
Institution, UK.
Caughey, T K & O’Kelly, M E J 1961. Effect of damping on the natural frequencies of linear dynamic
systems. The Journal of the Acoustical Society of

effect on the FNF of the system. However,
control of sliding perpendicular to the strong
direction of the PSS considerably affected the
FNF of the 795 mm wide panel and did not
have a significant effect on the FNF of the
panels wider than 795 mm. Even by using the
model III boundary condition (pin supports
in all sides), the panels that were 4 800 mm
long, with widths of 1 545 mm, 2 295 mm
and 3 045 mm were still in the category of
LFF. Also, panels with a length of 4 800 mm
and widths of 2 295 mm and 3 045 mm were
not comfortable for users.

CONCLUSIONS
This paper reveals experimentally and numerically the natural frequencies of the PSSDB
system, considering the effect of the level of
interaction between the PSS and the DB. It
is shown that the PSSDB system with lower
screw spacing has higher FNF. The damping
ratio of the PSSDB system is inversely related
to the stiffness of the system, as the damping
ratio of the PSSDB with lower screw spacing
is greater than the system with higher screw
spacing. A series of parametric studies reveal
the effects of different parameters on the FNF
of the system. It is proved that the FNF of
the PSSDB system is significantly influenced
by (i) screw spacing or level of interaction
between the PSS and DB, (ii) thicknesses of
the PSS and DB, (iii) control of sliding along
the strong direction of the PSS, (iv) using support under both the top and bottom flanges
of the PSS, and (v) the number of side edges
being supported. On the other hand, the FNFs
are not much affected by (i) control of sliding
along the weak direction of the PSS at the side
edge supports, (ii) rotations at all end and side
edge supports, and (iii) the support conditions
under the web of the PSS. Identification of the
FNF of the panels with practical dimensions
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with end supports only shows that the FNF of
the panels with the same length and different
widths are very close to one another. However,
a small difference may occur by increasing the
thickness of Peva45 in the location of the lap
joint. It is proved that a significant increase
in the FNF of the PSSDB floor system with
practical dimensions is possible via boundary
conditions.

America, 33(11): 1458–1461.
Chao, C C & Chern, Y-Ch 2000. Comparison of natural frequencies of laminates by 3-D theory. Part I:
Rectangular plates. Journal of Sound and Vibration,
230(5): 985–1007.
Chowdhury, I & Dasgupta, S P 2003. Computation of
Rayleigh damping coefficients for large systems. The
Electronic Journal of Geotechnical Engineering, 8:
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