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ABSTRACT

This paper presents the experimental investigation of the out-of plane
bending behaviour of newly developed composite floor panels namely
‘Profiled Steel Sheet Dryboard (PSSD8) composite panels’. Such panels are
formed by attaching dryboards to a core of profiled steel sheeting using
mechanical connectors. It is very light and therefore easily transportable
and can be erected quickly by semi-skilled labour. A series of out-of plane
bending tests to investigate the overall structural performance, and the
influence of connector modulus and spacing on the performance of the
PSSDB panels,will be described. The suitability of the component materials
for these panels is also investigated. It will be shown that connector modulus
and spacing play major roles in influencing the stiffness of such composite
panels. Suitable choice of connector and spacing is important in determining
the stiffness of these panels. Partial interaction approach developed by the
authors can safely be used to design composite PSSDB floor panels along the
major axis of bending. This theoretical approach will be shown to be giving
acceptable conservative stiffness values.

ABSTRAK

Kertas kerja ini menghuraikan suatu kajian ujikaji mengenai kelakuan
lenturan keluar satah bagi panel-panel lantai komposit yang baru
diperkenalkan, dinamakan ‘Panel Kepingan Keluli Berprofil Papan Kering
(PSSDB)'. Panel-panel tersebut dibentuk dengan melekatkan lapisan papan
kering kepada kepingan keluli berprofil menggunakan penyambung-
penyambung mekanikal. lanya sangat ringan, dengan demikian mudah
dialih, dan boleh didirikan dengan cepat oleh tenaga kerja separuh mahir.
Satu siri ujikaji keluar satah bagi mengkaji keupayaan keseluruhan struktur,
serta pengaruh modulus penyambung dan jarak di antara pemyambung
terhadap keupayaan tersebut akan diterangkan. Kesesuaian bahan-bahan
komponen bagi panel-panel tersebut juga dikaji. Modulus penyambung
serta jarak di antara penyambung akan ditunjukkan sebagai memainkan
peranan utama dalam mempengaruhi kekukuhan panel-panel tersebut.
Analisis interaksi separa yang telah dimajukan oleh penulis boleh digunakan
bagi mereka bentuk panel-panel lantai PSSDB di sepanjang paksi utama
lenturan. Pendekatan secara teori ini akan ditunjukkan memberikan nilai-
nilai kekukuhan yang lebih konservatif yang boleh diterima.
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- INTRODUCTION

The profiled steel sheet dryboard panel is a structural system pioneered
originally by Wright and Evans in the United Kingdom since 1986, and
further developed by Wan Hamidon in 1994, The development of the
system has been made possible through a SERC research grant awarded to
Cardiff University in 1986. Further investigations on the system are being
conducted at Strathclyde University and Universiti Kebangsaan Malaysia.

The system consists of profiled steel sheeting, compositely connected to
dryboards by simple mechanical connectors as shown in Figure 1. This
results in a strong and efficient structural system which can be exploited for
a variety of structural purposes.
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FIGURE 1. Typical profiled steel sheet dry board panel

The original research programme concentrated upon the development of
the system for use in the construction of flooring and walling units in
domestic scale buildings. In such a context, the system carries the out-of
plane bending and shear in the case of a flooring system, whilst in the case
of walling system, the system acts as a membrane carrying the in-plane
deformation and shear. The behaviour of PSSDB panels has been shown to
be structurally efficient under the associated bending or axially compressive
loading.

The research has been extended recently to study the behaviour of
structures formed by assembling a number of PSSDB panels into a folded
plate configuration. A typical mansard roof structure as shown in Figure 2,
having plan dimensions of 7m and 3m has been built. Pilot tests on this full
scale structure have again shown the structural behaviour to be extremely
efficient.

The PSSDB system has therefore considerable potential. It is also very
light and therefore easily transportable, and can be erected quickly by semi-
skilled labour. PSSDB serves as an altermative and provide more practical
solution' to existing traditional forms of construction.

This paper provides a detailed study on the out-of plane bending
behaviour along the major axis of various PSSDB panels using locally
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FIGURE 2. Typical roof structure

available materials. The feasibility of locally available materials as component
materials for PSSDB panels are investigated. Tests on full scale panels are
conducted to determine the structural performance of these panels, and to
study the effect of connector modulus and spacings on the behaviour.

WHY THIS SYSTEM

Research by Wright et al. (1987a, 1987b, 1987c) has shown that many of the
profiles used for traditional composite slabs (profiled steel sheeting with
in-situ concrete) were capable of carrying significant loads of wet concrete,
even before the concrete hardened and composite action could take place. A
typical cold formed sheeting profile is required to carry a load of wet
concrete, tools and construction workers of around 4 kN/m? at the construction
stage. These loads are far in excess of many service loads specified for
small offices, domestic accommodation etc. Consequently, several common
profiles would appear structurally suitable for lightly loaded flooring without
much modification.

This led to the thought that the sheeting alone could be used as flooring
for these situations. The wearing surface would, of course, have to be
provided by dry boarding, which, when attached to the sheeting, enhanced
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the strength and stiffness of the system, hence the term PSSDB system.
Figure 3 shows the envisaged floor system.

dry boarding

proliled sieel sheeling

FIGURE 3. Envisaged floor éystem_

COMPONENT RESEARCH

Profiled steel sheet dryboard composite panel consists of three main
components that are available as individual item within the construction
market.

PROFILED STEEL SHEETING

Profiled steel sheets are generally used for roof, and wall claddings, which
are non-load bearing. Most of the local manufacturers of profiled stecl
sheeting produce their product to meet the above demand. However, with
the recent rapid development in the building industry, a more efficient and
fast building system such as the composite slab system (which is constructed
by casting a concrete slab on permanent formwork consisting of comrugated
steel decking) is favoured. To meet the demand for a more rigid profiled
steel sheet or structural decking, manufacturers such as BHP Steel Sdn. Bhd.
is producing locally in Malaysia its Bondek 1 and Bondek II profiles. This
study deals with idealised Bondek I profiled sheet that has ne web
indentation. Figures 4a and 4b show the original Bondek II profiled sheeting
and its idealised form respectively. Table 1 shows the characteristics of an
idealised Bondek profiled sieel sheeting.
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FIGURE 4a. Bondek II profiled steel sheeting
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FIGURE 4b. Bondek II profiled steel sheeting (idealised)

TABLE 1. Section properties/metre width

Nominal Depth of Weight of  Height to Area of Moment Moment

thickness  profile profile neutral axis steel of inertia capacity
(mm) (mm) (Kg/m?) (mm) {mm%m) (cm‘/m) (kNm/m)
1.0 54 136 14.43 1633.5 63.68 82
DRYBOARD

Various types of boards are available in the market. The two most
commonly used dryboards for the PSSDB panels are plywood and chipboard.
Blockboard may also be adopted. Cement board with its good resistant
properties to fire, weather, termite or fungus attack is also suitable for the
PSSDB floor panels. The only major drawback on cement board is its weight.
These boards come in standard sizes of 1220 mm by 2400 mm. For the
present study, 18 mm thick plywood and chipboard, and 16 mm thick
cement boards have been used. The materials properties for these boards
were tested in the laboratory and tabulated in Table 2.

TABLE 2. Material properties of dryboards

Young’s modulus (MPa) Bending strength (MPa)

Board types Prallel to  Perpendicular  Parallel to  Perpendicular
grain to grain grain to grain '
18 mm plywood 5300 9775 . 40.4 66.5
18 mm chipboard 1950 1950 114 114
16 mm cement board 5250 5250 8.4 8.4
CONNECTORS

To encourage composite action between boarding and steel sheeting,
connectors are used in PSSDB panels. These shear connectors are used for
the transfer of horizontal shear from one element to another. The study
choses simple self tapping screws as connectors which are available locally.



EXPERIMENTAL WORKS

TESTS ON CONNECTORS’ BEHAVIOUR

The qualitative behaviour of connectors with respect to the horizontal shear
will be discussed in this section. For static loading, the basic tests for the
assessment of connectors’ behaviour are the push-out tests. For the present
system, several forms of model tests were tried by Wright et al. (1989) in
order to establish the behavionr of the fasteners, As these tests gave varying
results, finally a larger compression test which resembles closely the push-
out test detailed in CP117 (1965) was developed. In this study, similar test
to that of Wright’s has been conducted. Figure 5 shows the detail arrangement
of the test.
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FIGURE 5. Push-out test of connectors

Tests are carried out for self-tap screws in chipboard, plywood and
* cement board. As the specimen is loaded, the sheeting will deform, allowing
the screws to lean and bite into the bearding. Depending on the board types,
two major modes of failure may occur here; firstly crushing of board
surrounding the connectors, and secondly, connectors’ shearing off at the
base. All tests show similar and consistent behaviour. Load-slip curves for
the determination of connectors’ modulus of the above mentioned tests have
been shown in Figure 6. Ultimate loads sustained by the specimens in these

. tests have alsc been recorded. Table 3 shows the results in detail.

" FULL SCALE PANEL TESTS

The results of the survey of components and the model testing of fasteners
were used to design a seties of tests on complete floor panels. The nine full
scale tests are detailed in Table 4.
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FIGURE 6. Load slip curves for connectors in different composite

TABLE 3. Connectors’stiffness and capacity obtained from the push-out test

Board Type Connectors’ Stiffness (kN/mm) Connectors™ Capacity (kN)
18mm Plywood 0.730 31
16mm cemboard 0.625 3.00
18mm chipboard 0.470 2.80

TABLE 4. Test specimens

Test No. Board type Connectors spacing (mm) in each rib
1,2 and 3 18 mm thick Plywood 50, 100 and 200 respectively
4,5and 6 18 mm thick Chipboard 50, 100 and 200 respectively

7,8and 9 16 mm thick Cement Board 50, 100 and 200 respectively

The behaviour observed from the above tests and measured results
could then be used to establish the performance of the system as a whole
and as a base for comparison with analytical method for predicting the
behaviour. The loading system was designed to produce a uniform line
load along the mid-width of the panels. Load cell and hydraulic hand
pump were used for the loading purpose. Deflections at mid and quarter
span of the specimens were measured using transducers. Figure 7 shows
the typical test arrangement.

All the transducers and load cell were connected to a data logger. The
load and the corresponding mid-span/mid-width deflection measurements
taken from the tests were then used to obtain stiffness values for the panels.



FIGURE 7. Typical arrangement of full scale panel test

ANALYSIS OF THE SYSTEM

The increase in flexibility of the composite system in comparison to that of
the sheeting alone was investigated using more accurate analytical methods
that include the flexibility of the connection medium in predicting stiffness.
Two different approaches, namely classical partial interaction analysis, and
folded plate method of analysis have been considered to predict the behaviour
of the composite PSSDB panels.

Newmark et al. (1951) derived and solved the differential equations
governing the behaviour of two elastic beam clements connected
longitudinally by linearly elastic connection as shown in Figure 7. The final
expression for the stiffness of a simply supported beam of this type is given
below. The derivation leading to this final expression is given in detail in
another reference (Ehsan Ahmed 1996).
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where

! = span of the beam

§ = spacing of the connector

z = distance between centroids of two individual beam element

D = orthotropic flexural rigidity of composite section associated

with bending
k = cbtmnector modulus from push out test
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EEI = Eyly +El;; El =EEI+EAZ%; —== b e ¥ ¢ .
EqA; EpAp S EASEl’
A ,and A, = areas of the board and steel section respectively.
E, and E, = modulus of elasticities of board and steel respectively.
I, and I, = second moment of areas of board and steel section

respectively.

The second approach which utilises the orthotropic folded plate elasticity
method developed by Wan Hamidon (1994) has been programmed into a
mainframe computer. The approach is an extension from the original work
by Goldberg and Leve (1957) which employs classical two-way elasticity
theory for the determination of membrane stresses, and two-way slab theory
for the determination of bending and twisting of the slabs for prismatic
isotropic folded plate structures. Wan Hamidon extended this original
theory to deal with orthotropic plate problems. The theoretical development
is reported in detail in another publication (Wan Hamidon 1994). The
method greatly simplifies the analysis of large and complex structures
involving orthotropic plates such as in the case of the PSSDB system which
is geometrically orthotropic in nature. In this approach, the geometrically
orthotropic profiled steel sheeting is converted into equivalent orthotropic
plates having uniform thickness, thus simplifying the solution to the complex
original structure.

This paper focusses on the first approach by Ehsan Ahmed (1996) to
provide theoretical results for comparison with experimental results. The
second approach by Wan Hamidon is described in greater depth in other
references (Wan Hamidon 1994). Both approaches would lead to similar
results.

RESULTS AND DISCUSSION FOR THE FULL SCALE TESTS

From the results obtained experimentally, all tests conducted are exhibiting
similar load-deflection characteristic. Typical load-deflection curves shown
in Figure 9 taken from Tests 2, 5 and 8 show that the initial load-deflection
response is linear and elastic, and this elastic response continued until just
before failure. The final failure occured when the upper flanges of the steel
sheeting buckled.

/- N.A of drybourd

(o) Cross—section (b) Internal Forces (¢) Stroin Disiribution

FIGURE 8. Composite beam with imperfect interaction
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FIGURE 9. Load deflection turves for composite
panels using Bondek and various dryboard

Comparison of the load-deflection curves shown in Figures 10a, 10b,
and 10c for the selected tests mentioned above shows that the theoretical
classical partial interaction analysis (Ehsan Ahmed 1996) predicted within
reasonable accuracy deflections obtained from the experiment.

A summary of the stiffness values for all tests from the experiment
together with the theoretical partial (Ehsan Ahmed 1996), and full composite
(calculated based on all equivalent steel section) values is shown in Table 5.
If the connection between the boarding and steel sheeting had been infinitely
stiff, due to either a very stiff connector modulus, or 2 very closely spaced
connectors, a full connection would occur between the two layers.

By varying the spacing of connectors, as shown in the tests tabulated in

_Table 5, the effect of the connectors’ spacing can be studied. Table 5 shows
that for connectors with 50 mm spacing, the fully composite stiffness values
are on average 33% higher than those of the experiment, and, for connectors
with 100 mm and 200 mm spacing, the fully composite stiffness values are
on average 66% and 92% higher than those of the experiment respectively.
This indicates that the 50 mm connector spacing is near to producing a fully
composite section, whilst the 100 mm and 200 mm connector spacing are
producing more flexible, partial interaction sections. The stiffness of the
steel sheeting alone that has been calculated using the elastic section
properties is 133 kNm?/m. It can be shown from Table 5 that the experimental
stiffness of the panel achieved is as high as 61% of the steel sheeting alone.
This indicates that the connection between board and steel sheet has a
profound effect on the system’s stiffness.



/
T
g —o-Theory ,/

24

[ <&
0 3 10 15 20 ) 30 36 @0 45
Duftection (wwn}

FIGURE 10a. Load deflection curves for PSSDB
panels using Bondek-plywood composite
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FIGURE 10b. Load deflection curves for PSSDB
panels using Bondek-chipboard composite
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FIGURE 10c. Load deflection curves for PSSDB

panels using Bondek-cemboard composite

TABLE 5. Comparative study of the test results

Test No. Connector Experimental Ehsan Ahmed Fully % Difference in
(refer to Spacing  Stiffness (EI) (1996) Composite Results between
Table 4) (mm) Theoretical Stiffness  Experiment

Stiffness (EI) (EI) (Column 3) and
Theory (Column 4)

1 50 209 152 312 213

2 100 168 144 312 14.1

3 200 141 141 312 04

4 50 180 144 210 199

5 100 150 140 210 6.8

6 200 138 137 210 0.5

7 50 215 148 288 310

8 100 166 . 142 288 14.3

9 200 142 139 288 22

Note: EI in KkNm¥m

It is observed from Table 5 that for tests having wider connector
spacing, i.e. for spacings of 100 mm and 200 mm, theoretical stiffness
values are close to the experimental values, i.e. within a range of 0.4% to
15%. On the other hand, for tests having much closer connector spacing, i.e
the 50 mm spacing, theoretical values show greater deviations compared
with experimental values.
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The higher difference in results for tests having:50 mm connector spacing
are due to reasons that will be described in this paragraph. The connectors’
modulus used in the theory which have been determined from push-out tests
are not actually representing the actual connectors’ behaviour. In the full scale
panel bending tests, the connectors show improved behaviour than the axially
loaded push-out test results. This is owing to the interface friction between
the board and steel sheeting counteracting the deflections of the panels in the
full scale tests when subjected to downward external loading perpendicular to
the major axis. The connectors’ moduli determined from the push out tests
used by the theory do not take into account this additional restraint afforded
by the board. This phenomena resulted in higher stiffness values, and less
deflections in the full scale bending tests. Obviously, the effect of interface
friction will be more for panels with closer spacing of screws as have been
observed in this research. This can be clearly seen from the test results where
panels using larger spacing of connectors produced results more close to the
theory than panels having less spaced connectors.

The above phenomena can be further justified by comparing the
deviations from theoretical results for Bondek-Cemboard panels with results
obtained from Bondek-Plywood panels. Results obtained from Bondek-
Cemboard panels show greater differences as compared to Bondek-Plywood
panels. These differences are due to the surface roughness of Cemboard
which is rougher than that of plywood, hence producing more friction at the
interface of the composite panels.

Figure 11 shows the results of this study in graphical form. The
vertical axis denotes the experimental stiffness values, and the horizontal
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FIGURE 11. Experimental”stiffness vs theoretical
stiffness
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axis shows the corresponding theoretical values. It can be seen from
this figure that although there is some scatter of results, the analysis
gives conservative estimates which is up to 15% greater than the
experimental values for practical spacing of connectors of 100 mm or
more. Connector spacing of 50 mm, even though is giving up to 31%
higher theoretical stiffness values than experimental values, is considered
to be unpractical and uneconomical, hence is not recommended in
designing PSSDB floor panels. .

Figures 12a, 12b, and 12¢ show the effect of connector spacing on
stiffness values for various composite sections. The effect of connector
spacing on stiffness can be evaluated by percentage interaction, which can
be obtained from the expression below:-

(test stiffness - steel sheet stiffness)
% interaction =

(full composite stiffness - steel sheet stiffness)

Table 6 shows the percentage interaction achieved with 50 mm, 100 mm and
200 mm connector spacings for different types of composite sections.

It can be concluded from Table 6 and curves shown in Figures 12a, 12b
and 12c, that closer connector spacing very clearly improve the stiffness of
the composite floor system.
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TABLE 6. Percentage interaction achieved with various connector spacing

Composite ‘ Connector spacing
R
e 50 mm 100 mm 200 mm
Plywood Bondek Composite 42.5% 16.2% 4.5%
Cement Board Bondek Composite 52.9% 21.3% 5.8%
Chipboard Bondek Composiie 61.0% 22.1% 6.5%
CONCLUSION

This paper has described in detail the bending stiffness along the major axis
of an innovative composite panel, namely the PSSDB panel. It has been
shown in this study that connector modulus and spacing play major roles in
influencing the stiffness of such composite panels. Therefore suitable choice
of connector and® spacing is important in determining the stiffness of these
panels. The partial interaction approach developed by the authors can safely
be used to design composite PSSDB floor panels along the major axis of
bending. This theoretical approach has been shown to be giving acceptable
conservative values for stiffness.

The potential of this new system in replacing the traditional systems
looks promising. Not only is the system structurally sound, it has other
added advantages such as being lightweight, easily transportable and easily
assembled by semi-skilled labour.
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