made it harder for the impeller to move away {rom its equilibrium under disturbances.

The theoretical analysis of the relationship between the dynamic characteristics of the hydraulic
bearing, the tangential fluid velocity and the flow rate suggests that as velocity increased, the
dynamic coefficients of the system increased as its squared function, And the dynamic coetficients,
increase linearly with respect to the flow rate increase. Hence, the velocity has a greater influence
on the dynamic coefficients of the impeller-bearing-housing system than the pump flow rate.

Since the square of natural frequency of the impeller-bearing-housing system is proportional to the
stiffness coefficient, it becomes higher when the flow rate increases and/or the pump speed
increases. This is demonstrated from the obtained results given in Table 2. The obtained damping
ratio of the system, shown the Table 2, also increases significantly when the flow rate and/or the
pump speed increases. The significant increase of the damping coefficient means that the impeller
would be stabilised quickly and efficiently under disturbances.

5. CONCLUSIONS

The dynamic characteristics of the impeller-hydrodynamic bearing-housing were determined
experimentally under three pump speeds and three flow rates. A vertical external impulse force was
applied to the pump housing mounted on a specially designed test platform, which caused the
impeller to be displaced from its dynamic equilibrium. The Hall Effect sensors were developed to
measure the displacement of the impeller. Values for natural frequency, damping ratio, stiffness
coefficient and damping coefficient were identified from the measurements of displacement of the
impeller relative to the pump housing. These values increased as flow rate and pump speed
increased, indicating that the dynamic stability of the bearing increased with the changing
conditions. However, pump speed had a greater influence on the values than flow rate, which was
evident through dynamic analysis. It is fair to conclude that the impeller-bearing-housing system is
dynamically stable within the specified operational range.
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ABSTRACT

In Australia wood plays a major role in the building industry. Stressed-skin panels (SSP) can create
new opportunities for use of timber in multi-storey residential, industrial, commercial and public
buildings. To achieve this, SSP elements need to be designed with reliability. This research aims to
obtain a better understanding of SSP floor systems. The investigation focuses on load/stress
distribution in SSP, and on the composite characteristics of SSP.

This paper gives an overview of the investigations undertaken to date whereby the laboratory
testing has just been completed. Analysis of key data of the tests and preliminary analysis has
shown that the serviceability, ultirnate resistance, load/stress distributions and composite
characteristics have matched the theoretical assumptions. This paper focuses on the ultimate
responses of SSP specimens.

1. INTRODUCTION

A study on lightweight floor systems with focus on the material used, the construction techniques
and the structural responses was completed in 2002 in Switzerland!'!. In this project groups of floor
systems, based on structural performance, were defined and design aids were created. In addition
this study highlighted that research was needed on issues such as reliability of the design model,
prediction of the long~-term behaviour and load/stress distribution.

The Swiss project formed the groundwork of the first author's PhD research that aims to obtain a
better understanding of the serviceability and ultimate resistance of floor systems built with
stressed-skin panel (SSP) technology. In both the Swiss and Australian projects, industry partners
have been involved. Such collaboration has had significant impacts on the research progress.
However it increases the applicability of the findings of both projects.

2. SSP TECHNOLOGY

Wood floor systems are generally built with joists and superimposed layers. In conventional floors
the joists and the panels are connected with mechanical fasteners such as nails or screws. Such
connections have a low stiffness and limit the contribution to resisting loads and the material
strength properties of the superimposed panels cannot be fully used. To obtain SSP composites the
skin-to-joist connections are realised by nail-gluing or screw-gluing techniques®®! i.e. combinations
of mechanical fasteners and structural adhesives such as defined by AS/NZS 4364:19965, This
gives a high stiffness to the assemblies and improves the load/stress distribution ie. the
superimposed panels work as membranes enhancing their contribution to the composite and the use
of their material strength properties (Table 1).

SSP composites that can be built with wood and non-wood products" ™I} meet the requirements of
multi-storey, industry, commercial and public buildings. When engineered wood products are used,
reliable structural characteristics and a high dimensional stability are achieved. Floors erected with
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SSP elements provide an excellent horizontal stabilisation to the comstruction. SSP systems also
offer architectural benefits such as longer span, low profile and quality finish. Finally they allow a
high degree of prefabrication hence the time on site erection is potentially shortened.

Table 1: comparison of wood floor systems

Conventional | Stressed-skin
{loor systems | panels (SSP)
Skin-ta-joist Non-
connection structural

Structural

Composite
characteristic of floor None Yes
structure
Stiffhess of floor Py
structure

Load/stress
distribution in tloor — +

. . . stricture
Figure 1: SSP floor clement = skin-to-joist Ultirmate resistance of

connection floor structure

Construction
parameters

Structural
responses

3. STATE OF THE ART OF SSP TECHNOLOGY

Tn Australia the current edition of AS 1720.1-19971%! permits SSP composites but does not give any
specific design method as such for SSP constructions. For this research, because of this absence of
guidelines in AS 1720.1-1997, EuroCode 5 U1 (ECS) specifications have been adopted to predict the
behavioural responses of SSP elements.

3.1 Composite Characteristics

SSP elements can be either two- or three-component composites. The joists are the central parts to
which the skins or portions of them participate. EC5 specifies that the tributary width is related to
the span of the floor, the material, thickness and compressive buckling propensity of the panel
(Table 2). Two different calculi are imposed on SSP elements i.e. considering side and intermediary
composite segments of SSP elements. Finally the characteristic values of SSP composite section are
calculated by following the rules of conventional statics,

Table 2: estimation of the tributary width of the skin "

flange material shear lag buckling plate
plywood (ref.: grain direction of outer plies):

parallel to the joists 0.1/ 25 bt
perpendicular to the joists 0.11 20 by
oriented strand board (OSB) 0.15¢ 25 by
particleboard or fibreboard with random fibre orientation 0.21 30 hy

Notes: /: span, hy thickness of skin

3.2 Siress Verification

Stress verifications are imposed on every structural member of the SSP composite. As membranes
the skins are verified with respect to bending and normal stresses. The joists work as bended
elements and are checked as such. To end with shear stress is checked, since this action is
particularly relevant to the skin-to-joist connections and thus the integrity of the bond.

4. SCOPE OF PHD RESEARCH

The PhD research has involved an extensive study on SSP technology. It specially focuses on the
load/stress distribution in SSP and the composite characteristics of SSP. The project has been
divided into three major stages:
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1. Consideration of analytical models and design methods:
- definition of the states of the art of SSP technology with focus on Australian and Swiss
building practises.
- definition of theoretical models and design methods of SSP.

2. Laboratory investigations to define the serviceable (stiffness, stress/load distribution) and
ultimate responses of full-scale SSP elements with different boundary conditions:
- verification and legitimisation of the validity of the design model that had been adopted.
> collection of relevant data for the development of an FE-model that has been calibrated
using experimental data and the finalisation of the design recommendations (at the time of
writing (June 2004), the laboratory investigations were bemg completed at UTS).

3. FElaboration of design aids:
= development of empirical FE-model.
= definition of design recommendations.

5. THEORETICAL ASSUMPTIONS

5.1 Behavioural Assumption of the Skin

The stress distribution in the skin is significant
as it determines the magnitude of the tributary
width of the panel. Raadschelders & Blass!™
proposed that the stress distribution in the skin
can be described by a geometric function
defined by the orthotropic properties of the
wood panel i.e. punching loads applied on the
skin is distributed to the joists as mdicated in
Figure 2.

Figure 2: stress distribution in skin

5.2 Failure Assumption of SSP Composites

Wood is generally regarded as a brittle material. However complex wood composites can have a
ductile modulus of rupture. Brunner et al.™! proposed that when the tensile side possesses an
enhanced tensile strength — with or without reinforcement — ductility occurs. Such moduli of
rupture can be expected with SSP composite, particularly with box-sections.

The full-scale SSP specimens have been built with I-joists with plywood web. Thus shear failures in
the web can induce non-linear moduli of rupture.

6. INVESTIGATION ON FULL-SCALE SSP

The Iaboratory experiments on full-scale SSP represent a comprehensive and methodical
investigation of 26 specimens under different point and line load locations with different boundary
conditions. The aim has been to obtain a complete set of data with respect to behavioural responses
of SSP composites such as serviceability, load/stress distribution, composite characteristics and
ultimate resistance. The data collected from the laboratory test will as well be used to calibrate a
FE-mode] and to define design recommendations.

6.1 Research Flan — Specimen Parameters

The variable parameters of materials and dimensions were defined according to the Australian
construction standards used for floor systems, and with the aimm to make use of performing
engineered wood products. SSP test specimens were built with 200mm and 356mm I-joists to
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address the domestic housing sector and the industry, commercial and public buildings respectively.

Combining the different specimen parameters has given a total of 14 series (26 specimens). In four
of these series, testing on three replicate specimens has been carried out. This has enabled the
quantification of the response variability and enhanced the reliability of the laboratory

investigation.
The research plan was designed varying the 3D-view of SSP elements
following parameters; {all dimensions in mm}

1. Cross-sections of SSP specimens (Figure 3).
2. Enginecered wood products of the structural

members: ( o h -
: Py T eross-seciion {200 ox cross-section (-
: = 200 & 356mm I-joist
| »  plywood | I I 1 1% I ﬁ l %
* particleboard _ me | oae [0
»  opented strand board (OSB) box cross-section {+200) | 120 \
3. Adhesives of the skin-to-joist connections: m gg

» rubber basis adhesive (RBA)
» polyurethane (PUR)

Figure 3: full-scale SSP specimens
L 6.2 Boundary Conditions

6.2.1 Integrity of SSP element — alteration

The alteration is designed to study the consequences of discontinuous skin(s) caused by the
inclusion of or as a result of misconstruction, For this investigation the skin was cut perpendicularly
to the joists in the zone of the maximum bending moment (150mm from mid-span} in both, the
tensile and compressive areas.

6.2.2 Support conditions — buckling restraint

Restraining lateral buckling of the joists at the supports is assumed to have a stabilising effect and
thus influences on the serviceability and uitimate responses of SSP elements. However the extent
and characteristics of this phenomenon is not well understood.

The buckling was restrained by nailing a plywood board at each end of the specimen. In addition, in
order to identify the effects of the restrain, four strain gauges were placed on the skins at the
supports.

6.3 Testing Infrastructure

The tests have been carried out in a testing rig that allowed the set-up of various loading
configurations (Figure 4). In order to collect the data defined by the scope of research the
specimens have been instrumented with numerous apparatus such as load cells (LC), deflection
measurement devices (L. DVT} and strain gauges (SG) (Figure 5).

_,\
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Figure 4: SSP floor element in testing rig

Figure 5: mstrumentation of specimen

7. RESEARCH RESULTS

7.1 Discussion on the Modulus of Rupture

Wood structures are highly expected to present brittle failures i.e. tensile ruptures of I-joist flanges
and/or skin. As presented in the theoretical assumptions, some non-linearity and apparent ductility
may ocour because of the shear failure of the I-joist web and/or of wood plasticity in compression.

Although the investigation has not yet been completed, both types of the moduli of rupture (MOR)
have been observed thus confirming the theoretical assumptions. Preliminary analysis of the
specimen built with 200mm I-joist has shown that from the 16 elements tested to ultimate
resistance, 14 presented a non-linear MOR. Both of the brittle MORs were due to the exceeding of
the tensile strength of I-joist flanges and happened in the maximum bending moment zone. Non-
linearity was predominantly caused by shear failures of I-joist webs and occurred in the maximum
shear area.

Figure 6 shows the graph of a brittle MOR. The rupture was located at a knot running across the
tenstle flange of an [-joist inside the maximum bending moment area (Figure 7).

MOR graph Ct2-02

toad) In kN

u S 0 15 n 25 3 s
deflection i mm

Figure 6: brittle MOR {failure of I-joist flange) Figure 7: tensile failure of I-joist flange
Figure 8 illustrates a non-linear MOR.. In that case the I-joist web experienced severe shear damage

inside the maximuin shear zone (Figure 9}, Eventually the specimen totally collapsed as the tensile
flange of an I-joist failed within the maximum bending moment area (Figure 9).
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MOR graph C05-01

load o kN

o 10 20 30 40 B 3]
deflection in mm

Figure 9: shear failure of I-joist web (left) &
web) tensile failure of I-joist flange (right)

Figure 8: non-linear MOR {failure of I-joist

7.2 Boundary Conditions

7.2.1 Integrity of SSP element — effect of alteration

Skin discontinuities cause noticeable losses of stiffness and must be avoided. This emphasises that
for SSP composites the quality of the manufacturing and the splicing of the skin are very important
and must be carefully controlled. With respect to the ultimate resistance of SSP composites, the
alteration had no significant impact i.e. differences between complete and altered specimens were
marginal.

7.2.2 Support conditions — effect of buckling restraint

Restraining buckling at the supports gave better stability to the SSP element and eventually
improved load/stress distributions was attained. However, because of the configuration of the
ultimate test i.e. symmetrical loading, the effect of restraining buckling on ultimate resistance has
not been significant.

7.3 Cenclusion on MOR

The laboratory tesults presented in this paper are based on observations of the experiments and
preliminary analyses of MOR tests. The service and ultimate responses i.e. occurrence of brittle and
non-linear failures have matched the theoretical assumptions. However it is premature at this stage
to draw final conclusions. During the second half of 2004 extensive analyses of the test data and
modelling will be undertaken to finalise the project.

8. CONCLUSIONS

Overviews of research into SSP elements, which form the core of the PhD thesis of the first author,
have been presented in this paper. With its magnitude and from the results analysed to date, this
research increases the understanding of SSP systems with respect to serviceability and ultimate

capacity.

SSP technology possesses many advantages for the building industry. However, significant efforts
will be required to educate carpenters and builders to achieve a 'problem-free' implementation. It is
also essential for the industry to capitalise on the results of research projects such as this one. It will
be important to develop appropriate design and installation aids based on these resulis to promote
the benefits of such systems and to encourage the use of SSP systems in the building industry.
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