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ABSTRACT

Stressed skin panels (SSPs) offer enhanced reliability and load-bearing capacity,
potentially generating new opportunities for the use of timber in multi-storey residential,
industrial, commercial and public buildings. However, in Australia, the design code for
timber structures, AS 1720.1—-1997 (Australian StandardTM 1997), does not make the
most of the structural capabilities of this technology. In order to address this
shortcoming, a major research project commenced in 2002 at the University of
Technology, Sydney to investigate and quantify the structural performance of SSPs.
This thesis details the research processes and outcomes from investigating the structural
behaviours of SSP constructions. The project, which has emphasised that the sheathing
and joists of SSP assemblies act compositely together, provides design
recommendations that will ensure the safe and efficient design of SSP structures.

This PhD project focuses on the short-term behaviour of SSP structures
subjected to quasi-static loading of serviceability and ultimate regime. The full-scale
specimens are subjected to third-point loading (two uniformly distributed line loads)
and centre-point loading (single uniformly distributed line load and concentrated point
load). Effects of changing the physical integrity (skin discontinuities) and the boundary
conditions (buckling restraint at the support) of the specimen are investigated. On the
other hand, the long-term behaviour and specimen responses to and effects of in-plane
loading, dynamic excitation, cyclic loading and loading history are outside the scope of
this PhD research. Investigating multiple-span SSP systems and installing blockings
inside the span are also excluded.

The experimental work involves full-scale testing of 27 simply supported
single-span specimens, constructed in a variety of configurations and subjected to a
series of non-destructive and destructive tests. This testing program enables the
identification of the serviceability and ultimate responses, quantification of the two-way
action, and characterising of the composite properties of SSP systems. It also permits
quantification of the effects of discontinuing the skin and restraining buckling at the
supports.

Two numerical models are developed within the framework of this project, that
is, a mathematical procedure is derived from grillage theory and a finite element model
is assembled using ANSYS software. Both models are capable of accurately predicting
the serviceability responses of SSP structures.
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This project puts forward design recommendations, culminating in the outline
of a proposal to amend the Australian code for the design of timber structures (AS
1720). The current edition of this code, AS 1720.1-1997 (Australian Standard™ 1997),
provides incomplete guidelines for the design of SSP systems. The recommendations
offer Australian engineers a thorough and reliable design procedure for SSP systems.
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FOREWORD

The author acknowledges the comments of the examiners. In general, only minor
clarification and textual amendments have been required. Therefore, the thesis content,
including the design recommendations and substantive conclusions, has not been
affected by this editorial work.

The final thesis has been organised into two parts — Part 1: Review, modelling
and design, and Part 2: Experimental work — in order to facilitate the legibility and
accessibility of its content. Part 1 presents the literature and SSP technology review, the
development and validation of two numerical models, and the design recommendations.
Part 2 focuses on the laboratory investigation, introducing the testing program and
presenting/discussing the test results. This organisational change required
accommodating the introduction and conclusions of both parts.

A number of the examiners’ comments address aspects/issues which are
outside of the scope of the PhD project. The author, while appreciating the value of
these comments, has been aware of most of these aspects/issues and, in the thesis, has
proposed future work to address them.
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1 INTRODUCTION

In the late 1940s Whittemore remarked: “There appears to be a great need for
application of sound engineering principles to the development of new construction
having just the necessary strength with which to use material efficiently.” (in: National
Bureau of Standards 1948). About 30 years later, Vanderbilt et al. (1974) stated that
wood design did not benefit from the state-of-the-art design methods available for other
building materials, such as steel and reinforced concrete.

Where are we about 30 years later? The introduction of Eurocode 5 (European
Committee for Standardisation 1995) in Europe — to which many European countries
have adapted their national code — arguably constitutes respectable progress. On the
other side of the Atlantic, the availability of the “Standard for Load and Resistance
Factor Design (American Society of Civil Engineers 1996) represents another step
toward more efficient and economic design of wood construction. However, the
emergence of new grading techniques and engineered wood products, and the progress
in adhesive technology — all of which provide greater reliability and load-bearing
capability — demand an evolution in design practices. This is particularly the case for
complex structures, such as stressed-skin panels (SSPs) and other composite
constructions.

The focus of this PhD research, which commenced at the University of Technology,
Sydney in 2002, is the load responses of SSP systems. This project is a logical
continuation of a previous investigation performed by the author (Gerber & Sigrist
2002), which involved characterising and categorising the performances of floor

systems according to Swiss practices. In the course of this Swiss investigation, research
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needs were identified in areas such the reliability of the design model, the load/stress
distribution and the long-term behaviour of SSP structures. It also highlighted the need
for thorough and user-friendly design aids for engineers and builders alike. This PhD
research attempts to address some of these.

Timber is a very versatile and competitive building material and, in Australia, it
plays a major role in building, mostly in individual housing. Therefore, SSP systems
have a sound potential and/or can create new opportunities for the use of timber in
multi-storey residential, industrial, commercial and public buildings. This perspective
has resulted in several Australian industries from the timber sector supplying wood
products and materials for the laboratory study. Favouring the implementation of SSP
system in Australia 1s also essential to this PhD project. In order to achieve this,
comprehensive and reliable design guidelines need to be outlined for SSP systems
considering the Australian context.

The PhD project involves full-scale testing of 27 specimens, constructed in a
variety of configurations and subjected to a comprehensive range of static non-
destructive and destructive load situations, which have enabled identification of the SSP
specimens’ serviceability and ultimate responses. Numerical procedures capable of
predicting/simulating the behaviours of SSP systems are also developed, including a
mathematical procedure and a finite element model. The first, which is derived from
grillage theory, provides the basis for a protocol using MATLAB software (The
MathWorks Inc. 2005). The second is developed using ANSYS software (ANSYS Inc.
2005).

1.1 OBJECTIVES

The principal objective of this project is to investigate the structural behaviour of SSP
systems, with a view to developing and validating a practical design procedure for
Australia.

The specific objectives are to:

1. Characterise the construction parameters of SSP systems such as the interlayers
— skin-to-joist connections — and skin splicing. This includes quantifying the strength
and slip modulus of bonded interfaces manufactured in a variety of configurations (refer

to Chapter 2 in Part 2).
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2. Investigate the structural behaviour of “full-scale” SSP elements. This
experimental work consists of subjecting test specimens to a comprehensive range of
quasi-static non-destructive loadings, and in some instances to quasi-static ultimate
loading. The research program of this laboratory investigation is presented in Chapter 3
in Part 2.
3. Analyse and interpret the structural behaviour of the specimens. This
comprises the quantification and characterisation of the effects of changing the
specimen state, such as discontinuing the skin(s) (damage state) and/or restraining
buckling at the support (restrained state). The following behavioural phenomena are
examined:
e Linear-elastic properties, including the definition of the limit of linear-elasticity
— load versus displacement and load versus strain characteristics (in Chapter 4
in Part 2);

e Characteristics of the two-way action — lateral load distribution (in Chapter 5 in
Part 2);

e Properties of the composite action — characteristics of the strain distribution
over the depth of the section (in Chapter 6 in Part 2);

e Characteristics of the strain distribution in the skins at mid-span and the

supports (in Chapter 6 in Part 2).

4. Develop and verify predictive models for simply-supported SSP systems using
mathematical (refer to Chapter 5 in Part 1) and finite element (refer to Chapter 6 in Part
1) approaches. These models also accommodate changes to the specimen state, such as
discontinuing the skin(s) (damage state) and/or restraining buckling at the support
(restrained state).

5. Formulate design recommendations for SSP technology in the form of a

proposal for a design procedure in Australia (refer to Chapter 7 in Part 1).

1.2 RESEARCH METHODOLOGY

In order to develop a thorough understanding of SSP technology, this project adopts the
following research methodology.
A literature review summarises the development of SSP systems, and analyses

existing modelling techniques for wood joist floors and/or SSP systems. In addition, a
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comparative analysis between conventional wood joist floors and SSP constructions is
conducted and the benefits of SSP structures over conventional wood joist systems are
detailed. The literature review also examines design procedures for SSP systems,
particularly techniques for estimating the tributary width of the skin(s).

The characterisation of SSP parameters, such as the interlayers and the skin
splicing, is conducted, because of the lack of directives for the design — fabrication and
structural properties — in the literature. These two investigations permit the
identification of the structural responses and characterisation of both assemblies.
Furthermore, the performance of two adhesives — a rubber-based adhesive and a one-
component polyurethane — with Australian softwood (Pinus Radiata) are assessed.

The experimental work investigates the responses of 27 full-scale specimens to a
comprehensive range of static non-destructive loadings, and in some instances to static
ultimate loading. The outcomes of this testing program permit the quantification and
qualification of serviceability behaviour, load distribution and the composite properties
of SSP structures.

Two numerical procedures are developed. A mathematical model, derived from
the grillage theory, is based on small displacement theory for linear structural systems,
in which the principle of superposition holds. A second model, based on finite element
analysis, is developed using ANSYS software. Both models are calibrated/verified with
the data acquired from the experimental work.

A set of design recommendations synthesises the outcomes of the project,
outlining a design procedure for Australian engineers.

NOTE: the literature review (reviews of SSP technology and design), the numerical
procedures (grillage and finite element models) and the design recommendations are
presented in Part 1 of the thesis, while the experimental work, including the
investigation of SSP parameters and of full-scale SSP specimens, is presented in Part 2

of the thesis.

1.3 SCOPE

This PhD research focuses on the short-term behaviour of SSP structures to quasi-static
loading, including the serviceability and ultimate loading regimes. Full-scale specimens,
which are simply supported and single-span, are subjected to third-point loading and

centre-point loading. Construction parameters, in particular the interlayers and skin
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splicing, are characterised. Effects of changing the physical integrity — inflicting
discontinuity on the skin(s) near mid-span -- and the boundary conditions of the
specimen — restraining buckling at the supports — are also investigated.

On the other hand, the long-term behaviour and specimen responses to and effects
of in-plane loading, dynamic excitation, cyclic loading and loading history are outside
the scope of this PhD research. Investigating multiple-span SSP systems and installing

blockings inside the span are also excluded.

1.4 SIGNIFICANCE

The benefits of composite structures — enhanced reliability and load-bearing capacity —
make them attractive to engineers. For this reason, SSP systems have the potential to
generate new opportunities for the use of timber in multi-storey residential, industrial,
commercial and public buildings. In Australia, the design code for timber structures, AS
1720.1-1997 (Australian Standard™ 1997), provides incomplete design guidelines that
may curb the potential of SSP constructions. This PhD research, which contributes
towards a better understanding of the responses of SSP to working loading, will develop
a thorough design procedure and propose an amendment for future editions of AS 1720.

Two analytical models are also proposed. Both models compute/simulate the
behavioural responses of SSP systems to service loading. They therefore offer efficient
simulative aids for developing SSP solutions, whilst minimising the need for costly

experiments.

1.5 ORGANISATION OF THESIS

Because of the magnitude of the project — laboratory investigation and modelling work
—and in order to facilitate the accessibility to the two main thematics of the research,
this thesis is organised into two parts. The first part of the thesis — Part 1: Review,
modelling and design — treats the aspects of the literature and technology reviews of
SSP technology, the developments of a mathematical procedure derived from grillage
theory and a finite element model assembled using ANSYS software, and the outline of
design recommendations proposed for the Australian design code of timber structures
(AS 1720). The second part of the thesis — Part 2: Experimental work — deals with the
aspects of the laboratory experiments and the analysis of the test data of SSP full-scale

specimens, enabling the identification of the serviceability and ultimate responses,
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quantification of the two-way action, and characterisation of the composite properties of

SSP systems.

1.5.1 Organisation of Part 1 of the thesis

The organisation of part one of the thesis — Part 1: Review, modelling and design —

is as follows:

Chapter 2 reviews the construction of lightweight wood floor systems. Composite
and two-way actions exhibited in these systems are also discussed. This chapter also
addresses the interlayers between the joists and the panels directly attached to them. The
chapter finishes with a review of existing techniques to model wood floor systems.

Chapter 3 compares conventional wood joist floor and SSP technology, with a
view to positioning SSP constructions within the family of lightweight wood floor
systems. The benefits of SSP systems are also discussed in detail.

Chapter 4 presents a design procedure for estimating section properties of SSP
decks, based on a review of existing standards and codes from outside Australia. In
particular, the different techniques for approximating the tributary width of the skin(s)
are discussed. Ultimate and serviceability limit state requirements are also detailed.

Chapter 5 presents a mathematical model to predict the deflection of the SSP
specimens based on grillage theory, for which an automated solution protocol is
assembled using MATLAB software (The MathWorks Inc. 2005). Measurements from
the experimental work are used as benchmark solutions for the parameterisation and
verification of the model.

Chapter 6 introduces a finite element model (FEM), which simulates the behaviour
of the full-scale specimens using ANSYS software (ANSYS Inc. 2003, 2004, 2005).
Measurements from the experimental work are used as benchmark solutions for the
parameterisation and verification of the FEM.

Chapter 7 synthesises the key outcomes of the PhD project into design
recommendations. It outlines an amendment proposal for the current edition of the
Australian design code for timber structures, AS 1720.1-1997 (Australian Standard™
1997).

The list of references and bibliography, and the appendices are located at the end of
Part 2 of the thesis.

Page 7



1 Introduction

The list of references and bibliography, and the appendices are located at the end of
Part 2 of the thesis.
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2 REVIEW OF THE LITERATURE

Wood is a very versatile and competitive building material and is frequently used in
floor systems. Among them, wood joist floors are a prominent technique and are used
worldwide. This type of floor construction corresponds to a light frame structure, which
comprises joists and superimposed layers. The latter have structural and/or functional
(insulating, acoustic, aesthetic, etc.) roles. Wood joist floor systems can have a broad
range of constructions and meet a large variety of requirements; for example, from
Spartan constructions — joists associated with a single layer — to intricate assemblages —
series of layers and/or fixtures arranged on one or both sides of the joists. However,
each floor construction must fulfil a range of well-defined duties. The NAHB Research
Center Inc. (2000) described that the tasks or purposes of floor systems are to support
dead and live loads, to resist lateral loads and transfer them to the bearing walls, to offer
suitable subsurface(s) for floor and/or ceiling finishes, to satisfy the users’ expectancies
(serviceability), to have adequate thermal insulation level, and to provide a fire barrier
with sufficient resistance.

Wood joist floor systems may a priori look simple and straightforward. However,
they are very complex and highly redundant, and interactions should be expected. Floor
design differs from the simple beam theory (SBT) because of the occurrence of
composite action between the joists and the panelling (also referred to in this thesis as
sheathing) and the load distribution ability of the latter. Current practice for wood joist
tfloor design does not always reflect this complexity. Furthermore, floors can also be
expensive to test and/or require complicated analysis, which may make them expensive

to simulate (Bulleit & Vacca 1988).

Page 10



2 Review of the literature

The review presented in this chapter aims to discuss works undertaken in
connection with wood joist floor systems. It starts with fundamentals about wood joist
floors and discusses ways of representing/approaching the construction of the floor
systems. A section of this chapter focuses on the interfaces (also referred to in this thesis
as interlayer) between the joists and the panels (directly) attached to them. This
connection corresponds to a key parameter in wood joist floor constructions. The
composite and two-way actions are then introduced and discussed. Next, researches on
and models of wood joist floors are reviewed. This chapter finishes with a reliability

consideration of wood joist floor systems.

21 LIGHTWEIGHT WOOD FLOOR SYSTEMS

Light-frame wood constructions including joist floor systems are generally built with
multiple parallel framing members to which superimposed layers (sheathing) may be
attached (Moody & McCutcheon 1984). Wood joist floors may also be described as
horizontal structural systems composed primarily of sheathing, joists and girders
(NAHB Research Center Inc. 2000). The concept of lightweight floors may appear
simplistic. Actually they are extremely complex, redundant, that is, repetitive members,
multi-layer and load-sharing structures, and are highly anisotropic/orthotropic and
statically indeterminate constructions (Gerber, Crews & Sigrist 2006a; Liu & Bulleit
1995). In addition to this, the floor members show variable, orthotropic, viscoelastic and
non-linear properties, and are affected by natural defects, while the interlayers have
non-linear behaviour. Therefore, Goodman et al. (1974b) stated that wood joist floor
systems are best described as multi-layered constructions whereby each layer has
orthotropic features and some variability of mechanical properties, and each interlayer
has slip of sufficient magnitude to significantly affect the structural performance of the
deck.

The number, nature and organisation of the layers define the properties and
characteristics of the floor. Multi-layer floor constructions are well established and the
layer can have structural and/or functional (insulating, acoustic, aesthetic, etc.) roles.
Focusing on the “structural” sheathing — the sheathing which is immediately
superimposed to the joists (refer to Figure 2—2 and Table 2—1), McLain (1999), Baker
(2002), Breyer (19<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>