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ABSTRACT

The traditional materials such as reinforced concrete and structural steel have been
widely used in the construction market. These construction materials produce a large
quantity of greenhouse gases as a by-product. An environmentally sustainable solution
to decrease the production of greenhouse gases is creation of composites with other

materials such as timber to reduce the amount of steel and concrete used in construction.

Timber-concrete composites (TCC) structures, extends upon this by combining timber
and concrete in order to form a composite structural member that utilises the properties
of both materials. Since the 1990s, Timber Concrete Composite (TCC) floors have been
gaining wider recognition as being a viable and effective alternative to both reinforced
concrete and traditional timber floors. TCCs are a structural form whereby a concrete
slab is fixed to a timber joist at the interface using a suitable shear connector which
transfers shear forces and impedes slip between concrete and timber. Hence, the
strength, stiffness, location and number of shear connectors used at the composite
interface are the key factors in determining the composite action, the strength and
stiffness of a TCC system. TCC exploits the mechanical properties of each material
favourably with the concrete in compression and the timber in tension. TCCs have
several advantages over full timber construction, including improved strength (double),
stiffness (triple), vibration control, fire performance and thermal and sound insulation.
TCCs also have advantages compared to full concrete construction, including a much

higher load capacity per unit of self-weight and a lower embodied energy.

Mechanical fasteners for example screw and dowel TCC connectors are relatively
simple and easy to install, cost effective and structurally efficient connectors with lower
labour requirement. With these considerations, mechanical fasteners can be
preassembled in prefabrication or cast in situ TCC solutions. Hence, application of
mechanical fasteners in TCCs overcomes the drawbacks of alternative connection such

as notch type connection and reduces the time required to construct a TCC system.

This research investigates the experimental parametric study on the effect of different

types of high-performance concrete on mechanical properties of TCC connections and
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floors using locally available materials in Australia to evaluate their potential for use in
the construction market. A parametric study of mechanical fasteners such as crossed
SFS VB, crossed SPAX and coach screws connections in different lengths (short and
long SFS VB), angles (£30°, +45° and +60°) to the connection face and a number of
crossed SFS VB and SPAX at 45° series utilising 17mm plywood formwork interlayer
and different types of concrete was carried out. Hence, the effects of connector type,
inclination angle and length of screw and existence of plywood interlayer on mechanical
properties of the TCC connections were investigated. Moreover, two innovative TCC
shear connection systems were put forward and assessed for their suitability as a

substitute or replacement for existing connection systems using push-out test.

The application of high-performance concrete such as light-weight concrete and self-
consolidating concrete provides a great deal of benefits in TCC technology to minimize
the dead-load on the timber component or increase the concrete workability and
accelerate the process of pouring. Such weight reduction and increased workability may
be favourable in the renovation of old timber floors. The use of TCC technology is also
advantageous in new multi-storey buildings for aspects such as prefabrication and
mitigation of excess dead load — leading to saving on foundation and walls and/or

column sizes.

This research investigates the effect of different types of high-performance concrete on
the mechanical properties of TCC connections and floors using locally available

materials in Australia to evaluate their potential for use in construction market.

Push-out test was used to determine the mechanical properties and failure modes of
shear connections and once the mechanical properties of connection type were
identified, full-scale TCC modules utilising different types of shear connector and
concrete properties were subjected to four-point bending tests. Hence, the predictions of
full beam behaviour using the connection properties were validated and the effect of
shear connection and concrete type on structural behaviour of an entire floor was

investigated.

Literature reports a significant lack of information on analytical closed-form equations
to predict the strength and stiffness of TCC connections utilising vertical and inclined

fasteners to be used in the design of timber composite beams.



This study reviewed the methodology of available analytical models for prediction of
the strength and serviceability stiffness of vertically inserted single timber to timber and
TCC shear connections and validated their accuracy using the experimental push-out
test results. Moreover, an analytical strength model based on some adjustment to EYM
to predict the strength of TCC connections utilising single and crossed screws inclined
to the timber grain was proposed. This research also presented a model for the stiffness
of TCC connections using crossed inclined screws. The Winkler theory of beam on
elastic foundation proposed was extended to derive the serviceability slip modulus of

TCC connections with inclined screws which were loaded in tension and compression.

In addition, a 3-D FE model has been put forward to simulate different TCC
connections such as single and multiple wood screws and inclined coach screw utilising
the commercial FE analysis software ANSYS. The findings of this part demonstrate that
by using a simple numerical model, the behaviour of TCC connections can be
accurately modelled and can therefore be used for parametric study of changes in end
distance, edge distance, member thickness, screw diameter, screw length and number of

SCIrews.
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Ay Section area of timber member

Anal. Analytical

AS Australian Standards

A, Cross-sectional area of the fastener at the timber-concrete interface
b Unknown parameter used in mathematical model

b Width of the LVL web

B; Constant coefficients based on the compatibility conditions
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1 INTRODUCTION

1.1 BACK GROUND

The traditional materials such as reinforced concrete and structural steel have been
widely used in the construction market. These construction materials produce a large
quantity of greenhouse gases as a by-product. An environmentally sustainable solution
to decrease the production of greenhouses gasses is creation of composites with other

materials such as timber to reduce the amount of steel and concrete used in construction.

Timber as a carbon-neutral material with low embodied energy and CO, emissions has
a wide variety of applications in construction and engineering, from typical residential
frames to its use as a decorative facade and as a structural system, such as for large-span
roof trusses and floors (Yeoh et al. 2010). The key benefits of using timber in
constructions such as timber floors includes significantly reduced dead-load and thus,
higher efficiency in terms of the carried load per unit self-weight which leads to
reduction of the gravity load on the foundation, seismic action and hence in the size or
number of structural members (Branco et al. 2007; Ceccotti 2002). However, there are
some limitations of timber only floors-mainly fire safety performance and thermal and

noise insulations for both air-transmitted and impact noise insulation Yeoh (2010).

Medium rise residential and commercial buildings (up to eight stories) are potential
markets for advanced engineered wood product and timber composite structures (Crews

et al. 2010b). Timber-concrete composites (TCC) structures, extends upon this by



combining timber and concrete in order to form a composite structural member that

utilises the properties of both materials.

The concept of using timber compositely with other materials has been around for
centuries, with timber floor designs from the middle age being constructed from timber
floors overlayed by a stone mortar mixture. However, the TCC system as it is known
today, was first developed during the 1920s due to the shortage of steel following the
First World War. Over the last two decades, TCC system has regained popularity as a
viable alternative to existing structural systems, particularly in Europe where it has been
used for the renovation of existing timber floors and as a deck system for timber bridges

(Van der Linden 1999).

Composite action between timber and concrete in TCC system is achieved through the
use of shear connectors between the concrete and timber interface. A stiffer connector
results in a stiffer and stronger TCC system. TCCs have a number of advantages over
alternative structural forms. With the push towards sustainable technologies and green
design, TCCs present themselves as a viable construction material, with a lower

embodied energy than that of steel or reinforced concrete structures.

Mechanical fasteners such as screw and dowel TCC connectors are relatively simple
and easy to install, cost effective and structurally efficient connector with lower labour
requirement. With these considerations, mechanical fastener can be preassembled in
prefabrication or cast in situ TCC solutions. Hence, the application of mechanical
fastener in TCCs overcomes the drawbacks of the alternative connections for example

notch type connection and reduces the time required to construct a TCC system.

This research investigates the experimental parametric study on the effect of different
types of high-performance concrete on the mechanical properties of the TCC
connections and floors using locally available materials in Australia to evaluate their

potential for use in construction market.

1.2 STRUCTURAL TIMBER INNOVATION COMPANY (STIC)

Structural Timber Innovation Company (STIC) is a research consortium which was
formed to develop and commercialise new technologies to enable structural timber to
compete more effectively with concrete and steel in the Australian and New Zealand

construction market (STIC 2009).



STIC consists of seven shareholders: Carter Holt Harvey Ltd, Nelson Pine Industries
Ltd, Wesbeam Pty Ltd, Building Research Association New Zealand Inc, NZ Pine
Manufacturers Association, Auckland Uniservices Ltd (University of Auckland) and
University of Canterbury. Additionally, there are two major financial stakeholders-
Forest and Wood Products Australia (FWPA) and Foundation for Research Science and
Technology (FRST).

STIC conducted research and development (R & D) in three parallel objectives at three
universities aiming to develop design guidelines, analysis packages, and
recommendations and supporting data sets for construction market in New Zealand and
Australia. University of Technology, Sydney is part of STIC’s R & D project with the
focus on the flooring system, mainly the long-span TCC and timber only floors for
multi-storey timber buildings. This thesis focuses on assessing “the structural
performance of the TCC connections and modules utilising different types of shear
connection and high performance concrete”, which is one of the sub-objectives of the

STIC project at UTS.

1.3 RESEARCH OBJECTIVES

The main focus of this doctoral research is to study and quantify the behaviour of
different types of particularly screw type connections such as SFS and SPAX screws
and high performance concrete for example light-weight concrete for their practical

application in the medium to large span TCC floors of the multi-storey buildings.
In view of this broad aim, the main objectives of this research are as follows:

(1) Identify the alternative TCC connector designs and arrangements in terms of the
basic criteria of the strength, stiffness, ductility and ease of manufacturing and deliver
recommendations regarding the economy, functionality and constructability of the

alternative TCC connections;

(2) Study the effect of high performance concrete including Scoria light-weight
concrete, EPS light-weight concrete and self-consolidating concrete on strength,

stiffness and ductility of shear connector;

(3) Investigate the short-term serviceability and ultimate limit state behaviour of the
TCC modules, the effects of concrete strength and the shear connections on response of

the TCC modules;



(4) Evaluate the structural efficiency of the TCC floors utilising EPS light-weight

concrete;

(5) Put forward the analytical models to predict the stiffness and strength of the
mechanical fastener shear connections such as the inclined screw based on the possible

modes of failure;

(6) Propose and verify the numerical finite element models to predict the mechanical
properties of different types of mechanical fastener shear connection based on the

possible failure modes;

(7) Propose and verify the numerical finite element models to predict the mechanical
properties of different types of mechanical fastener shear connection based on different

possible failure modes;

(8) Study the effect of the screws spacing on the stiffness, strength, ductility and failure

mode of the TCC connections for their practical application in the design of TCC floor;

1.4 SCOPE OF THE STUDY

This PhD thesis investigates the behaviour of different types of shear connection and
high performance concrete for example LWC and SCC for their application in medium
to large span TCC floors of the multi-storey buildings. The scope of the research is as

follows:

(1) Short-term behaviour: the behavioural response of the connections and floor beams

defined by the collapse test with the application of static load;

(2) Floor beams: the simply supported beam as one side pin and the other roller, single

span of TCC beams, the beams can be defined as T-shape or box-shape;

(3) Connection: the connection between the timber and concrete to transfer the shear

force;
(4) Timber: laminated veneer lumber (LVL);

(5) Concrete: conventional concrete, expanded polystyrene light-weight concrete (EPS
LWC) (two density classes of 1600kg/m®and 2000kg/m’), Scoria light-weight concrete
(density class of 2000kg/m’), self-consolidating concrete (SCC) and high strength

concrete (HSC) with the main criteria of low shrinkage and availability in Australia;



1.5 RESEARCH METHODOLOGY

LVL was utilised in this study due to its availability, feasibility and cost efficiency in
Australia and New-Zealand markets for long span flooring system where other
engineered wood products such as Cross Laminated Timber (CLT) and glue laminated
timber (glulam) are not commonly used in Australia and New-Zealand. Moreover, the
natural defects in wood are minimised for LVL and hence, the mechanical properties of
LVL is improved which results in a consistent and reliable construction material. The
tensile strength of LVL is approximately three times that of sawn timber from the same
forest. LVL is considered to be a high strength wood product and is used primarily as
structural elements such as beams, truss members, lintels and purlins. The grains of
each individual veneer are aligned in the same direction prior to the lamination which
provides the finished LVL product with orthotropic properties and makes it stronger in

parallel to the grain direction.

Push-out test was used to determine the mechanical properties and failure mode of
crossed SFS VB, crossed SPAX and coach screws connections in different lengths
(short and long SFS VB), angles (£30°, £45° and +60°) to the connection face and a
number of crossed SFS VB and SPAX at 45° series utilising 17mm plywood formwork
interlayer and different types of concrete. Hence, the effects of the connector type,
inclination angle and length of screw and the existence of plywood interlayer on the
mechanical properties of the TCC connections were investigated utilising the push-out
test results of different test series. Moreover, two innovative TCC shear connection
systems were put forward and assessed for their suitability as a substitute or

replacement for the existing connection systems.

Once the mechanical properties of the connection type were identified, full-scale TCC
modules utilising crossed SFS screws inclined at +45° and conventional and EPS light-
weight concretes were subjected to the four-point bending tests. Hence, the predictions
of the full beam behaviour using the connection properties were validated and the
effects of the shear connection and concrete type on the structural behaviour of an entire

floor was investigated.

This study reviewed the methodology of the analytical models for prediction of the
strength and serviceability slip modulus of vertically inserted single timber to timber

and TCC shear connections and validated their accuracy using experimental push-out



test results. Moreover, an analytical strength model based on some adjustment to EYM
to predict the strength of TCC connections utilising single and crossed screws inclined
to the timber grain has been proposed. This research also presents a model for the
stiffness of TCC connections using crossed inclined screws. The Winkler theory of
beam on elastic foundation proposed was extended to derive the serviceability slip
modulus of TCC connections with inclined screws which are loaded in tension and

compression.

Finite element (FE) method is used as a numerical technique to investigate the
behaviour of structures subjected to external and internal loads by the means of dividing
it into several elements. The response of each element is determined by connecting
elements at nodes. The finite element (FE) as a computation tool is preferred by

engineers due to its cost and time efficiency compared to the experiments.

This PhD study presented a non-linear three-dimensional FE model using flexible
contact element pairs to simulate the experimental tests of the TCC connections
reported in Chapters 5 and 10 utilising the commercial FE analysis software ANSYS,
versions 14.5 and 15.0. A three-dimensional FE of the timber concrete composite
connection is capable of predicting the effects of different parameters for example
fastener slenderness ratio, fastener spacing in multiple-fastener connection, non-linear
orthotropic properties of the timber composite, elasto-plastic behaviour of the fastener

and concrete components.

Connections with single and multiple four wood screws with three different spacing of
50, 100 and 150mm and single medium size coach screw inclined at +45° to the
horizontal face were modelled. The modelling approach can be applied to TCC
connections other than simple screws only such as epoxy glue and epoxy glue

reinforced with normal coach screw.

Results from FE models were validated by experimental results of push-out test. The
push-out test of different TCC connection series were carried out in compliance with
EN26891 (1991) to evaluate their strength, stiffness and failure mode as reported in
Chapters 5 and 10.

The load capacity of multiple-fastener connections per fastener is less than that of single
fastener connections. The so-called *‘group effects’” of multiple fastener on the strength

of connections is discussed in various codes and standards by an effective number of



fastener, n.s smaller than the number of fastener, n. This thesis studied the effective
number of fasteners in different codes and verifies the proposed effective number
utilising push-out test results of four wood screw TCC connection spaced at 50,100 and
150mm. The effect of spacing on mechanical properties of TCC connections was also

investigated.

1.6 SIGNIFICANCE OF THE RESEARCH WORK

TCC connectors exhibit mechanical properties ranging from high strength and stiffness
with low ductility such as the notch connection, to lower strength and stiftness but high
ductility such as the mechanical fasteners. Cost consideration and ease of fabrication are
a determining factor to select connection system in the application of TCCs. Hence, the

best compromise between labour cost and structural efficiency can be achieved.

Different types of shear connections have been developed in the world that can be
classified into four types of (a) dowel-type, (b) tubular-type, (c) notches (shear keys)
with an anchoring device (post-tensioned bolt or lag screw) and (d) (dis) continuous

glued-in-wood plate (Clouston et al. 2004).

A comprehensive experimental parametric study has been carried out on notch and
combination of notch and screw TCC connections using different notch geometries and
inclination angles of screw at University of Technology Sydney (UTS). A
comprehensive review of different types of TCC connections including the research
accomplished at UTS is provided in Chapters 2 and 3. Notched connections can be
relatively expensive as the fabrication of notches can be difficult due to the special
conditions for example curved and angled notch. Due to these special notch
requirements, the timber members would have to be fabricated off-site and can add
additional cost to the construction. Glue connection in TCCs is also an expensive

alternative solution due to the high cost of glue.

The mechanical fasteners for example screw, nail and bolts are identified as the
common type of shear connections in TCCs. This is attributed to their availability, cost
efficiency and ease of construction. Moreover, inclination of the mechanical fasteners at
various angles in TCCs exploiting the axial capacity of screws increases the stiffness
and strength which depends on the inclination angle, geometry of screw, tensile and

withdrawal strength of screw and embedment strength of timber.



As a result, this PhD study focused on the experimental parametric study of mechanical
fastener such as crossed SFS VB, crossed SPAX and coach screws connections in
different lengths, angles to the connection face and with and without the formwork
interlayer casted by different types of concrete. Hence, the effects of connector type,
inclination angle and length of screw and existence of plywood interlayer on the
mechanical properties of the TCC connections are investigated. Moreover, two
innovative TCC shear connection systems are proposed for their suitability as a

substitute or replacement for existing connection systems.

The application of high-performance concrete such as light-weight concrete and self-
consolidating concrete provides a great deal of benefits in the TCC technology to
minimize the self-weight of the concrete on the timber component or increases the
concrete workability and accelerates the process of pouring. Such weight reduction and
increased workability may be favourable in renovation of old timber floors. It is also
advantageous in new multi-storey buildings for the aspects such as prefabrication and
mitigation of excess dead load — leading to saving on foundation and walls and/or

column sizes.

This research investigates the experimental parametric study on effect of different types
of high-performance concrete on mechanical properties of TCC connections and floor
using locally available materials in Australia to evaluate their potential for use in

construction market.

The strength, stiffness and arrangement of the shear connection play a crucial role in the
design parameters of a TCC system including the deflection and stiffness of the floor.
Hence, the calculation of stiffness, strength and load-slip response of TCC connections
is of interest to study the structural performance of TCC floor. Material properties of
timber, fastener and concrete influence the overall load-displacement response of

connection.

The literature indicates a significant lack of information on analytical closed-form
solutions to predict the strength, stiffness and load-slip response of TCC connections
utilising vertical and inclined mechanical fastener and there are only few investigations
on analytical closed-form equations to predict the stiffness and strength of TCC
connections as input values to design a partially composite floor. For example,
Eurocode 5 recommends the use of empirical equations for the slip modulus of dowels

and screws which are limited to vertically inserted fasteners only. Eurocode 5 only



recommends that the strength and stiffness of unconventional connections should be

determined by push-out tests.

Hence, the development of analytical models for prediction of the strength and
serviceability slip modulus of inclined screw TCC connections as the input parameter
for the design of timber composite beams is of practical interest to save experimental

push-out test expenses.

Alternatively, the finite element (FE) method can be used as a numerical technique to
investigate the stiffness, strength and load-slip response of TCC connections subjected
to external and internal loads by the means of dividing it into several elements. The 3-D
FE model is also capable to investigate the influence of end distance, aspect ratio and
fastener yield strength on the mechanical properties and failure of TCC shear

connections.

In the case of multiple fastener timber composite connections, the end and edge
distances of connections, spacing and number of fastener and different possible failure
modes add to the complexity of timber composite connections. The effect of fastener
spacing, number of fastener, and end and edge distances of fasteners on the mechanical
properties of TCC connections utilising multiple fasteners has not been yet well
investigated. This study investigates the effect of the screws spacing on the stiffness,

strength, ductility and failure mode of TCC utilising single and multiple wood screws.

1.7 STRUCTURE OF THE THESIS

This dissertation consists of 11 Chapters.

In this Chapter, a background, general overview and significance of the research work,

the objectives and scope of the study and the structure of the thesis are given.

Chapter 2 represents a comprehensive literature review on the history behind TCCs, the
benefits that TCCs have to offer, the construction aspects and the different behaviour
that shear connectors and TCC system provide. A detailed review on the previous
researches into the applications of innovative high-performance concretes such as light-
weight concrete (LWC), fibre reinforced concrete (FRC) and self-consolidating concrete
(SCC) in TCCs was also undertaken, with a discussion based on the findings and

contribution that the previous researches have presented to the TCC system.



Chapter 3 provides a review of existing TCC researches as well as the key findings and
knowledge in the area of the TCC connection systems. This includes an examination of
the different connection systems used as well as their advantages and shortcomings

based upon the case studies.

Chapter 4 outlines the materials, apparatus and specimens used in this project. The
experimental preparations that were needed in order to fabricate the specimens for the

testing are also documented.

Chapter 5 focuses specifically on the short-term push-out tests of the mechanical
fasteners in different lengths, angles and concrete types, with and without the plywood
interlayer. The experimental results of the TCC system utilising a number of different
connection solutions and concrete types are analysed and the feasibility and
effectiveness of these alternative solutions are evaluated to deliver recommendations

regarding the economy, functionality and constructability of these alternative TCCs.

Chapter 6 discusses the results of the experimental investigation to evaluate the effects
of the concrete type on the ultimate capacities of five full-scale 8m span LVL-concrete
modules constructed from conventional and expanded polystyrene light-weight

concrete.

Chapter 7 reports analytical models of Gamma method and compares the experimental
and analytical results for the model calibration and design recommendations. The
experimental programme and results are given in Chapter 6. Moreover, a parametric
study on the influence of different connections and concrete properties on the design of
TCC beams in terms of shear bond coefficient and effective bending stiffness of

composite section is put forward.

Chapter 8 first reviews the methodology of available analytical models for prediction of
the strength and stiffness of vertically inserted single timber to timber and TCC shear
connections for example screw and nail. The analytical results of the models are
compared to the experimental results of single wood screw shear connection used in
TCC specimens. Chapter 8 also presents two models for prediction of strength and

stiffness of TCC connections utilising inclined screws.

Chapter 9 proposes a non-linear three-dimensional FE model using flexible contact
element pairs to simulate the experimental tests of TCC connections reported in

Chapters 5 and 10 utilising the software ANSYS, versions 14.5 and 15.0. The numerical

10



results of FEM simulations of different connector types are validated by experimental

results of push-out test.

Chapter 10 first reviews the provision for the effective number of fasteners and verifies
the proposed effective number by the experimental data of push-out test obtained from
push-out test of single and multiple wood screw TCC connections. The experimental
results of different series of wood screw are also used to study the effect of the screws
spacing on the stiffness, strength, ductility and failure mode of TCC connections for

their practical application in the design of TCC floor.

In Chapter 11, conclusions are drawn and some recommendations for future studies are
given. A summary of the key findings from the investigation are presented.

Recommendations are made to highlight areas for further research.

11



2 REVIEW OF FUNDAMENTAL BEHAVIOUR OF
TCC SYSTEMS

2.1 INTRODUCTION

Timber Concrete Composite (TCC) floors have been recognised as viable and effective
alternatives to reinforced concrete and/or traditional timber floors. TCC is a structural
solution that combines timber and concrete into a composite system in order to exploit
the mechanical properties of each material favourably. Concrete performs well in
compression whilst timber is suitable to carry tension parallel to the grain and flexural
forces. Consequently, the resulting structural system is stronger, stiffer, durable and has

improved acoustics and fire resistance properties over a timber only system.

In TCC system, a timber joist is connected to a concrete slab using a connection system
that resists shear forces and impedes slip between the members of the composite
section. Hence, the strength, stiffness, location and number of connectors are identified
as significant parameters for the composite action and the structural and serviceability

performance of TCCs (Ceccotti et al. 2006b; Van der Linden 1999).

Sawn timber or engineered wood products such as glue laminated timber (glulam),
laminated veneer lumber (LVL) or cross-laminated timber (CLT) can be used for the
timber joist. In most cases, light reinforcement is placed in the concrete slab to control
shrinkage cracking, rather than to act as structural reinforcement. If the chosen
connector system may subject the concrete to significant tensile stresses, reinforcement

will be required to prevent localised failure in the concrete (Van der Linden 1999).
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This Chapter presents a comprehensive review of the literature on development and
structural behaviour of TCC system. The review addresses construction aspects and
shear connection concepts. The design parameters of a shear connector in TCCs such as
stiffness, ductility, shape and arrangement are discussed. The influence of concrete type

on structural response of TCCs is also discussed.

As recommendations, the best types of shear connection for cast in-situ and
prefabricated TCC floors are put forward and assessed for criteria such as strength,

stiffness, ductility and ease of manufacturing.

2.2 HISTORY OF TCC

2.2.1 General

TCC systems were first initiated due to the shortage of steel in Europe during the 1920’s
to 1950°s. TCC systems as an alternative solution for structural applications have had a
relatively slow uptake due to their unfamiliar nature and the lack of standards. However
over the past two decades, they have seen a resurgence in popularity due to their relative
ease of construction, economy and structural advantages in United States, New Zealand,
Australia, Switzerland, Austria, and Scandinavian countries where TCC solution have
been used for the construction of pedestrian or vehicle bridges, upgrading of existing
(heritage) timber floors and construction of new buildings — typically public and/or

multi-storey structures (Natterer et al. 1996).

TCCs have strong potential for use in rehabilitation or upgrading of existing timber
floors (Jorge et al. 2011; Kieslich et al. 2010), as well as new floors (Ceccotti et al.
2006Db) or even for pedestrian or vehicle bridges (Clouston et al. 2005a).

One of the first investigations on full scale TCC beams was conducted at the University
of Illinois, USA, between 1938 and 1942 by Richart et al. (1943a). Their research
included flexural testing of about 30 composite beams. At the same time, McCullough
(1943) completed bending tests on approximately 20 full size TCC specimens for the
development of cost-effective short-span highway bridges (also known as Oregon tests
in the USA). From 1932 and 1952, McCullough (1943) constructed and tested many
short span TCC decks.

In European countries, such as Germany and Italy, TCC technology was introduced as a

way for renovation and upgrading old timber (heritage) buildings, constructed in the late
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19th and beginning 20th centuries, whose traditional timber floors do not comply with
acoustic and fire safety requirements of the current design codes and practices (Ceccotti

1995b; Holschemacher et al. 2002).

Application of TCC solutions in timber multi-storey residential and commercial
building received particular attention in the 1980’s and 1990’s. Natterer et al. (1996)
proposed vertical nailed planks topped by a concrete slab that is connected with shear
keys and stud type fasteners. One of these developed connections as notch cut into the
timber, reinforced with prestressed Hilti connectors overcame the low slip modulus of

previous connectors.

Other researches for solutions applicable for floors in new multi-storey buildings have

been conducted by Bathon et al. (2006), Lukaszewska (2009) and Natterer et al. (1996).
2.2.2 In Australia

Timber construction in residential and non-residential buildings has a relatively long
history in Australia. This can be observed from the number of permanent timber
structures such as existing industrial warehouses from the 1800’s, residential buildings
and in particular, timber bridges in Australia. The widespread availability of both high-
quality native hardwoods and two-by-four framing material provided by softwood

plantations contribute to timber construction in Australia (Crews et al. 2010b).

The most prominent application of timber in recent times has been through the use of
softwood timber, used in frames and trusses for residential buildings. Although there
have been innovations in a number of engineered timber products, these have hardly had
any impact on the industrial and commercial construction market. This is mostly a
direct result of timber being regulated to use in buildings under 3 levels in height

(Crews et al. 2010b; Gerber et al. 2011).

In practical applications, TCC structures in Australia are most notably seen in the form
of TCC bridges. TCC bridges are quite common and as a result the Roads and Maritime
Services (RMS) publishes a TCC bridges section as part of their timber bridge manual.

Yttrup et al. (1996) reported that timber-concrete bridges have been built in Australia
since at least 1945 and the oldest bridge examined in their research was built in
Tasmania due to a shortage of reinforcing steel in 1949 with a service life over at least

45 years but is not regarded as a composite structure.
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A three 10m span highway bridge called “Maria River bridge” was completed in 1955
as the earliest major TCC bridge in NSW. The connector was 25mm thick steel plates

inserted 38mm into round timber beam and 90mm into the concrete deck (Nolan 2009).

Since then, more TCC bridges are constructed throughout NSW and Tasmania (Nolan
2009). In New South Wales, the most of the TCC bridges have been constructed from
hardwood girders overlayed with a concrete slab. Coach screws and steel plates are used

at the interface to provide vertical restraint and shear transfer, respectively (NSW 2008).

Since the mid-2000s, TCC structures have been gaining prominence in Australia,
although this focus has been mainly through research conducted by universities. In
practical applications, the utilisation of TCC solutions should improve in the future in

Australia, as the design procedures become standardised and are validated by research.

2.3 ADVANTAGES OF TCC SOLUTIONS

TCCs have several advantages over full timber floor such as higher flexural strength
and stiffness (up to six and three times, respectively), better vibration performance,
larger in-plane rigidity acting as diaphragm, more economical in terms of the load
carried per unit of self-weight (Figure 2-1a and b), improved fire safety performance

and thermal and noise insulations for both air-transmitted and impact noise insulation.
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Figure 2-1 Floor self-weight (g) versus span (/) for a service load of 2.5kN/m? (a) timber

structure, (b) TCC structure, (¢) all concrete structure (Ceccotti 2002)
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Additionally, the concrete slab used in a TCC system is more durable than alternative
timber decking especially in outdoor environments where timber is prone to

deterioration from natural salts, rainwater and insects.

TCCs also have advantages compared to reinforced concrete construction including
significantly reduced dead-load and thus, higher efficiency in terms of carried load per
unit self-weight (Figure 2-1b and c¢) which leads to reduction of gravity load on
foundation, seismic action and hence in the size or number of structural members
(Branco et al. 2007; Ceccotti 2002). Furthermore, cracks on the tensile region in
reinforced concrete can cause moisture penetration and induce corrosion in the steel
mesh. However, this is overcome in TCC slabs due to the concrete being in
compression only (Ceccotti 2002; Gutkowski et al. 2000; Yeoh et al. 2010). TCC
consists of timber as carbon-neutral material hence it has low embodied energy and

reduced CO; emissions compared to steel and concrete (Yeoh et al. 2010).

Better thermal insulation of TCCs means its higher efficiency in reducing the energy
required to heat or cool a building Yeoh (2010). The greater acoustic insulation of TCC
than timber floors was verified by research conducted by Parmanen et al. (1999) which
determined that TCC floor system exhibited much higher sound insulation properties
compared to timber floor. This is mainly a result of the mass and density of the concrete
slab which reduces the amplitude of the soundwaves. This improved acoustic
performance can be attributed to the fact that a TCC system is highly damped compared
to a timber floor. The viscous damping ratio of TCCs is approximately 2% over 1% for

timber floors (Ceccotti 2002).

In particular TCCs have favourable fire resistance advantages over traditional timber
floors. Natterer (2002) outlined the increased duration of fire resistance of a TCC slab
of 90 minutes over a traditional reinforced concrete slab of 60 minutes. Natterer (2002)
and Frangi et al. (2008) reiterated that in a TCC structure the concrete is a protective
layer to the timber joists by delaying the start of charring and reducing speed of
temperature effects and charring of the timber beam and once the timber has charred it
protects the connectors from high temperatures, temperatures, thus composite action is

still maintained.

O'Neill (2009) tested two full scale TCC models using an LVL joist with notched and

toothed metal plate connections which were subjected to 1.56 and 3.06kN/mm? dead-
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loads, respectively. The fire test was carried out as per ISO834 (1975) where the TCC

floor collapsed after 75 minutes.

Concrete and cement in particular, require large amounts of energy to produce and leads
to high carbon emissions as a by-product during their refinement whereas timber
requires relatively less energy to harvest and process. A possible solution in reducing
the amount of steel and concrete used in construction and consequently in greenhouse
emission and embodied energy of the final product is to create composites with other

materials such as carbon fibre composites and timber.

Yeoh (2010) also remarked that timber is carbon neutral product in a way that the
production of timber even offsets some emissions through the growth of the tree whilst
timber is also a renewable resource. Crews et al. (2010a) highlighted that if timber is
assumed to permanently store carbon, the greenhouse gases emitted during its

production is more than negated by the carbon removed from the atmosphere.

Crawford (2009) reported a CO:2 emission of 0.128kg, 0.014kg and 2.88kg for
production of one kilogram of concrete, hardwood timber and steel, respectively whilst
Ferguson (1996) noted an energy consumption of 1000, 2500 and 4500w/h for timber,
concrete and steel, respectively. Timber may also be considered to provide aesthetic

benefits over concrete.

2.4 CONSTRUCTION METHODS

TCC floor can be constructed utilising three different methods such as (1) wet method
as common way of pouring concrete on top of timber joists addressed in most of
researches; (2) semi-prefabrication method (cast in-situ); and (3) prefabrication off-site
(dry-dry method) such as TCC panels prefabricated off-site and connected to the
adjacent panels on site or concrete slab prefabricated off-site connected with timber

joists and adjacent slabs on site (Lukaszewska 2009; Yeoh 2010).
2.4.1 Wet method in rehabilitation of existing timber floor

Most TCC systems used for the refurbishment of existing timber floors are typically
half the cost of alternative new floor as outlined by Godycki et al. (1984) and Postulka
(1997).

Use of TCCs also means less disruption to lower floors (Jorge et al. 2011). For an

existing timber building, upgrading to TCC floor can be carried out with continued use
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of the floor below whilst replacing a timber floor with a reinforced concrete floor
requires the lower floor to be unused for an extended period. Time is needed to place
scaffolding and formwork, then for concrete pouring and curing. The lower floor is
inaccessible until concrete gained sufficient strength for the removal of the formwork
and scaffolding. This will likely take at least two weeks and requires full access to the

floor below. This also applies to new buildings.

In the case of TCC floor, once timber beams are erected, formwork can be placed.
Beyond this there is no need for disruption of lower floors. There is no ongoing need for

scaffolding, and further work can proceed on the lower floor.

For rehabilitation works, there may be limitations on construction for example the
thickness of the slab should be minimised so as not to significantly reduce door and
parapet heights (Clouston et al. 2005a; Kieslich et al. 2010; Meierhofer 1992; Selle et
al. 2010). This is less significant for new buildings.

Typically when an existing timber floor is refurbished, formwork is constructed in order
to allow for the concrete slab to be poured. However, this can be overcome by using
boarding between the timber and concrete. This formwork can then be retained as a
permanent part of the structure. However, it is noted that utilising the same connector
system with boarding reduces the slip modulus and strength of the connectors, given the

penetrations into the timber beam and concrete slab are reduced (Van der Linden 1999).

There is a general agreement that the use of a TCC floor system to refurbish an existing
timber floor can increase the stiffness, strength and fire resistance of the structure

Symons, Persaud and Stanislaus (2010a).

Although TCC floors can be constructed as a concrete slab over a timber beam in forms
of engineered wood products or sawn timber beams as illustrated in Figure 2-2a, they
can be constructed as a slab type floor using a concrete slab over laminated wooden
decks of sawn timber planks nailed together with the longer side of their cross section
vertical or glued laminated timber beams with the longer side of their cross section

horizontal as depicted in Figure 2-2b (Frangi et al. 2003).

However, this is different to a timber beam floor which utilises boarding as formwork
for the concrete, as the concrete slab in this situation bears directly onto the planks as

shown in Figure 2-2b.
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Figure 2-2 (a) Beam type floor and (b) slab type floor (Frangi et al. 2003)

The use of TCC systems is not only limited to applications such as a floor system for

multistorey buildings, but also for low volume traffic bridges.

Nauta (1984) described the Mangaharakeke Stream bridge in New Zealand which
features a concrete slab sitting on top of a treated nail-laminated radiata pine slab
constructed from alternating boards of 250 and 300mm deep. This alternating pine slab
creates a series of notches for the concrete to adhere to, with triangular steel plates at
400mm intervals and 100mm spikes driven every 600mm into the timber to mitigate

uplift (Van der Linden 1999).
2.4.2 Semi prefabrication

The semi-prefabricated solution proposed by Yeoh (2010) consists of two separate parts
(1) the M section wooden panel and (2) cast-in-situ concrete slab with the steel mesh to

control the shrinkage (Figure 2-3a).

“M” section panel floor with the width of 2400mm consists of single 400x63mm LVL
joist on the outer edges and a double LVL joist in the centre including plywood sheets
as permanent form work. The specimen with span of 8 to 10m requires six to eight

connectors along the joist to provide adequate composite action.

The light-weight panel with the weight of about 1kN facilitates a light-weight off-site
prefabricated component. Such semi pre-fabricated element is easy to transport, crane
and connect to main frame utilising designed joist hangers. Furthermore, casting
monolithic concrete slab on it to connect the adjacent panels results in better in-plane

strength and stiffness. In addition there is no need for additional connections between

adjacent panels (Yeoh et al. 2009; Yeoh 2008).
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2.4.3 Prefabrication

Application of TCC with prefabricated concrete slab overcomes the disadvantages of
TCC with cast in situ concrete such as: (1) presence of concrete as a wet component in
the typically dry construction of timber; (2) time interval for the setting of concrete; (3)
low stiffness and high creep of concrete in curing period which needs propping of
beams to sustain the self-weight of the concrete slab (Yeoh 2008); (4) high cost of cast-
in-situ concrete slabs as a consequent of fresh concrete transportation, propping, extra
self-weight of the floor due to application of formwork increases (Lukaszewska 2009);
(5) significant increases in initial deflection and flexural stresses regarding connection
of timber joist to the concrete slab with a non-fully developed shrinkage (Lukaszewska

et al. 2008); and (6) potential problems of quality control (Lukaszewska 2009).

Lukaszewska (2009) developed a system with some level of prefabrication in terms of
““/dry’’ connections as illustrated in Figure 2-3b and c. In this novel composite system,
the timber joist is connected to prefabricated concrete slab (Figure 2-3b) with the
embedded mechanical connectors such as metal plates (glued or nailed), dowels and

toothed metal plates (Lukaszewska 2009).

Five 4.8m span full scale TCC floors comprised of triple T-section glulam joists were
tested to failure utilising four-point bending. The prefabricated concrete slab with
mounted connectors was used to construct TCC floors. Three specimens consisted of
coach screws surrounded by steel pipes whilst two specimens used metal plates nailed

to the glulam joists.

It was concluded that prefabrication system represented equally well as conventional
“wet” system. Moreover, TCC beam utilising the coach screw plus notch connector
exhibited highest strength among those tested. Composite actions of only 60% and 30%
were observed in the TCC beams utilising coach screws and metal plates, respectively.
The use of coach screw in combination with a notched connection and steel pipe was

identified to improve the connection efficiency.

From a design point of view, prefabricated TCC construction exhibits higher MOE and
markedly lower shrinkage, creep and swelling compared to cast-in-situ TCCs
(Lukaszewska et al. 2008). A fully prefabricated TCC panel using continuous steel
mesh connector was developed by Bathon et al. (2000), Bathon et al. (2004) and Bathon
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et al. (2006). The prefabricated panel competes with reinforced concrete and steel

concrete composite floors (Bathon et al. 2004; Yeoh et al. 2010).

In Finland, two TCC prefabricated systems utilising nail plates connectors were

developed for multi-storey buildings. The first system was a cast in-situ floor whilst the

second system represented concrete casted upside down in factory without framework

(Yeoh et al. 2010).

Figure 2-3 (a) Semi-prefabricated TCC (Yeoh 2010) and (b) and (c) prefabricated slab

(Lukaszewska 2009)

2.5 FUNDAMENTAL BEHAVIOUR OF A TIMBER-CONCRETE
COMPOSITE SYSTEM

TCCs are structural elements that are comprised of timber and concrete elements joined
together by some form of shear connector which transfers the shear force between the
composite components and significantly increases the strength and stiffness of the

composite system over traditional timber constructions.

TCC system is considerably lighter compared to an all concrete solution (Miotto et al.
2011). This concept is well accepted in the engineering community and is backed up by
Fernandez-Cabo et al. (2012). Ceccotti (1995b) states that a TCC solution can double
the load capacity of a traditional timber floor whilst there is a three to four times

improvement in its transversal stiffness.

Ceccotti (1995b) asserted that the stiffness of the TCC beam results from the stiffness of
the timber beam and the composite action of the timber and concrete. The stiffness of
the concrete typically does not add to the stiffness of the T-beam shape TCC system.
The strength and stiffness of the timber beam dictate the strength and stiffness of the
TCC beam. This is because there is a large variation in the mechanical properties of
timber whilst TCC beams typically fail when the tensile capacity of the timber beam is

reached (Van der Linden 1999). This was observed during experimental test carried out
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by Frangi et al. (2003) in which the TCC systems failed due to a combined bending and
tension failure of the timber joist. However, it highlighted that an increase in the
bending stiffness helps to redistribute the stresses. Hence, it reduces the tensile stress on

the concrete.

The design of timber composite structure is governed by displacement within
serviceability limit state (SLS). Hence, the connections slip at the interface of the
composite materials and consequently the slip modulus of laterally loaded shear
connection has a significant influence on the overall behaviour of composite beams. The
connection between timber and concrete is not fully rigid and there is some relative slip.
Therefore, the assumption of plane section remaining plane and the transformed section

method are not applicable in design of TCC (Clouston et al. 2008).

An efficient design of a structure is achieved by a high stiffness of cross section which
can carry the higher load for minimum self-weight. Composite I and box beam type
sections are the most conventional structural timber sections that can be connected to a
concrete slab to achieve higher stiffness and strength through the composite action of
timber and concrete. TCC system is appropriate for long span (6-8m) commercial and

multi-storey residential applications.

The connector allows for composite action — that is, for the timber and concrete to act
together as one entity, with the timber acting in a combined bending and tension whilst
concrete is subjected to bending and compression (Branco et al. 2007). This is aligned
with the natural properties and behaviours of the materials. TCCs benefit from the
composite action, resulting in a significant improvement in strength and stiffness

compared to the timber and concrete acting independently (Clouston et al. 2005a).

The transferred shear force is equal to the internal axial forces applied on timber and
concrete. The transferred shear force, composite action and stiffness of the TCC depend
on the stiffness of the connector and can range from no connection to rigid connection
with the boundaries of structural efficiency determined by these theoretical limits. The
lower bound refers to layers which are not connected together and work quite
independently subjected to bending only (N=0) as depicted in Figure 2-4c whilst a rigid
connection without slip represents the maximum transferred shear force (N=Np.x) and

minimum internal bending moment (M{=M; min) as upper bound (Figure 2-4a).
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no composite action (Yeoh et al. 2011)

Most of commonly used shear connections in TCC exhibit a semi-rigid behaviour with
some relative slip at the interface of the timber and concrete components as illustrated in
Figure 2-4b. Consequently, TCC structures with semi-rigid connections exhibit partial
(not full) composite action and this adds to the complexity of the system (Clouston et al.
2004). Gutkowski et al. (2008) evaluates the composite efficiency or degree of
composite action, DCA of TCC beam by:

:DN_DI %

DCA 100 (2-1)

N~
where, Dy is the theoretical fully non-composite deflection (calculated as a layered
beam with no interlayer shear transfer), D, the theoretical full-composite deflection
(calculated by the transformed section method) and Dy is the measured deflection for

partially composite action of the specimen (Gutkowski et al. 2008).

In TCC floor with larger composite efficiency, the beam depth is reduced and in
contrary, the medium to long span floors (7-15m) are achieved (Yeoh 2010).

2.5.1 Beam design

To analyse timber concrete composite structure, understanding of the relationship
between the strength and stiffness of all three composite components including timber,

concrete and shear connections is required. TCC modules have to be designed to satisfy
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the ultimate (ULS) and serviceability (SLS) limit states in both short- and long-terms.
The ULS verification controls the maximum connection’s shear force, maximum axial
and bending stresses in concrete and combination of axial and flexural stresses in
timber, flexural shear strength in timber and bearing strength of timber against the
support reactions to be less than design values whilst SLS verifies that the maximum

deflection is less than the design values.

2.5.1.1 Gamma method
The “Gamma method” in Eurocode 5 part 1 annex B EN (2004b) has been recognised

as the only specific design provision used to analyse TCC structures, with reasonable
accuracy in determining the resultant stresses and deformations. The “Gamma method”
based on work done by Mohler (1956) is widely used to design a simply supported TCC

using differential equation of beam with partial composite action.

Gamma method implements an elastic analysis for the short-term verifications of a
simply supported TCC beam with constant slip stiffness subjected to loads giving a
bending moment varying sinusoidally whilst a simplified method called “effective
modulus method” has been proposed to consider the effect of creep for the long-term

verification of Gamma method.

The effect of creep in long-term verification is considered by dividing the MOE of

concrete and LVL and the stiffness of the connection, by one plus the creep coefficient.

The design of timber composite structure is governed by displacement within
serviceability limit state (SLS). Hence, the slip at the timber connection plays a crucial
role on the design of timber beams. Moreover, the linear-elastic behaviour for design of
timber composite beams proposed by Gamma method employs different key parameter
such as slip modulus of connection to design the TCC beams whilst inaccurate slip

modulus results in unreliable design for the timber composites (EN 2004b).

To design an optimal composite beam with increased load carrying capacity and
ultimate deformation capacity, the ultimate slip of shear connection should not be

reached before the failure of the composite system (Dias et al. 2011).

Timber, concrete and shear connection are assumed to be linear-elastic and Bernouilli’s
hypothesis is valid for each composite component (Frangi et al. 2003). The free body
diagram of a T shape TCC module with partial composite action including internal and

external loads is illustrated in Figure 2-5.
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Figure 2-5 Internal and external loads applied on TCC system

In the Gamma method, it is assumed that there is no vertical separation between
concrete slab and timber joist and also plane sections remain plane except for the
discontinuity at the connection interface. The Gamma method evaluates effective
bending stiffness, El. using the shear bond coefficient, Y. The effective bending
stiffness 1s used to check the design resistance of the connector and the stress values in

the timber and concrete.

The shear bond coefficient depends on different input parameters such as connector
properties of slip modulus and spacing whilst the ductility of the connection is neglected
in its calculation and consequently in the Gamma method. As the stiffness of the shear
connector increases, the shear bond coefficient and consequently, the effective bending

stiffness of the TCC beam tend towards a fully composite section.
The shear bond coefficient is demonstrated in (EN 2004b):

1
n’E As
I+ ——
K.L

V= for i=1 and 3, Y>=1 (2-2)

where, Ej and A4; are modulus of elasticity (MOE) and section area of the composite
components; s represents spacing of the connectors; K is slip modulus of the connector;
and L is span length of the beam. Usually the design parameters of shear connectors
such as the serviceability and ultimate slip moduli and strength of connections are

obtained from push-out shear tests (EN 2004b; Lukaszewska 2009).
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Moreover, the effective bending stiffness of the composite cross-section is shown in

(EN 2004b):

EIeff:iEi I+E Aa;’y, (2-3)

i=1
where, for a box TCC modules as shown in Figure 2-7, a; represents distance between
centroids of concrete floor and effective TCCs whilst a, and a3z indicate distance
between centroids of timber webs and timber flange and effective TCCs in a TCC box
system. The contribution of the formwork interlayer (if present) is neglected in the
design. The distance between centroid of timber web component and centroid of TCCs

section, a; is given by:

a.= nE A (b +h)—y,E A5 (hy + hy)
2

3 (2-4)
22 7E 4
i=l

where, /), hy and h; are depth of the concrete slab, timber web and timber bottom

flange, respectively. a; and as are calculated using a, by:

a1=£ + h_ a, (2-5)
2 2

a3=h—2 + h—3 +a, (2-6)
2 2

The effective bending stiffness depends on the shear bond coefficient of the interface
where the shear bond coefficients of the TCC beam depends on the spacing and slip
modulus of the connectors. Usually the shear bond coefficient of regular connection is
within the range of 0.1-0.4. A shear bond coefficient of 0 represents the layers which
behave totally independently with no force couple resisted by the composite section
(Els=EI nin=E I .+E) whilst a shear bond coefficient of 1 indicates a fully composite
beam with no slip in the interface (Eleg=FE@nax=4Enin).

The spacing for the commercially available connectors in Europe is within the range of
100 to 500mm (Steinberg et al. 2003). Based on the values for shear force at the
interface, the spacing of connectors can be variable and an effective constant spacing Ser

can be assumed during calculation of shear bond coefficient as shown in (Ceccotti

2002):

5,;=0255_+075s, (2-7)
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s, <8, <4s, (2-8)

where, s. and sy, are the spacing at the beam-ends and mid—span, respectively (Ceccotti
2002). The span of TCC beam influences the effectiveness of connection given in form
of shear bond coefficient, y.

The total normal stresses in the concrete (i= 1) and timber (i = 2) components of a TCC

is obtained by (Steinberg et al. 2003):

M h
L2, (2:9)
El 2

_ _ u
0,,=0,T0y; = via.E; +
E eff

where, 0; and oy, ; are axial and bending stresses, respectively which are calculated by:

M
o; =—— i, E; (2-10)
El .
o= M, ﬁEi (2-11)
R 2

where, M, indicates the moment due to factored loads as depicted in Figures 2-6 and 2-7

for T shape and box TCC modules, respectively.
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Figure 2-7 Stress distribution of a partially composite, box TCC module
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The shear flow between composite components, shear force in the connector and the

mid-span deflection of TCC module are given in:

H(x )— ‘[e;f LV (x) (2-12)
F(x) = 7E];;E' V(x) (2-13)
_ Swi

o= 384E1 (2-14)

where, ¢ is shear flow, W, is the uniformly distributed load, F° is the shear force in the
connector, V' is the shear force in the cross-section of TCC beam and o is the mid-span
deflection of a simply supported composite beam (Frangi et al. 2003; Lukaszewska et

al. 2008). The shear force in connector, F(x) is checked by:
F() < Fipg, (2-15)

where, Fiax 1s the load capacity of connector. The maximum shear stress occurs at the

section with zero normal stresses. The maximum shear stress in the web, 75 max 1S:

i _ 7,EyAya, +0.5E,b,h,’
Zmax b,EI

-V (x) (2-16)

where, b, is the width of the LVL web.

In the design of fully composite timber module, Eurocode 5 (EN 2004b) recommends
that the flange of a timber joist should satisfy the following equations:

Orems < Jm (2-17)
Ot < S (2-18)
o <k.f. (2-19)
oy <, (2-20)

where, ofcmax and orrmax are the extreme fibre flange design compressive and tensile

stresses, o and oy, are the mean flange design compressive and tensile stresses, f,,, f,
and f, are the bending, tension and compression strength of the timber flange,

respectively and ;. is a factor which takes into account the lateral instability.
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The axial stresses in the timber webs should satisfy the following equations:

Oyed < Sow (2-21)

Oia < fow (2-22)

where, oy 4 and oy, 4 are the design compressive and tensile stresses of the web and £ v,
and fiy are the design compressive and tensile bending strengths of the web,

respectively.

The tensile and bending stresses of timber and concrete at the extreme fibres (the upper
and lower fibres of concrete and the lower fibre of timber) (o2 and o2:) must be fitted

into the linear-elastic condition of:

O,n  Osm

>

Joo Ja

<1 (2-23)

where, f;and f, are the tensile and bending strength of the components, respectively.

The shear stress in web of timber beam should be as:

f, forh, <4b,
Toean <) 1 (%)O-Sfor he > 4b,, (2-24)
f

Tmean 1S the design shear stress at the sections assuming a uniform stress distribution, f, is
the design planar shear strength of the web, /¢ 1s either A¢. or /¢ and ber 1s calculated as:

{bw for box beam
ef <

2-25
0.5b,, for I beam (2-25)

where, by, is width of web (EN 2004b). bt of a concrete member is defined to be its
width (b). Exceeding the ultimate properties (allowable stress) in any part of the

specimen leads to the failure of composite components.

The design procedure of a TCC beam consists of verifications such as (1) ULS in the
short-term, the structure is subjected to maximum load after construction (1.2G + 1.5Q)
in compliance with the AS/NZS1170.0 (2002); (2) SLS in the short-term, the deflection
due to imposed load is verified (i.e. only Q); (3) ULS in the long-term, the structure is
subjected to the permanent load condition (i.e. G+0.4Q) in compliance with
AS/NZS1170.0 (2002) during the service life, and the remaining part of the ultimate
load (i.e. 0.2G + 1.1Q) at the end of the service life; and (4) SLS in the long-term at the
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end of the service life; creep in the materials is evaluated under the permanent load
condition (G + 0.4Q) during the service life, and the instantaneous effects are
considered by the difference between the rare (G+ Q) and the quasi-permanent (G +
0.40) load condition (0.6Q) (Ceccotti 2002; Yeoh 2010).

2.5.1.2 Elasto-Plastic model
TCC systems are typically modelled as demonstrating linear elastic behaviour. In most

instances, the connectors become plastic and as a result the linear elastic model has to
be modified to take into account the plasticity of the connectors. Moreover, by crack

initiation in concrete the linear elastic model is no longer valid.

Frangi et al. (2003) developed an elasto-plastic model for TCC system in order to
account for the non-linear behaviour of connectors. This new model considers
parameters such as the ductile behaviour of the connectors. It is highlighted that the
shear force developed within the connectors is in equilibrium with the internal normal
force of the timber and concrete. The magnitude of this shear force depends on the
stiffness of the connectors. When a rigid connection is used, no slip should develop
between the timber and concrete and the system can be theoretically analysed as a single
unit as illustrated in Figure 2-8. Figure 2-9 highlights that the shear connector

experiences a linear-elastic load-slip at lower loads.
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Figure 2-8 The effect of connector rigidity on TCC beam (Frangi et al. 2003)
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Figure 2-9 Typical elastic-plastic load-slip of shear connector (Frangi et al. 2003)
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Frangi et al. (2003) assumes a rigid-perfectly plastic load-slip relationship for
connections. As the load is increased, a plastic behaviour is observed which results in
the connections deforming to an irreversible state. After reaching the maximum load
capacity, the connector continues to deform in a plastic manner depending on the

ductility.

Although the elasto-plastic model developed by Frangi et al. (2003) is more relevant
and accommodates a number of factors which affect a TCC system's behaviour, the

linear-elastic model is still commonly used for TCC design (Yeoh et al. 2010).

2.5.2 Connection design based on deformation control

Gelfi et al. (2002) proposed a method to design connection of TCC beams based on a
designed deformation in connection. The connection design of TCC system includes
calculation of diameter and length of mechanical fastener for example nail, bolt and

screw and its spacing.

The minimum fastener spacing is determined based on the deflection control under
service load. The mid-span deflection of TCC beam depends upon the slip at the
connections. Hence, to control the connection slip, a minimum stiffness of composite
system should be imposed by employing appropriate combination of connection
stiffness and spacing (Dias et al. 2011). Ronca et al. (1991) and Gubana (1995)
proposed a deflection increase due to partial composite action of eight to ten times of
maximum slip at connection for a simply supported TCC beams under uniform load.

Hence, the minimum spacing is found by a designed maximum slip at connection.

A small slip design (uq) for example 0.2-0.3mm leads to a limited increment of the
deflection compared to full-composite beam. The design shear force at connection (Vyq)

for the connector located near to the support is defined to be:
Va=Ku, (2-26)

where, K is the serviceability slip modulus of shear connection. The spacing of shear

connection, S is calculated by:

V. K
Sz?d - _;ud (2-27)

where, ¢ is shear flow of the section and can be approximated by:
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q=— (2-28)

where, V4 is the maximum shear force at beam-end, Q is first moment of area for
concrete slab and / represents the second moment of area of TCC section. Thus, Gelfi et

al. (2002) calculates the spacing of shear connection, S by:

K1
"0

S=

I, (2-29)

2.6 INFLUENCE OF CONNECTIONS

The concept of utilising a connection system to achieve uniform composite action
between the concrete and timber interface dates back to the 1920s when Muller (1922)

patented a connection system of nails and steel braces between the timber and concrete.

This idea was further built upon in 1943 when Richart et al. (1943b) tested some
composite beams utilising different types of connectors. Richart et al. (1943b) stated
that the bond failure between the concrete and timber was greatest when the connectors

utilised were spikes and/or triangular plates (Van der Linden 1999).

Research conducted by Pincus (1969, 1970) found that either the timber element
failed under tensile stresses or the concrete failed in shear or crushing prior to the epoxy

resin compound used as the connector (Van der Linden 1999).

The connection between the timber and concrete is a key part of the composite, with the
stiffness of the TCC depending on the level of stiffness in the interfacial connection
(Ceccotti et al. 2006b; Clouston et al. 2005a). A significant amount of research into
TCC systems has been focused on assessing the effectiveness of shear connections in

terms of their strength, stiffness, ductility and failure mode utilising push out tests.

The strength refers to maximum load capacity whilst the failure mode examines
connection ductility. In addition, the stiffness of the connection indicates the resistance

to slip at the interface of timber and concrete.

In the case of a simply supported TCC with neutral axis located at the interface of
timber and concrete components, the forces developed on the fasteners at the interface
are related to the slip in the fasteners at that location when loaded. In other words, the
shear forces transmitted through the beam are equal to the shear forces resisted by the

connectors.
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Concrete and timber members exhibit quite brittle behaviour in tension and
compression, respectively. Hence, the shear connection is the only contributor to ductile
behaviour of TCCs (Ceccotti et al. 2006b; Van der Linden 1999). The strength,
stiffness, location and number of connectors thus play a crucial role in the composite

action and structural performance of TCC floor system.

The effectiveness of shear connection solutions are evaluated in terms of their strength,
stiffness and failure mode utilising shear test. Herein the maximum load carrying
capacity and slip at interface of composite materials are measured precisely then
plotting the load-slip curve, the slip modulus or stiffness of the connection is

determined (Kuhlmann et al. 2004).

Shear tests are undertaken with either asymmetrical or symmetrical specimens. In
asymmetrical specimen, one concrete slab is connected to timber joist whilst in
symmetrical specimen, timber joist is connected to two concrete slabs placed on two
sides of the timber joist. Comparing these two types of specimen, the asymmetrical one
is lighter and cheaper. Furthermore, in asymmetrical specimen, overturning moment of
the axial forces due to eccentricity increases the compression force at interface. Hence,

higher compression force results in larger stiffness and strength (Van der Linden 1999).

A variety of connector types are utilised depending upon the structural requirements
including notches, glues, dowel type fastener, nail plates, notches combined with
mechanical fastener, continuous slotted sheets, novel connection and proprietary
devices, and each of these has different mechanical properties, as well as cost and ease
of use (Clouston et al. 2005a). Connectors should be relatively simple, cost effective
and structurally efficient. With these considerations, connectors can be preassembled

thus the time required to construct a TCC system is reduced.

The level of connection can range from no connection to rigid connection, and this

obviously affects load bearing behaviour (Kieslich et al. 2010).

While the failure of a TCC system can theoretically occur in any of the three materials
(timber, concrete or connection), Clouston et al. (2005a) stated that it is desirable to
design the failure to occur in the connection rather than timber and concrete. Steel
connectors represent moderate stiffness and ductile response through elasto-plastic

failure which leads to overt warning ahead of failure.
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The design of the shear connection should therefore provide a stiff connection between
the timber and the concrete while undergoing loading and provide a ductile response
while undergoing stresses in the plastic range. Further, designing for failure in steel will
likely lead to greater reliability in results, due to the more consistent properties and
behaviour of steel compared to timber and concrete (Ceccotti et al. 2006b). In this
Section the design parameters of a shear connector in TCCs such as stiffness, ductility,

shape and arrangement are discussed.
2.6.1 Connection stiffness

The slip between timber and concrete in TCC connection and consequently the slip
modulus of laterally loaded shear connection for a linear elastic model is proportional to
the overall behaviour of composite beams including displacement, stiffness, load
carrying capacity and distribution of internal forces (Dias et al. 2011). However Santos
et al. (2010) and Mascia et al. (2009) reported that the stresses are not so sensible to the

behaviour of the connection for plywood composite beams.

Non-linear load-slip response of a connection and its stiffness within the linear range of
response (slip modulus) characterises the overall behaviour of composite beams. A
connection within the non-linear range results in non-linear behaviour of the TCC beam
(Mascia et al. 2009). Thus, the design of TCCs is governed by displacement within

serviceability limit state and the slip at the interface of timber and concrete.

The linear-elastic approach for design of timber composite proposed by the Eurocode 5
“Gamma method” employs different input parameter such as slip modulus of connector
to design the TCC beams where inaccurate slip modulus results in unreliable design for

the timber composite beams (EN 2004b; Mascia et al. 2008).

Hence, the calculation of stiffness is of interest to design and study the structural
performance of TCC floor. Material properties of timber, fastener and concrete
influence the overall load-displacement response of shear connection. As a result, a
stiffer connection typically reduces the slip at the interface of timber and concrete.
However, stiffer connectors also tend to fail in a brittle manner and this must be taken

into consideration when selecting a connector.
2.6.2 Ductility

Ductility is an important consideration in the design of connectors. Van der Linden

(1999) mentioned the necessities of a moderate bending stiffness property in TCCs, as it
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allows the structure to deflect and therefore induces adequate warning to inhabitants of
the building prior to failure. This ductile failure can be achieved through the use of a
ductile connection system that becomes plastic prior to the timber or concrete failing.
As a result, TCCs utilising ductile connections fail in a manner that the catastrophic

failure is prevented.

Ceccotti et al. (2006b) and Clouston et al. (2005a) highlight the importance of balancing
stiffness and ductility. Connection is required to be stiff enough to obtain high
composite efficiency. Moreover, not too resistant shear connections with elasto—plastic

behaviour are desirable to provide overall ductility in TCC systems.

Dias et al. (2011) simulated numerically the behaviour of non-linear connectors and
found that ductile connectors increase the strength and serviceability of a TCC system
by increasing the load carried and the maximum safe deflection. Moreover, it was stated
that ductile connections are the safest connector type which has an ultimate deformation
capacity greater than the highest slip demand of the composite system and allows the

loads to be redistributed.

Yeoh et al. (2009) highlighted that the plasticity in the connector is the only mechanism
for introducing ductility into a TCC system due to the brittle behaviour of timber in

tension and concrete in compression.

Steel represents an elasto-plastic failure exhibiting a high stiffness in the elastic range
with more ductile behaviour in the plastic range. Moreover, designing for failure in steel
connector leads to higher reliability due to more consistent properties and behaviour of

steel compared to timber and concrete (Clouston et al. 2005a).
2.6.3 Inclined and crossed fasteners

Previous investigations reported that the inclination of a fastener significantly increases
the initial stiffness and strength of the connections and consequently composite floor.
The strength of a vertically inserted fastener is calculated based on the flexural capacity

of the fastener and the embedding strength of the timber.

The inclination of the fastener to the grain increases the strength of the connection by
taking into account the withdrawal and tensile capacity of the fastener and as a

consequence, a more economic connection is achieved.
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Van der Linden (1999) reported an experiment conducted by Kiing (1987), which
highlighted that by positioning the dowel connectors at an angle of 60 degrees, rather
than 90 degrees from the horizontal face, the load capacity of the connection was

increased by a factor of two. The slip modulus of the connectors also increased.

Symons, Persaud & Stanislaus (2010a & b) tested 16mm threaded diameter, 230mm
long coach screws in a set of push out tests aimed at validating their analytical strength
and stiffness models of an inclined screw shear connector. Each TCC specimen was
fabricated from a 1000x600x100mm concrete slab fixed to a 1000x270x160mm grade
GL28 glulam joist.

Each specimen featured an interlayer utilising a trough shaped steel decking fixed to the
joist with self-drilling, self-tapping screws. Each trough had a coach screw drilled
120mm into the timber with a total of 5 coach screws per specimen. Two specimens
were prepared for each screw inclination from 0 to 50° to the vertical face, in

increments of 10° (Symons et al. 2010a).

Figure 2-10 highlights the load-slip diagram per screw for selected screw angles of 0°,
20° and 40°. Symons et al. (2010b) stated that by inclining screws, the connectors act to
resist slip by axial loading rather than just in bending. Symons et al. (2010a) mentioned
that the screws failed either through the development of single or double plastic hinges

in the glulam or in both the glulam and concrete, respectively.

Load: kN/screw

Slip: mm

Figure 2-10 Load-slip of varying angles (Symons et al. 2010a)
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The results clearly indicate that inclining the screw increased the strength and stiffness
of the connection. It was concluded that increasing the inclination angle to the vertical
face increases both the stiffness and strength of inclined screws whilst it reduced the

slip at Finax.

Dias et al. (2011) tested angled screw connections utilising different grades of light-
weight concrete with and without presence of an interlayer. SFS screws were used in
both parallel (45°) and crossed (+45°) arrangements. The crossed arrangement has one
screw carry shear forces in tension whilst the other screw takes forces in compression.

In the parallel layout, both screws are under tension.

Results showed that on average, parallel screws withstood slightly higher strength and
slip moduli. Additionally, in the case of parallel screws there was less reduction in

strength due to the interlayer.

Elsewhere, Fernandez-Cabo et al. (2012) stated that inclined connectors produced better

efficiency of the composite structures.

2.6.4 Embedment depth

Proper embedment is required to ensure that there is enough contact between the shear
connector and the timber and concrete interfaces. If the depth of embedment is
insufficient, the connector typically fails either by being withdrawn from the timber or

being distorted.

Van der Linden (1999) noted that the embedment depth of screws was a factor in
determining their failure mode, stiffness and strength of TCC connection. Yeoh (2010)
reinforced this idea, stating that the depth of a concrete notch affects the connector's
behaviour. A theoretical model developed by Symons et al. (2010b) highlighted that for
a greater non-dimensional embedment depth (7 ), the non-dimensional stiffness (K ) of

a vertical screw shear connector increased as illustrated in Figure 2-11.

The non-dimensional stiffness ( K ) is slip modulus of screw (K) divided by foundation
modulus of timber parallel to the grain and diameter of screw shank whilst non-
dimensional embedment depth (7 ) represents the ratio of screw’s embedment length in

timber (7) to screw diameter (d) as given in Figure 2-11.
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Figure 2-11 Non-dimensional stiffness of a vertical screw ( K ) as a function of the non-

dimensional embedment depth (7 ) (Symons et al. 2010b)
2.6.5 Spacing and positioning

The greater the number of shear connectors and hence, a tighter spacing increase the
strength of connectors. However, codes such as Eurocode 5 present minimum spacing
requirements to ensure the elements are not overstressed and to prevent splitting of the

timber.

Dias et al. (2011) stated that for a given slip modulus demand at ULS, the slip of the
composite members is less when the spacing is closer, as shown in Figure 2-12. Shear is
typically maximum at the ends of a simply supported beam and as a result, the shear and

consequently slip are maximum at the ends of a TCC system (Ceccotti 2002).
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Figure 2-12 TCC slip behaviour as a function of fastener spacing (Dias et al. 2011)
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This concept is reinforced in literature where Postulka (1983) and Postulka (1997)
report the use of Nails 6.3 x 180mm, as connectors spaced equally at 250mm at the mid-
span and 100mm near the supports for TCC floors. Frangi et al. (2003) also supported
this concept and stated that the end shear connectors reached their maximum capacity

first during their laboratory tests.
2.6.6 Connector shape

Dias et al. (2010b) also concluded that the shape or strength of the steel dowel does not
have a significant impact on the slip modulus although the nominal diameter of the

dowel does have an impact on the stiffness and strength of shear connections.

In notch connectors, the shape of the notch can have a significant impact on how the
connector fails, either through crushing of the timber or brittle failure of the concrete
For example, Gerber et al. (2011) stated that polygonal shaped notched connections

have a much more desirable behaviour than trapezoidal notch designs.
2.6.7 Effect of timber and concrete dimensions

Van der Linden (1999) remarked that there is an optimum ratio between the dimensions

of the concrete slab and timber beam to achieve a desirable bending stiffness.

The span of the TCC beam also influences the effectiveness of the connector in
transmitting complete composite action. Figure 2-13 highlights the effect of span on the
connector through the use of a combination factor (shear bond coefficient) which

denotes effectiveness of the composite action with varied smeared slip modulus ;.
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Figure 2-13 Beam span-combination factor of various stiffness (Van der Linden 1999)
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The concrete slab and timber joist had dimensions of 600x70mm and 100x200mm,
respectively. For example, at a span of 2000mm and a smeared slip modulus, k1 of
100N/mm/mm, the combination factor is 0.2, which means that only 20% of the

possible ultimate stiffness is achieved through composite action.

2.7 INFLUENCE OF HIGH-PERFORMANCE CONCRETE PROPERTIES
ON TCC CONNECTIONS

To-date, conventional concrete (CC) has been applied in most investigations on TCCs.
There are only few investigations to study the effect of concrete properties on the
structural behaviour of TCC system. Today, with the advance in admixtures and
additives, concrete mixes can be designed to new requirements of strength and

serviceability with modified fresh and hardened properties.

High-performance concrete (HPC) is an enhanced concrete with new technique that
mainly improves in durability, workability, strength, early age strength, toughness, light
density, volume stability economic and suitability of some special environmental
situation. The water reducer is used to decrease the water cement ratio to increase the
strength and workability; fly ash and silica fume increase the durability of concrete; air
entrained agent used to produce bubbles in concrete which prevent the freezing and
thawing, as the air density is very low the density of concrete reduces. However,
strength of concrete is not a governing parameter in TCCs, properties of concrete such
as workability, lower shrinkage and durability play an important role in structural

performance of TCCs.

Kieslich et al. (2010) highlighted the variety of high-performance concretes available
such as light-weight concrete (LWC), fibre reinforced concrete (FRC), self-
consolidating concrete (SCC), high-strength concrete (HSC) and the ways in which
these can be used in TCCs.

For example, steel fibres concrete might be beneficial for TCCs in confined spaces (for
example building rehabilitations). Holschemacher et al. (2002) investigated application
of steel fibre reinforced concrete (SFRC) without any conventional reinforcement in

TCCs.

The major difference between high-strength concrete (HSC) and conventional concrete
is its compression strength which ranges between 50-100MPa (EN 2004a). Although

the material used to produce high-strength concrete is very similar to the material of
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conventional concrete, the key issue is to increase the strength of concrete, by
controlling the factors that affect the strength. The HSC is produced utilising different
methods such as improving the hydration condition of cement by increasing high-
strength aggregate content or increasing the fineness of grinding to achieve high specific
surface, mixing with different type of high-strength aggregate, using admixture such as

water reducer, fly ash and silica fume and increasing the compaction of concrete.

Holschemacher et al. (2002) tested 160mm normal screws in 3 test series such as (1)
conventional concrete with concrete key; (2) fibre-reinforced concrete with concrete key
(notch) and (3) fibre-reinforced concrete to study the effect of shear key and SFRC
compared to steel mesh reinforced concrete. Comparing conventional concrete and
SFRC, the application of SFRC with concrete key increased the ultimate load capacity
by 30% whilst the initial slip was reduced by about 60%. Steel fibres did not need any
concrete cover. Thus, the thickness of concrete slab was reduced to 35mm. This is a

particular advantage for rehabilitation works where floor heights are limited.

It was concluded that the application of steel fibres has no important effect on strength
and stiffness of TCC connections. Furthermore, the crack initiation and development in
concrete was delayed and the stresses distributed more uniformly (Holschemacher et al.
2002). As a drawback, steel fibres may wear out the concrete pump and pump-line

(Kieslich et al. 2010).

The fresh properties of concrete in upgrading of old timber floor to TCC are of interest
for two reasons, first the concrete needs to be workable and compactable in order to fill
the formwork in confined spaces and complex forms properly. Moreover, concrete
needs to be pumpable as some locations, particularly in retrofits, it may not be able to
be delivered by crane. Given that concrete in TCCs is likely to be primarily under
compressive stress, FRC presents a strong opportunity to reduce conventional

reinforcement (Kieslich et al. 2010).

SCC has been used increasingly for more than two decades in pre-cast concrete
technology whilst its application in TCC provides a potential development to enhance
the workability and flow ability of concrete without the need for an external vibration

(Kieslich et al. 2010; Ramezanianpour et al. 2012).

The components of SCC and CC are identical, consisting of cement, water, aggregates,

admixtures, and mineral additions but the composition of the mixture, fresh and
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hardened properties are different. SCC includes larger amount of mineral fillers (i.e.
finely crushed limestone or fly ash) and water-reducing admixtures. Moreover, the
maximum size of coarse aggregate is smaller than that in CC. Water reducer,

superplasticiser and viscosity modifying admixture were used to adjust the SCC mix.

SCC may be advantageous for upgrading of old timber floor with complex formworks
and little space for compacting measures. SCC typically has appropriate workability and
flowability and is self-venting. SCC generally has a high content of cememtitious
material which can lead to higher heat of hydration and shrinkage. It can also lead to
lower strength which may require higher levels of reinforcement. For these reasons,
Kieslich et al. (2010) suggested application of a highly workable concrete but not self-

consolidating concrete in TCCs.

Leborgne et al. (2010) studied the negative effect of poor consolidation, moisture loss,
transverse shrinkage cracks of the concrete and swelling of the timber on composite
action of TCC floor. Moisture absorption from the concrete into timber was reduced by
painting the specimens with water proofing paint and as a consequence the swelling of

the timber was mitigated.

Furthermore, a self-levelling concrete was utilised with a design compressive strength
of 34.5MPa and a slump of 279.4mm to modify consolidation. Two types of Nylon and
Type I steel fibres admixtures were utilised in ultimate bending test on twelve full-size
specimens constructed with Hilty shear key connectors and notch connections. The
dominant failure mode was observed as a combination of bending and tensile failure at
mid span. The composite efficiency of specimens did not vary significantly. The

average composite efficiency of twelve specimens was 83.4% (Leborgne et al. 2010).

The application of LWC provides an interesting development in TCC technology to
minimize the dead-load on timber component. Such reduction may be favourable in
renovation of old timber floor. It is also advantageous in new multi-storey buildings for
aspects such as prefabrication and mitigation of excess dead load — leading to saving on

foundation and walls and/or column sizes.

Comparing LWC and conventional concrete, LWC causes larger shrinkage strain and
lower MOE (due to lower MOE of light-weight aggregates). Hence, the serviceability
deflection of TCC is expected to be larger. In contrast, the nominal reduced creep

coefficient and lower dead-load of LWC may reduce the serviceability deflection of
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TCCs. Hence, the question of influence of LWC on structural response of TCC beams

has no direct answer and needs to be verified by experiment (Jorge et al. 2010).

LWC exhibits the advantages of higher strength/weight ratio, energy absorption, better
tensile strain capacity, lower coefficient of thermal expansion and superior heat and
sound insulation characteristics due to air voids of the light-weight aggregate (Al-Khaiat

et al. 1998; Topgu 1997; Yasar et al. 2003).

Light-weight aggregates are categorised into two broad categories as natural (crushed
basaltic pumice, scoria, diatomite, volcanic cinders, etc.) and artificial (perlite, clay,
sintered fly ash, expanded shale, Polystyrene) (Miled et al. 2004) (Al-Khaiat et al. 1998;
Ghavami 1995; Hossain 2006).

The LWCs are classified by their mass per unit volume ranging from 300kg/m’ to
1900kg/m’ and application including low mass per unit volume, moderate strength and

structural concrete as illustrated in Figure 2-14 (ACI213R 1987).
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Figure 2-14 Mass per unit volume and use classification of LWC (ACI213R 1987)

Steinberg et al. (2003) reported that application of a LWC with a mass per unit volume
of 1600kg/m’ instead of conventional concrete in TCC reduces its dead-load
approximately 15%. Steinberg et al. (2003) carried out push-out tests on five different
types of shear connection utilising LWC. It was concluded that the MOE of LWC
reduced the composite efficiency and effective bending stiffness of TCC floor.

Therefore, the spacing of connectors in LWC must be less than conventional concrete.



The design depends upon the compromise between the lower spacing of the connectors

(higher cost) and the reduction in permanent load (Steinberg et al. 2003).

TCC specimens utilising LWC slab exhibited concrete failure whilst most of TCC
connections utilising conventional concrete and mechanical fastener in literature
experienced predominant failure mode of shearing off or withdrawal of the connectors.
The failure in connection allows that altering dimensions of the fastener governs the
failure. Moreover, the application of LWC in TCC requires an evaluation of the

anchorage potential of the connectors in concrete (Steinberg et al. 2003).

Haiman et al. (2004) tested four TCC beams utilising different connection types and
Expanded polystyrene LWC with mass per unit volume grade of 1200-1400kg/m”.

Expanded polystyrene is a stable low density foam as an artificial ultra light-weight
aggregate with the mass per unit volume of 12-32kg/m® which can replace part of coarse
aggregate in the concrete - to obtain a light-weight concrete with a significantly reduced
mass per unit volume ranging 1600-2000kg/m’ allowing for large self-weight

reductions (Chen et al. 2004; Cook 1983; Miled et al. 2004).

Increasing the content of polystyrene beads in EPS LWC reduces the density and
compressive strength of LWC. However, adding polystyrene beads creates segregation
problems and requires special mix design method to prevent segregation (Choi et al.
2006). Over vibration of the EPS mixtures causes the beads to rise to the surface which

significantly affects the uniformity of strength. (Ravindrarajah et al. 1997).

The failure of EPS LWC under compression is different from conventional concrete and
represents a more gradual failure with retaining the load after failure, without full
disintegration which proves the high energy absorbing capacity (Chen et al. 2004). The
energy absorption capacity and ductility of concrete increased with increased

polystyrene aggregate content (Sabaa et al. 1997).

The TCC connector types tested by Haiman et al. (2004) were type 1 @25mm steel
dowels placed in pairs at 200mm spacing and type 2 225mm steel dowels placed
alternatively 200mm apart that were both epoxied. Type 3 @ 6mm nails driven in threes
to a depth of 100mm, 50mm exposed 100mm apart. Type 4 connected the two materials
with epoxy glue. Haiman et al. (2004) found that TCC beams utilising glued
connections (type 4) experienced the highest stiffness and load carrying capacity whilst

TCC beams with nails (type 3) exhibited the worst stiffness and load carrying capacity.
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Grantham et al. (2004) investigated TCC connections (short SFS screws inclined at 45°
placed in tension) and beams utilising LWC produced from recycled sewage sludge.
The existing timber floor was upgraded by casting a LWC slab with a mass per unit
volume of 1760kg/m’. TCCs were subjected to long-term and collapse tests. It was
concluded that a LWC floor exhibited a favourable lower self-weight and higher
strength. In contrast, LWC floor in long-term test represented a larger sensitivity to
rheological phenomena compared to TCC with conventional concrete (Grantham et al.

2004; Yeoh 2010).

Fragiacomo et al. (2007) investigated mechanical properties of “Tecnaria” connectors
utilising eighteen specimens made from light-weight and conventional concretes. It was
found that application of LWC rather than conventional concrete did not affect the

stiffhess.

Kieslich et al. (2010) studied TCC modules utilising different types of high-
performance concretes including SCC, FRC, LWC, HSC or combinations of them in
TCC -aiming to study easy workable mixture with lower dead-load and shrinkage strain.
Moreover, the effect of the MOE of different conventional and light-weight concretes
on the effective stiffness, El.gs of TCC beam versus shear bond coefficient, y was
investigated. It was found that the LWC slab with higher value of MOE and same
thickness increased the effective stiffness of TCC compared to LWC with lower MOE.
The proposed values of the MOE for concrete were obtained from the German standard
DIN1045 (2008) whilst the real values strongly depend upon the type and MOE of
aggregates. The main drawback of the LWC is the characteristic of sucking some part
of the concrete’s water which has to be considered in the mixing ratio (Kieslich et al.
2010). Moreover, the higher compressive strength of the cement matrix rather than the
light-weight aggregates causes high brittleness in LWC. In contrast to LWC, the
cement matrix of conventional concrete exhibits a lower compressive strength compared

to its aggregates (Kieslich et al. 2010).

Kieslich et al. (2010) proposed a mix of polyvinyl alcohol-fibres (PVA) into dry light-
weight concrete (DLWC), aiming to modify high brittleness. The important concerns
about the combined high-performance concrete are summarised as problematic
pumpability using porous light-weight aggregates and difficulties for a uniform fibres
distribution in concrete. Five different mixtures of two types of fibres with the dry mass

per unit volume of 1600kg/m® were tested using bending test of small TCC beams. It
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was concluded that increasing the fibre content using both fibres improved the load
carrying capacity of TCC modules compared to using only one type or control series

(without fibre) (Kieslich et al. 2010).

Jorge et al. (2011) studied the influence of the interlayer on the structural properties of
TCC connections and beams utilising different grades of LWC and arrangement of
inclined short SFS screws. Jorge et al. (2011) reported that inclusion of interlayer in a
TCC specimens reduced strength and stiffness and proposed strength reduction factors
of approximately 30-50% and 10-30% for short SFS screws test series utilising

conventional concrete and light-weight concrete, respectively.

The application of LWC instead of conventional concrete led to a strength reduction of
30% and 50% for the specimen without an interlayer whilst in presence of an interlayer,
the reductions were smaller. This is promising for renovation and strengthening

purposes utilising LWC where the floor board acts as an interlayer.

In the case of TCC beams, application of LWC reduced the strength, but the stiffness is
maintained approximately constant. The stiffness is more relevant to design compared
to load capacity. Therefore, the difference between light-weight and conventional

concrete seems to be negligible in the short term (Jorge et al. 2010).

In addition to suggesting a reduction factor for samples with an interlayer, Jorge et al.
(2011) also investigated and quantified two different shear connection layouts. From
their results conclude that screws in parallel at +45° provide higher strength results than
screws crossed at £45°. Both screw arrangements utilising different LWCs exhibited a

tensile failure of screws.

2.8 CONCLUSIONS

Interest in TCC floors as a viable and effective alternative to conventional reinforced
concrete and/or traditional timber floors in multi-storey buildings has increased over the
last 20-30 years. In TCC technology, a timber beam is connected to a concrete slab
using a connection system that resists shear forces and impedes slip between the
composite materials. The strength, stiffness, location and number of connectors play a
crucial role for the composite action and determine the structural and serviceability

performance of the floor system.
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This Chapter describes the state of the art of TCC structures. A comprehensive review
of literature about the development and structural behaviour of TCC structures is

presented. The history behind and various advantages of TCC were introduced.

The advantages of TCCs are numerous, including the improved durability over
reinforced concrete and timber floors, as well as improved fire retention and thermal
and sound insulation properties. They carry a much higher live-load per unit self-weight

and have a lower embodied energy than reinforced concrete solutions.

Three different construction methods of TCC such as (1) wet method; (2) semi-
prefabrication method (cast in-situ) and (3) prefabrication off-site (dry-dry method)
have been discussed. The specific design methods of TCCs such as the Gamma method

proposed in Eurocede 5 part 1 annex B and elasto-plastic were introduced.

A review on previous research into the applications of innovative high-performance
concretes such as LWC, FRC and SCC in TCCs was also undertaken, with a discussion

based on the findings and contribution that the previous research has presented to TCCs.
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3 REVIEW OF CONNECTION TYPES FOR TCC

3.1 INTRODUCTION

The first Section of this Chapter is a discussion of different classifications of TCC
connection and case studies to demonstrate, in detail, the behaviour achieved from a
wide variety of shear connector systems. Each case studies first introduces shear
connection classification and compares the experimental results of different types of

TCC connection utilising push-out and four-point bending tests.

In the second Section, the TCC shear connections have been broken up into categories
based on the type of classification although, at certain times, an overlap may occur.
Each category of TCC connection is investigated more thoroughly by undertaking case

studies on previous experimental investigations on similar connections.

3.2 CONNECTION CLASSIFICATION AND CASE STUDIES

A review of different classifications and case studies of TCC connections conducted by
previous academics is presented in this Section. The case studies compare the
experimental results of different types of TCC connection to demonstrate, in detail the

behaviour achieved from a wide variety of connector systems as shown in Figure 3-1.

The TCC connectors can be classified into different groups such as discrete/continuous,

glued/non-glued, vertical/inclined and prestressed/non-prestressed (Yeoh et al. 2010).

Clouston et al. (2004) presented an example of this classification and categorised the
shear connections into four types of (a) dowel-type, (b) tubular-type, (c) notches with an

anchoring device and (d) (dis)continuous glued-in-wood plate.

48



. J . ‘-I/ . 8
(a)jnovel connections developed for prefabrication method

M1/ =1 8 [w - 14 sl - __w i * 4 i .‘_ 4
Oy

(b) nail plate

Figure 3-1 Different connection systems (a) Lukaszewska (2009), Van der Linden
(1999), (c) Piazza et al. (2000), (d) Bathon et al. (2000), (e) Dias (2005), (f) Deam et al.
(2008) and (g) Steinberg et al. (2003)

3.2.1 Van der Linden (1999) case studies

Van der Linden (1999) tested four connector types which were screws fixed at +45° nail
plates bent at 90° (Figure 3-1b), concrete notches and reinforcement bar with concrete

notches in laminated veneer lumber (LVL).

Shear tests of the screws highlighted that the embedment depth of screws was a factor in
determining their failure mode. In the case of the presence of interlayer between the
timber and concrete, the majority of screws pulled out of the timber whilst the screws
failed due to rupturing of the steel shaft in test series without interlayer (Van der Linden
1999). Van der Linden (1999) stated that the application of an interlayer for example
timber board between the timber beam and concrete slab significantly affects the

behaviour of the connector.

The primary failure mode of the nail plates was through the partial-rupture and bending

of the nails that were connected into the timber beam.
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Van der Linden (1999) tested the concrete notches in LVL joist across a range of
configurations including the use of different coating treatments between the timber and
concrete interface. The key findings noted that through the use of a LVL joist with two
layers perpendicular to the remaining seven layers, the bending stiffness of the timber
were increased. When LVL had been dried for 74 days, the concrete notches were able
to carry a significantly higher shear load, before failing in a brittle manner due to the

shear forces induced between the concrete slab and the notch (Van der Linden 1999).

Van der Linden (1999) stated that the reinforcement bar with concrete notch connection
allowed the reinforcement bar to transmit its force into the timber beam and thus
increased the strength and slip of the connector. On the other hand, the reinforcement
bars displayed very plastic behaviour. The reinforcement bar with concrete notch was
forced through the timber beam as the applied load approached the embedding strength
of the timber. The reinforcement bar was also bent as the maximum load was attained
with visible crushing of the concrete notch evident. The key findings from the
reinforcement bar tests highlighted that the size of the concrete notch plays a significant

role in increasing the shear capacity of the connection system (Van der Linden 1999).

Once the notch was reinforced with an adequate amount of steel reinforcement, a plastic
behaviour could be achieved. When the connector displaced by 2mm, the maximum
load capacity of the connector had already been reached. The load was further increased
up to a displacement of 15mm until the timber had reached a plastic state, although the

connection was still capable of further loading.

Further tests by Van der Linden (1999) showed that as the amount of notch
reinforcement was reduced, the concrete failed around the edges of the notch resulting

in the distorted notch slipping out of the LVL.

It is difficult to draw definite conclusions after undertaking an evaluation of the efficient
connector types given they all had different mechanical properties, costs, dimensions
and utility. An assessment of the results by Van der Linden (1999) however, showed
that the screws are more efficient than the nail plates given their smaller area of
connection. Nearly all four connector types failed in a plastic manner except for some of
the screws and the concrete notches which failed by rupturing of the screw shaft and

through crushing of the concrete.
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In terms of strength, it can be demonstrated that the nail plate, reinforcement bar and
concrete notch exhibit far greater shear strength capacity than the screws (Van der
Linden 1999). It was found that the TCC beams exhibited a plastic behaviour before
ultimate collapse contrary to the timber beam with brittle failure in tension zone.
Ductility of connectors resulted in the occurrence of the plastic hinges in outer
connectors, hence the load redistributed to the adjacent connectors until they behaved as
plastic hinge. The dominant failure mode of TCC beams was combined bending and

tensile failure of the timber component (Lukaszewska 2009; Van der Linden 1999).
3.2.2 Piazza et al. (2000) case studies

Piazza et al. (2000) identified the mechanical properties of TCC samples constructed
from eight different types of connection and subjected to push-out and bending tests.
Moreover, some numerical analyses were carried out to verify the influence of the
connection systems on the behaviour of the composite beams. Full scale TCC beams
utilising two types of glued-in connections including 16mm diameter bent dowels and
concrete stocky dowels coupled with 16mm diameter steel ribbed dowels (Figure 3-1c)

were tested to failure.

The connectors exhibited a linear response up to 50% of the failure load followed by a
post-elastic hardening branch. The composite efficiency of 70% and 85% was obtained
by hardening branch of bent dowels and concrete stocky dowels, respectively. The
bending strength of bent and concrete stocky dowels applied in TCC were measured
about 2.0 and 2.5 times larger than that of timber beams, respectively (Lukaszewska

2009; Piazza et al. 2000).

3.2.3 Ceccotti (2002) case studies

Ceccotti (2002) also presented an overview of the most commonly used shear
connections based on their shape and structural efficiency to achieve composite action

between the concrete and the timber members as shown in Figure 3-2.

The selected shear connectors were tested using push-out tests and classified according
to their stiffness into four classes of (a) nails, screws or dowel shaped fasteners with the
lowest stiffness (Figure 3-2a); (b) the rigidity can be increased by surface connectors
(Figure 3-2b); (¢) or by cutting the notches along the timber joist (Figure 3-2c¢); and (d)
continuous glued to timber connector which presents the highest stiffness with full

composite action and neglected slip as depicted in Figure 3-2d (Ceccotti 2002).
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(c4)nailed planks & steel plates

(d1)steel lattice glued to timber

(d2)steel plate glued to timber

Figure 3-2 TCC connectors (Ceccotti 2002; Lukaszewska 2009; Van der Linden 1999)

3.2.4 Lukaszewska et al. (2008) case studies

Lukaszewska et al. (2008) tested different shear connections for example continuous
steel mesh, steel tube, two folded steel plates, dowel with flanges embedded into the
concrete and long steel tube combined with coach screw and notch cut in timber

developed for prefabricated TCC system utilising push-out test as illustrated in Figure

3-1a.

It was concluded that a steel mesh and long steel tube in combination with coach screw

and concrete notch represented the highest strength and stiffness among those tested as

shown in Figure 3-3 (Lukaszewska et al. 2008).
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Figure 3-3 Load-slip of (a) steel mesh and (b) steel tube and notch (Lukaszewska 2009)




3.2.5 Deam et al. (2008) case studies

Deam et al. (2008) studied the feasibility of a composite structure, consisting of LVL
joists, concrete slab and connectors, in order to identify the most cost effective
connections. A number of connections such as round and rectangular concrete plugs
with and without steel pipe or screws reinforcement, SFS screws, coach screws with
different diameters, sheet brace anchors, and framing brackets (Figure 3-1f) were tested

using push-out tests (Deam et al. 2008).

Deam et al. (2008) summarised the main conclusions of the experimental program as:
(1) concrete plugs reinforced with a screw or steel pipe exhibited the highest stiffness,
strength, and post-peak behaviour. Screw reinforcement enhanced the strength and post-
peak behaviour; (2) strength and stiffness of these connections depended upon the
bearing area, hence a rectangular plug exhibited higher composite action compared to a
smaller round plug; and (3) rectangular concrete plug reinforced by a coach screw
spaced 500mm along the beam was found as a capable solution with highest stiffness

and ductility for 8m span floor.
3.2.6 Dias et al. (2011) case studies

Dias et al. (2011) compared the behaviour and capacity of a number of common
connectors as illustrated in Figure 3-4. The glued and notch connections exhibited the
highest stiffness whereas the mechanical fasteners for example nails and dowels were

identified to experience the lowest stiffness (Dias et al. 2011).
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Figure 3-4 Load-slip responses for common TCC connectors (Dias et al. 2011)
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3.2.7 Fernandez-Cabo et al. (2012) case studies

Fernandez-Cabo et al. (2012) presented a connection classification based on their
structural performance in TCC beams which includes dowels, ring and shear plates,
notches and dowels, nail plates and continuous slotted sheets. Dowels typically achieve
an efficiency of 65-75%, whilst rings and shear plates achieve an efficiency of 90%.
Notches and dowels on average demonstrate 75-85% efficiency for beam floor systems,

whilst nail plates can achieve a composite efficiency of 80%.

3.3 CONNECTION TYPES

In this Section, the TCC shear connections have been broken up into categories based
on the type of classification although, at certain times, an overlap may occur. Each
category of TCC connection is investigated more thoroughly by undertaking case

studies on previous experimental investigations on similar connections.
3.3.1 Dowel type fastener

Dowel type fasteners for example bolt, nails and screws have a long history of use in
timber structures due to their relatively cheaper price and ease of fabrication and there
are a number of different types of dowel connectors available for TCCs ranging in

effectiveness, price and labour requirement.

The slender dowel type fasteners indicate a significant nonlinearity and ductility prior to
the failure in their load-slip responses due to geometric nonlinearity of the fastener-to-
hole contact, inelastic strain in the timber at low-load levels and inelastic strain in

timber and fastener associated with high level of loading (Tan et al. 1999).

Ahmadi et al. (1993) identified the feasibility of a TCC floor constructed from high-
strength nails in residential and commercial building. In this investigation, ten types of
high-strength nail were tested using push out, bending, and long-term tests on full scale
specimens. In addition, a finite element model was implemented to verify the results of
the experimental tests. Comparison of non-composite and partially composite TCC,
proposed partially composite beams exhibited two times higher load carrying capacity
and one-fifth of deflection than non-composite system. It was concluded that
application of appropriate connections in TCCs increases the stiffness and load carrying
capacity of floor. Hence, at least a 50% saving in the cost of the timber joists compared

to non-composite floors was achieved (Ahmadi et al. 1993).
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Steinberg et al. (2003) tested five different connectors utilising push-out test as
illustrated in Figure 3-1g. Connector A is a cross pair of screws similar to a SFS screw
and connector B is a parallel pair of screws. Connectors C and D are the ‘Tecnaria’ with
head stud and a steel plate with two side screws whilst connector E is a screw with a
washer. The screws in connectors A, B and D connectors were installed at an angle of
45 degrees to shear plane. Connectors B and D experienced strength slightly above
20kN within the 5Smm slip whilst connection C and D represented the highest stiffness
at approximately 20kN/mm.

Dias (2005) carried out an extensive experimental investigations on dowel type TCC
connections subjected to eight series of short-term and long-term shear tests (Figure
3-1e) to assess their behaviour over a wide range of practical applications. In addition, a
numerical model was developed to predict the mechanical properties of TCC
connections. The TCC test series involved connectors made from ungraded smooth steel
reinforcement bars with a diameter of 8mm and 10mm and a mean ultimate strength of
476MPa. Two additional test series using profiled S500 quality steel reinforcement bars
were tested. In addition to varying the dowels used, three timber species including
spruce, maritime pine (MP) and chestnut (C) were used as the joists whilst three types
of concrete including high-strength concrete (C50/60), conventional concrete (C20/25)
and light-weight concrete (LC16/18) were considered. A 20mm interlayer fixed with

two nails to the joist was used in one test series (INT) (Dias et al. 2010b).

The dimensions of the timber varied depending on the timber species. Pre-drilling was
carried out at the nominal diameter of the dowel and to a depth of 80mm for the 8mm
series, 120mm for the 10mmB and INT series and at 100mm for all other series. The
dowels were cast 60mm into the concrete for the 10mm, B and INT series whilst for the
remaining series the depth of anchorage was 40mm. The dowels were hammered into
the timber joists (Dias et al. 2010b). The samples were tested in shear using a double
sided shear test with a concrete slab fixed to two timber joists on either side. Although,
Eurocode 4 stipulates that a double sided specimen achieves higher strength and this is

attributed to the shear force being distributed among a larger number of connectors.

Dias et al. (2010b) found that the load capacity of a connection depends upon the
material properties of timber, connections and concrete whilst the stiffness of the
connection is influenced by the timber species due to the embedment strength having a

significant impact on the stiffness behaviour of the connector. Among the series tested,
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10mmB series exhibits highest strength and stiffness of 68.6kN and 34.2kN/mm,
respectively. The interlayer reduced the slip modulus of the connector although the

strength did not vary as much as it was observed in previous studies such as the one by

Van der Linden (1999).
3.3.2 Proprietary devices

Other connection types may include proprietary systems such as that mentioned by Van

der Linden (1999) and Martin et al. (1999).

Van der Linden (1999) highlighted the development of a double headed screw produced
by SFS intec Company. This type of connector allows the first head to be driven into the

timber beam whilst the second head is fixed into the concrete slab.

Martin et al. (1999) developed a flexible tubular connector which was developed by
INSA-Hilti company. The INSA—Hilti consists of a hollow cylinder with varying cross-

section and wall thickness as depicted in Figure 3-5.

Three connection types were tested including (a) a flexible connector, which is
commonly used in connection of steel concrete composite beam called Hilti HVB, (b) a
tubular connector, with a drilled head, where the holes are filled by mortar in TCC
called Hilti Tubular and (c) a hollow cylinder with varying cross-section size and wall
thickness in the part which penetrates into the wooden matrix, generated by galvanized
heat-treated anti-corrosion steel called INSA-Hilti as depicted in Figure 3-5. The
connection type b experienced the highest strength whilst the type ¢ represented a
significant ductility as illustrated in Figure 3-5 (Martin et al. 1999). The experiments

showed that a flexible tubular connector with dowel type behaviour has a high ductility.

i

e T e ——

Figure 3-5 Hilty connectors: (a) Hilti HBV, (b) Hilti-Tubular, (c) INSA-Hilti and (d)
load-slip graph (Martin et al. 1999)
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The slips were 16 and 22mm while the maximum loads per four connectors were 163

and 160kN as shown in Figure 3-5 (Martin et al. 1999).

Gurksnys et al. (2005) tested the response of sleeved connectors (Figure 3-6) in a TCC

floor system utilising I shaped joists as illustrated in Figure 3-7.

The timber web of the orientated strand board (OSB) I-shaped joist had 25mm holes
drilled through it which was then embedded into the concrete slab to form concrete
dowels. Previous research highlighted that the concrete dowel fails as a result of cutting
action from the web. Thus, a steel sleeved connector 25mm in diameter (Figure 3-6)

was inserted into the hole of the timber web before the concrete was poured.

for slab

formwork

(b)
Figure 3-6 (a) Timber I joist with the web acting as a connector and (b) Sleeved steel

connector (Gurksnys et al. 2005)
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Figure 3-7 Load-slip of sleeved connector (Gurksnys et al. 2005)
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The main failure mode was a result of the shear pressure from the concrete dowels
imposed on the OSB web causing it to fracture. Compared to previous tests on
alternative shear connectors in TCC systems, the sleeved connector demonstrated a
relatively low shear capacity. However, the behaviour of the connector was quite ductile

with 2.5-3mm displacement before the connector failed as depicted in Figure 3-7.

Tecnaria connection (Figure 3-1g) investigated by Fragiacomo et al. (2007) was tested
to short- and long-term push-out tests utilising light-weight and conventional concretes.
It was concluded that the Tecnaria connection presented a very stiff behaviour with
limited relative slips for low values of the shear force (/' < 0.2 Fiax). This refers to the
contribution of the crampons of the steel plate. Also by increasing the loads, some
larger slip occurred with a consequent reduction in stiffness up to the collapse of the

specimen due to the withdrawal of the screws.

Fernandez-Cabo et al. (2012) tested eight Habitat System Beton (HSB) TCC connectors
in a short term experimental investigation. The aluminium alloy HSB System comprised
of a 26mm diameter bar, 70mm long which is formed onto a 65mm diameter base plate
as illustrated in Figure 3-8. The aluminium bar is embedded in the concrete slab whilst
its length allows an interlayer to be used for formwork. The base plate is connected to
the timber beam using a threaded nail, although this has no bearing on shear load
capacity. Although this may be considered an alternative connection system, it may also
be regarded as a mechanical fastener due to the fact that the HSB shear plate can be
idealised as a dowel type connector. Each test specimen was double sheared tested with

two HSB connectors per shear plane as depicted in Figure 3-8b.

The results from the shear tests highlighted that the connectors were relatively stiff up
to the service load and all depicted similar behaviour as shown in Figure 3-9.
Fernandez-Cabo et al. (2012) also observed that most of the deformations as a result of
shear loading occurred within the local region surrounding the connector and could not

be visibly observed on the outside of the specimen.

Closer analysis of the connectors after testing showed that the specimens failed either as
a result or combination of: (1) the connector shear plates failing in a brittle manner; (2)
due to the embedment failure in which the timber was crushed by a compressive force
in front of the connector; (3) shear failure of the wooden cup that sits inside the
connector's base; (4) shear failure of the test specimen between the connectors; and (5)

shear failure on the loaded side of the test specimen (Fernandez-Cabo et al. 2012).
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Figure 3-9 Load-slip diagram of the HSB connectors (Fernandez-Cabo et al. 2012)

Fernandez-Cabo et al. (2012) recommended that a less brittle alloy should be used for
the shear connector given its fracture failure mode. Eurocode 5 stipulated that the
strength of the connector is dependent on the formation of a single plastic hinge in the
fastener (failure mode 4) and as a result, the distance between the connectors should be

increased. The HSB connector was relatively stiff relative to alternative connectors.
3.3.3 Continuous glued in metallic solutions

Bathon et al. (2000) introduced the continuous glued-in metal plate. In this novel
connection, the steel mesh embedded in a concrete slab was inserted into a continuous
slot in the timber beam and bonded by an adhesive (Figure 3-1d). Continuous slotted
sheet, on average, obtains full composite action. The connections demonstrate planar
behaviour and a linear strain distribution across the TCC cross section corresponding to

full composite action.
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Clouston et al. (2004) tested TCC beams utilising continuous steel mesh connectors.
This research however was aimed towards adapting the use of a continuous steel mesh
to TCC systems in the US, whereas previously these were only used in Germany. A
305x100x2.5mm steel plate was glued 45mm deep into the wood and embedded 55mm
into the concrete. The timber joist of 305x133x89mm Parallam southern pine was fixed
to a concrete slab of 305x305x89mm. A number of two part epoxies were tested to glue

the mesh to the timber, with the best performing adhesive used for bending tests.

The experiment results from the shear tests highlighted that 3M Scotch-Weld 2216 B/A
Gray and Devcon 2-Ton Epoxy were the strongest and most ductile glues with very
consistent results across a number of tests. The failure mode of these two glues was as a
result of the steel mesh failing in shear. Due to steel being used, the connectors were
still able to demonstrate favourable performance with the steel yielding and having high
strength and ductility (Clouston et al. 2004). Two of the five glue samples tested were
inconsistent in their results and demonstrated unfavourable behaviour with the glues

failing along the glue line or at the interface of the timber and steel.

Clouston et al. (2004) concluded that the desired behaviour of TCC system depends
upon the glue to transfer the shear forces to the steel mesh connector. Furthermore, they
stated that the working times of the glue are an important factor in determining the final
bond strength of the adhesives. A longer adhesive working time is particularly
necessary when used in a commercial application, where the adhesive needs to be

applied to a large surface area.

The initial failure mode of TCC beams utilising the 3M Scotch-Weld 2216 B/A Gray
adhesive with continuous connectors arranged along the length of the beam was again
through yielding of the steel mesh. This mode of failure was preferred, as a ductile
response utilising the full capacity of the steel was achieved. Horizontal displacement
was visibly observed between the timber beam and the concrete slab prior to failure in
the shear zones of the beam (Clouston et al. 2004). Similar to previous tests, the
ultimate failure of the beam in bending was a result of the timber beam failing in

tension at the ultimate load.

It was found that use of continuous steel mesh as a connection, secured in the timber
with structural adhesives (such as epoxy resin) led to a rigid stiffness in the elastic
branch followed by a ductile post peak. Furthermore, a transformed analysis of the

theoretical capacity of a TCC beam utilising continuous steel mesh glued to the timber
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with full composite action highlighted that the steel mesh connector achieved an
approximately full composite action with 97% effective stiffness and 99% strength of
that of a fully composite beam (Clouston et al. 2005b).

Similar to Clouston et al. (2004), Miotto et al. (2011) investigated the performance of a
continuous perforated steel plate as a TCC connector. However, they improved upon the
previous design by utilising a steel plate which had a considerably higher yield strength
compared to the steel used by Clouston et al. (2004).

Five double sided TCC specimens were tested in shear with each specimen comprised
of a central glulam joist of 500x322x82mm connected on both sides to a concrete slab
of 500x150x70mm as illustrated in Figure 3-10. The connector was fabricated from flat
steel plates with a minimum yield strength of 500MPa and was connected to the joist

by epoxy adhesive (Miotto et al. 2011).

The results indicated that the connector had a very high strength and serviceability slip
modulus of 153.4kN and 339kN/mm, respectively with CoV values of 10.5% and
42.7%. Such high strength and stiffness are only obtained from notch type connection
systems. Similar to Clouston et al. (2004), the serviceability slip modulus was very
high. However, the connectors failed through concrete cracking around the region of the
steel plates, whereas Clouston et al. (2004) stated that the steel connector failed due to
yielding of the steel. No deformation in the steel plates was observed and the adhesive

bond remained perfectly intact (Miotto et al. 2011).
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Figure 3-10 TCC specimen setup of perforated steel plate (Miotto et al. 2011)
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3.3.4 Notches & fasteners

There are other studies which highlight possible solutions to further increase the
strength of a TCC connection. Holschemacher et al. (2002) introduced a timber key to
the TCC design. With the inclusion of a timber key, similar to a triangle notch, an
increase in the strength and stiffness of the TCC connection was expected. It is noted
that the added shape requires further concreting, which could lead to potential failures
due to the concrete. However, the results from this study conclude that the strength of
the TCC sample was not dependent on the concrete strength and therefore such systems

could be further explored.

Crocetti. R et al. (2010) considered the application of wooden shear anchors. These
work similarly but in opposite fashion to concrete keys and involve a timber block
rigidly connected to the beam extending into the concrete. There were also additional
fastener between this block and the surrounding concrete. The results highlighted that
TCC:s utilising wooden shear anchors are likely to gain improved strength and stiffness
values, as some of the testing samples experienced only 1mm of vertical displacement
at failure. However, the benefits are highly dependent on the type of shear anchor and
the particular timber used. Furthermore, while increased stiffness and strength is highly
desirable in TCCs, the lack of ductility presents numerous problems in terms of failure
modes behaviours. As a result, such designs is undesirable in real world applications

(Ceccotti et al. 2006D).

As part of Frangi et al. (2003) investigations into developing an elasto-plastic model for
TCCs, push-out test on some shear connectors was carried out to verify the elasto-
plastic model. Spruce timber beams had 20mm deep by 150mm long groves cut into
their upper face. M12 threaded steel dowels were imbedded 80mm into the timber beam
with a special adhesive. Each test specimen that underwent push out tests had two
grooves and steel dowels used as the connector between the timber beam and the
concrete slab. Frangi et al. (2003) observed a high serviceability stiffness, however,
noted that the connector plastically deformed under ultimate loads as shown in Figure
3-11. The steel dowels deformed plastically and the timber near the grooves compressed
during the ductile failure. Frangi et al. (2003) noticed very small slip deformations up to
a load of 25kN in TCC beam. However, as the load level was increased and plastic
failure was induced in the TCC beam, the connectors also displaced at a faster rate. This

agreed with the behaviour observed in the push-out tests.
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Figure 3-11 Load-slip diagram and failure of the connector (Frangi et al. 2003)

Yeoh et al. (2009) assessed notched designs to determine the most effective connection
shape for use in long-span TCC floors. The notch design with the highest strength and
stiffness values allow for a reduction in the number of connectors required and as a
result reduce the cost of implementing a TCC floor. Double sided push out tests were
performed on a range of notch designs with the two main parameters being the shape

and inclusion of a coach screw.

In general, Yeoh et al. (2009) found that a longer notch length improves the strength of
the connector considerably with all specimens failing in shear in the concrete. Triangle
notches performed similar to rectangular notch and this has important implications due
to the ease of construction of a triangular notch. The presence of a coach screw
increases the ductility of the connection whilst the penetration depth of the screw into

the timber improved the stiffness of the connection significantly.

Yeoh (2010) tested 11 LVL-concrete composite T-beams with 8 and 10m span, 600 and
1200mm widths utilising notched coach screw and toothed metal plate connections to
failure under four-point bending. Among those, 6 beams were well-designed whilst 5
beams were under-designed. TCC beams were designed for the non-structural
permanent load of 1kN/m?” and imposed load of 3kN/m”. A composite action of 87.6 to

99.2% at SLS was observed.

Another worthwhile alternative to traditional crossed shear connections would be to
introduce a triangle notch in the LVL joist and then insert a shear connection. Ooi
(2011) studied the performance of different connections systems in TCCs. The results of
the investigation propose the use of a triangle notch with diagonal nail connection as it
exhibited the highest strength and stiffness compared to vertical screw connection. This

presents another connection arrangement that has the potential for further investigation.
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Crews et al. (2010b) tested the behaviour of various TCC notch connections under shear
push-out tests as illustrated in Figure 3-12. The types of connections included a coach
screw placed centrally inside a notch with each of the notches having different
geometrical properties. Approximately, hundred samples were fabricated with various

configurations and concrete type implemented within the experimental set-up.

The study aimed to provide a parametric study to find the most suitable shape and
material in terms of structural capability and cost effectiveness for long-span non-
residential construction market. The results concluded that birds-mouth connections are
easier to manufacture and generally exhibit higher strength and similar stiffness
compared to rectangular notches. It was also found that the material characteristics of

concrete influence the structural behaviour of the connection.

s
7
| /7 |
\ // \
\ \ /)
_\ ﬁ | / |
‘ ‘ /
| 259 | / /3 |
I I e I lffffiuif;‘i‘fbffffi

Figure 3-12 Trapezoidal (T series) and triangular (B Series) notches
3.3.5 Adhesives connections

Glues were recognised as an attractive material in order to mitigate slip at the TCC
interface. However, the thermo hygrometric behaviour between the adhesives and the
composite elements are challenging to determine and as a results adhesives are rarely
considered over alternative connector designs. For example timbers hysteretic response

to moisture can cause delamination at the interface (Negrao et al. 2010a).

Application of adhesive material at the interface of timber and concrete has been
addressed and investigated in many researches for example Pincus (1969, 1970),
Schober et al. (2006), Ceccotti et al. (2006b), Brunner et al. (2007a), Brunner et al.
(2007b), Negrao et al. (2010a) and Negrao et al. (2010b). The main drawbacks of a
mechanical fastener including limited stiffness of the connectors, extensive drillings and
mountings, force concentration may be overcome by application of adhesive bound as a
slip-free and force distributed connection Negrao et al. (2010b). However, adhesives are
typically not preferred due to quality control issues that arise from applying adhesives

(Yeoh 2010).
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Pincus (1969) investigated on feasibility of an epoxy resin compound in TCC. It was
found that pouring fresh concrete on wet adhesive resulted in an efficient rigid
connection with negligible slip before final failure. Furthermore, application of nail
fastener in bounded TCC increased the shear capacity of connection up to 50%

(Lukaszewska 2009).

Brunner et al. (2007a) and Brunner et al. (2007b) studied the possible displacement of
the adhesive when the fresh concrete was poured onto the wet adhesive. In this delicate
process, important factors such as concrete type, falling height and adhesive stiffening

time were investigated and optimised.

In order to determine the performance of adhesives, Negrao et al. (2010a) tested
eighteen test series of twenty TCC specimens in double shear tests. Both cast in-situ and
prefabricated concrete slabs were utilised. The glue was also not the weakest point of
failure, with the shear strength at the glue interface being one fold greater than the shear
strength of unreinforced concrete as provided by Eurocode 2 (EN 2004a). A thinner
application of adhesives proved to provide greater shear strength for the prefabricated
concrete slab although this was not the case for the cast in-situ slabs with the primary

explanation being that adhesive was partially removed when vibrating the concrete.

In general, it was concluded that an adhesive bond between timber and concrete
performs best in a stable and dry environment. Under these conditions the shear strength

was very adequate with the prevailing failure mode being the concrete.

Negrao et al. (2010b) listed the major reasons of limited investigations on adhesives
connections as the brittle failure of bonded layers, delamination damage due to different

hygroscopic behaviour of composite components and the fire behaviour of adhesives.

3.4 COMPARISON OF SHEAR CONNECTIONS

It is not accurate to compare the mechanical properties of different shear connector
systems in literature utilising different timber and concrete specifications. However, in
general it is widely accepted that TCC connections can be classified based on their

stiffness and strength.

Table 3-1 summarises some key results from the case studies reviewed. It is concluded
that notches and dowels along with continuous connector systems provide the highest

strength and stiffness whilst dowels and screws have lower structural capacities.
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Table 3-1 Summary of the strength and stiffness of reviewed shear connectors

Load Serviceability slip

Connector System capacity (kN) modulus (Ks) (kN/mm)

Wood screws fixed at +45 degrees

. 15.0 N/A
Frangi et al. (2003)
10mm vertically fixed dowel
22.6 15.2
Dias et al. (2010b)
HSB Connector System Fernandez-Cabo et al.
. 19.
(2012) 37.0 9.5
20mm deep by 150mm liong grooves with a 110.0 N/A
M12 dowel Frangi et al. (2003)
Rectangular notch 150x50x63 with a 16mm 73.0 R0.2
diameter coach screw Yeoh et al. (2009) ' '
2.5mm thick steel mesh continuous metal 517 212
connector Clouston et al. (2004) ' '
Continuous steel perforated plate
153.4 .0
Miotto et al. (2011) 33 339
Sleeved steel connector Gurksnys et al. (2005) 14.2 29.8

3.5 CONCLUSIONS

In this Chapter, different classifications of TCC connection and case studies to
demonstrate, in detail the behaviour achieved from a wide variety of shear connector
systems were discussed. The TCC shear connections have been broken up into
categories based on the type of classification although, at certain times, an overlap did
occur. Each category of TCC connection is investigated more thoroughly by
undertaking case studies on previous experimental investigations on similar

connections.

A variety of shear connectors can be used including dowels, nails, screws, nail plates,
alternative mechanical fasteners, notches, glues, continuous systems and proprietary
designs. There has been a large amount of research on the strength and stiffness of TCC
shear connectors in recent years. The most important different shear connection

solutions in literature were quoted.

It is concluded that notches and dowels along with continuous connector systems
provide the highest strength and stiffness whilst dowels and screws have lower

structural capacities.
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4 MATERIAL PROPERTIES

4.1 INTRODUCTION

This Chapter presents details of a series of laboratory based and desk-top investigations
into the material properties of the composite components of TCC system including

timber, concrete and shear connectors.

The material properties (fresh and hardened) of six types of concretes, conventional
concrete (CC), high-strength concrete (HSC), self-consolidating concrete (SCC),
expanded polystyrene light-weight concrete (EPS LWC2000 and 1600) and Scoria
light-weight concrete (Scoria LWC2000), are reported. The specifications of plywood
and two types of LVL used as timber joists in TCC are presented. Finally, the material
properties and geometry of different types of screws used in this research are stated. The
material properties of the composite component have been used extensively for both

analytical and FE modelling of the TCC connections and modules.

4.2 CONCRETE

Six sets of concrete mixes were prepared to be used as a concrete slab for TCCs. The
mix designs of different concrete types are listed in Table 4-1. Normal-weight concretes
such as conventional and high-strength concretes were prepared as control series. Two
types of light-weight concrete also were tested- expanded polystyrene (EPS) and Scoria.
These concretes replace the heavy aggregates of conventional concrete with polystyrene
beads and light-weight pumice rock. LWC has a lower density, a higher ductility, as
well as reduced modulus of elasticity, compressive and tensile strength compared to

conventional concrete. LWC is generally specified by mass per unit volume.

67



Table 4-1 Concrete mix designs

ScoriaScoria EPS

Mix Gravel Gravel Coarse Fine CementitiousWater Sand 14mmbeads
(20mm)(kg)(10mm)(kg) Sand(kg)Sand(kg) content (kg) (kg) (ke) (ke)
HSC 755 406.5 355.6 3557 3504  130.1 - - -
CcC 700 260 562 236 320 180 - - -
SCC - 820 660 221 400 208 - - -
Scoria - - 91.5 91.5 420 526.4 428 612 -
EPS2000 - 800 310 310 500 180 - - 47
EPS1600 - 550.7 2604  260.4 450.6 1703 - - 93

Finally, self-consolidating concrete was mixed. The mechanical property of SCC is
similar to the conventional concrete or need to be reduced by the factor within 0.85 to
0.9. The main difference between the SCC and CC is that the external vibration is not

required for SCC which is compacted by its self-weight.

The fresh properties of concrete such as fresh mass per unit volume, slump and air
content were measured in accordance with AS1012.5 (1999), AS1012.3.1 (1998) and
AS1012.4.3 (1999), respectively as reported in Table 4-2.

The air content of LWC is much higher than the conventional concrete and increased by
adding more EPS beads or Scoria LWC aggregates into concrete as shown in Table 4-2
whereas increasing EPS beads or Scoria LWC aggregates into concrete leads to a
decrease in concrete workability. The mixes achieved the desired 100-150mm slump
specification with the exception of EPS LWC1600. It was observed that the slump test
is not a suitable method to measure workability of ultra LWC. For example EPS

LWC1600 experienced 20mm slump but it exhibited a desired workability.

Table 4-2 Fresh properties of different types of concrete

Scoria EPS EPS

fresh property HSC CC SCC LWC LWC2000 LWC1600

fresh mass per unit

3. 2570 2405 2390 2027 2059 1645
volume (kg/m”)
Slump (mm) 60 120 - 150 165 20
Air content (%) 1 1 1.3 4.5 8.5 11
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The hardened properties of the test series including mean mass per unit volume,
compressive and splitting tensile strengths, static chord modulus of elasticity (MOE)
and module of rupture (MOR) at different ages of 3, 7 and 28 days were measured in
compliance with AS1012.12 (1998), AS1012.9 (1999), AS1012.10 (2000), AS1012.17
(1997) and AS1012.11 (2000), respectively as listed in Table 4-3. Compressive and
indirect tensile strength developments from 3 to 7 and 7 to 28 days of different concrete

types are illustrated in Figure 4-1.

Table 4-3 Hardened properties of different types of concrete

material hardened Scoria EPS LWC EPS LWC
property (Mpa) HSC - CC SCC LWC 2000 1600

Hardened mass per
unit volume (kg/m?)

2478 2360 2340 1997 2029 1603

fe3 225 13.0 12.5 12.2 15.2 7.0
Jea 37.0 19.8 21.8 17.5 15.9 9.0
fos 550 37.0 354 28.1 23.4 12.1
Jetsp.3 25 1.8 1.6 1.8 1.8 0.8
Jetsp,7 47 24 2.3 2.3 2.0 0.9
Setsp.2s 5.7 3.7 3.6 33 2.8 1.2
MOE 3700033239 35400 17933 27621 11783
MOR 8.6 80 7.8 5.8 5.9 2.8
80 80 B MOE
coflleefe 1 250 coflloe . )0_ 5503
70T e Mass per unit VoAlume‘ 70 | —— Mass per unit Voiume g
60 YT @230y 00 4 12308
=50 | - g 550 : =
= 12108 & 1 910
20r . L..m I Rl IS &
§30 t . 1 1909 =30 | 1 1902
W3 Lo V% .
- g = S8
20 | 3 20 f o
- 11702 i 1 1.70
10 | ¢ 10 re
0 T T T T T 1.50 0 T T T T T 1.50

S o UV VU U © S o U LU L o«
S 3 g © = c g2 g © =
(S IS I S

% 5 % Z 5 05

2 2 4 (a) z 2 @ (b)
m M [SA R -a|

Test series Test series

Figure 4-1 (a) 28-day compressive strength versus mass per unit volume and (b) MOE

versus mass per unit volume of different mixes
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Results show that LWC mixes have lower hardened properties rather than other mixes
and its hardened properties of EPS LWC concrete were significantly reduced by
increasing the amount of EPS beads to the mixes. The splitting tensile strength of EPS
LWC1600 and 2000 were 68% and 46% less than CC series and significantly reduced
by increasing EPS beads into the LWC mix whereas HSC series represented maximum
Jerspos values of all series, 54% higher than that of conventional concrete. EPS
LWC1600 and Scoria LWC series experienced 67% and 52% lower MOE than CC
series, respectively. LWC series exhibits significantly lower MOR than CC series.

Figure 4-1 illustrates that the LWC with scoria aggregate and EPS has lower strength
and MOE compared to other types of concrete and within LWC MOE and compressive

strength decrease with reduction in mass per unit volume.

4.3 TIMBER (LVL)

Laminate veneer lumber (LVL) was selected as timber joist of the TCC connections and

modular specimens.

Table 4-4 Timber Design Properties

Mechanical property Mean values CoV (%)
mass per unit volume hySPAN project LVL 600.0 kg/m’ 2.4
mass per unit volume cross-banded LVL 550.0 kg/m’ 3.0
Modulus of Elasticity hySPAN project LVL (E)" 13746.0MPa 6.4
Modulus of Elasticity cross-banded LVL (E)° 11525.0 MPa 8.1
Modulus of Rigidity (G) 660.0MPa N/A
Stress in flat-wise bending hySPAN project LVL (f,) * 76.6Mpa 14.7
Stress in flat-wise bending cross-banded LVL (f,)* 57.1 Mpa 5.4
Stress in tension parallel to grain LVL hySPAN project (f;)* 38.2Mpa 1.4
Stress in tension parallel to grain cross-banded LVL (f)* 33.7Mpa 7.0

Stress in compression parallel to grain hySPAN projectLVL (f;)  53.4MPa 6.8
Stress in compression parallel to grain cross-banded LVL (f;)* 42.6MPa 2.8
Stress in compression perpendicular to grain (f;)" 12.0MPa N/A
Stress in longitudinal shear LVL hySPAN project (f;)* 6.7MPa 3.8

" Characteristic values reported in(CHHWA) (2011)
*Mean values reported in Zabihi et al. (2012)
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Two types of LVL, that is, hySPAN Cross-banded and hySPAN project produced by
Carter Holt Harvey Wood Products Australia were used in this investigation to form the
bottom flange and two webs of the structural section of the timber-only modules,
respectively as discussed in Chapter 6. LVL hySPAN project produced by Carter Holt
Harvey Wood Products Australia was selected to fabricate the joist section of the TCC

connections as reported in Chapter 6.

LVL was tested and mean values were measured in accordance with AS4357.0 (2005)
and design characteristic values was calculated in compliance with AS4063.2 (2010).
The properties of different types of LVL are tabulated in Table 4-4. The LVL used in
the push-out and four-point bending tests indicated a moisture content of 8.5% which is
within the acceptable range of 8%-15% as proposed by AS2098.1 (2006). The mass per

unit volume of timber specimens was measured in compliance with AS1080.3 (2000).

4.4 TIMBER (PLYWOOD)

F17 grade plywood (as per AS2269 2004 classification) was used in the fabrication of
the interlayer in the TCC series with interlayer. Characteristic properties of F17 grade

plywood based on AS1720.1 (2010) are given in Table 4-5.

Table 4-5 Characteristic values of structural plywood F17 AS1720.1 (2010)

Mechanical property Value (MPa)
mass per unit volume 710kg/m’
Mean Modulus of Elasticity (E) 14000
Modulus of Rigidity (G) 700
bending strength (1) 45
tension strength (/%) 27
Stress in compression in the plane of the sheet (/) 36
Stress in compression normal to the plane of the sheet(f,) 20
Shear stress (f%s) 6

4.5 SHEAR CONNECTION

A number of different types of screw ranging in diameter, length and material
properties such as SFS VB (long and short), SPAX (flat countersunk head (large) and
cylindrical head (small)), medium coach and wood screws were selected as TCC

connector in this study as shown in Figure 4-2.
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Figure 4-2 Different screw connection(a) medium coach, (b) long SFS , (c) short SFS,
(d) SPAX, (e) small SPAX screws and (f) typel7 wood screw used in the experiment

The holes for the screws embedded in the timber members were pre-drilled. Table 4-6
lists the geometrical and material properties of different types of screw used in TCC

connection and modular specimens.

Table 4-6 Characteristic dimensions and material properties of the screws

Long short Long  small

Description coach SFS SFS SPAX  SPAX Wood 17

Major diameter, di (mm) 93 7.6 7.6 8.1 6 6.6

Head diameter, dy (mm) 18 12 12 15.1 8.4 14.5
Core diameter, d, (mm) 7.3 4.6 4.6 5 4 4.8
Shank diameter, ds (mm) 9.3 6 6 5.7 6 5.2
Threaded length, L- Ly(mm) 95 135 100 160 125 50
Thread pitch, p (mm) 4 3.2 3.2 4 3 2.5
Head height, £ (mm) 7 1.4 1.4 4.4 6 4

Screw length, L(mm) 157 220 160 200 140 100

Characteristic yield moment,

M, i (Nmm)” 15074 33815.2 27251 38172 15937 18093

Ultimate tensile strength
(MPa)

*Set-up and results of these tests were reported in Appendix D

461 1221 984 1168 1064 943
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4.5.1 SFS VB screw

The SFS screw connectors were developed in 1992 by Meierhofer (1992) and were
proprietary system for TCC structures, either in the construction of new flooring
systems or the rehabilitation of existing timber floors. The double headed screw consists
of two parts with a diameter of 6mm as an anchor in the concrete and another threaded
100mm or 165mm long with a diameter of 7.5mm as an anchor in the timber as shown

in Figure 4-3 (Lukaszewska 2009).

(b)
Figure 4-3 SFS VB-48-7.5(a) x100mm (b) x165 threaded parts

The screw had a measured total length of 160 or 220mm and a measured thread length
of 100 or 135mm (Figure 4-3) and their characteristic dimensions and material
properties are listed in Table 4-6. Screws were inserted so that the thread was in the
timber/interlayer. This meant a vertical length of approximately 55mm was embedded
in the concrete (as such, samples with interlayer had less length within the LVL as

screws also had to penetrate through the interlayer).

Application of SFS screws in TCC system were extensively investigated in literatures
such as Blass et al. (1995), Van der Linden (1999), Frangi et al. (2003), Steinberg et al.
(2003), Grantham et al. (2004), Lukaszewska (2009) and Jorge et al. (2010).

The first type of shear connection used throughout this investigation comprised of dual
VB-48-7.5 x 100/165 carbon fibre SFS VB screws and the threaded part of a pair of
screws were installed laterally reversed at an angle of £30°, +45°(short), £45°and +60°
with embedding length of 120, 60, 142 and 156 mm as shown in Figure 4-4. The
inclination angles were measured from the horizontal. The cross screws were positioned

at the centre of composite material’s interface.
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Figure 4-4 Long SFS screws installed at an angle of (a) +30°, (b) +45° and (c) £60°
4.5.2 SPAX screw

The SPAX international, founded in 1823, was the first German company to
manufacture screws at an industrial level. SPAX international has recently entered the
Australian and New Zealand market. SPAX screws are not designed specifically for use
in TCCs, however its material properties presents them as a worthy alternative to the
SES screws. Two types of SPAX screw were used in this investigation and their

characteristic dimension and material properties are listed in Table 4-6.

The first SPAX screw was a full threaded, flat countersunk head, SPAX T-Star screw
with milling ribs and a hardened synthetic coating. This large SPAX screw had a total

length of 200mm and a measured diameter of 8.1mm as shown in Figure 4-2d.

The pair of screws was installed laterally reversed at an angle of +30°, +45°nd +60°
with embedding length of 100, 120 and 136 mm as shown in Figure 4-5. The crossed
screws were positioned at the centre of composite material’s interface. As they are not
designed specifically for TCC use, there is no anchor section for the concrete as there is

with the SFS screws. As a result, the thread travels the entire length of the screw.

The second chosen SPAX screw with cylindrical head was used for U and L profile

connection designs. This small SPAX screw had a total length of 140mm and a

measured diameter of 6mm as depicted in Figure 4-2e.

Figure 4-5 Crossed SPAX screws installed at an angle of (a) +30°, (b) +45° and (c) £60°
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The screws were screwed into the LVL joist at an angle of 45° for the entire length of
the thread until the cylinder head of the screws sat tight and flush against the bottom
face of the connectors. The screws were placed in tension rather than in bending to
improve the strength and stiffness of the connection in push-out test. Both types of

SPAX screws comprised of cold rolled wire of high-carbon steel screws.

4.5.3 Wood screw (type 17)

A commercially available wood screw (typel7) with outer diameter, d of 6.6mm was
used as shear connections. The embedding length of screw in LVL was 65mm in all test
series and was installed in pre-drilled holes whilst a length of 35mm with the shank

diameter of 4.8mm was embedded in the concrete as shown in Figure 4-6.
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Figure 4-6 Geometry of wood screws

4.5.4 Coach screw

A 9.30mm diameter partially threaded coach screw with a thread length of 95mm and
nominal length of 157mm was selected as a benchmark in the assessment of mechanical
properties of two innovative solutions of the L and U profile shear connectors (Figure
4-2a). The coach screws were screwed into the timber joist at an angle of 45° to the
horizontal face of the LVL joist, for the full length of the thread (Figure 4-7¢). Hence,
95mm of the screw was fixed into the timber whilst 62mm of the screw shank and
coach head was embedded into concrete. Figure 4-7 depicts the coach screw shear

connector and TCC specimen utilising coach screw.
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Figure 4-7 (a) Coach screw dimensions, (b) and (c) TCC specimen utilising coach screw
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Table 4-6 lists the characteristic dimensions and material properties of coach screws.
The coach screws were produced from mild carbon steel due to the ductile necking

evident in the failure zone.
4.5.5 L profile and three small SPAX screws at 45°

Based on the criteria discussed in Chapter 2, two connector designs were developed.
The first shear connector which is referred to as the "L connector", comprised of a steel
equal angle with a minimum yield strength of 250MPa, cut into 65x40x4.7mm as the
unequal angle with a length of 150mm with the long edge embedded into the concrete.
Additionally, 3 Small SPAX screws inclined at 45° were screwed into L connector for
their entire thread as displayed in Figure 4-8b. 3 equally spaced 30mm diameter
perforations were drilled into the long edge of the L connector as shown in Figure 4-8
The concrete mix design of conventional concrete specified a maximum nominal
aggregate size of 20mm. Hence, 30mm diameter perforations were selected to give the
connector mechanical interlock by allowing the larger aggregates to embed inside the

perforation, thereby providing lateral and uplift restraint.

: 100 : 150 : 100 :
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Figure 4-8 (a) L connector profile (b) L profile and SPAX screws, (c¢) and (d)

dimentions of TCC specimen utilising L connector

Figure 4-8 depicts the L profile connector combined with three small SPAX screws and
TCC specimen utilising L connector. Table 4-6 lists the characteristic dimensions and
material properties of the small SPAX screws.

4.5.6 U profile and three small SPAX screws at 45°

The second shear connector design was referred to as the "U connector" and was
fabricated from a 150mm long galvanised surface coating Unistrut P1000 channel made
from low carbon steel with a width and height of 41.3mm and a wall thickness of

2.5mm as shown in Figure 4-9a.
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Figure 4-9 U connector (a) dimensions (b) and (c) UniStrut profile and (d) TCC specimen

Both U and L connectors had 3 equally spaced 6mm diameter holes drilled at 45° to the
bottom face of the connector. 3 small fully threaded SPAX screws inclined at 45° were
screwed to the connector and LVL joist for the entire length of the thread, 130mm until
the cylinder head of the screws sat tight and flush against the bottom face of the
connectors as illustrated in Figures 4-8 and 4-9. Inclination of the connector improved
stiffness, strength and ductility of the connector where the screws were placed in tension
rather than in bending. The screws used to connect the U and L connectors to the timber
joist were the critical factor in determining the strength of the connections. Hence, three
wood screws were used to fix the connectors to the timber joist to improve the strength

of the L and U connectors.

3 equally spaced 12mm diameter perforations were drilled into each wall of the channel.
Due to the physical size of this channel, it was impracticable to create 30mm
perforations in the channel walls to accommodate the maximum aggregate size without
compromising the structural integrity of the connector. Hence, a 12mm diameter sized
perforation design was selected as it created an adequate bond between the connector
and the concrete. Additionally by selecting a different perforation size to the L
connection, a comparative assessment was carried out to study the effect of perforation

size on the overall stiffness and strength of the connectors.

Figure 4-9 depicts the U profile connector combined with three small SPAX screws and
TCC specimen utilising the U connector. Unistrut channel members were accurately

rolled from strip steel in compliance with AS1594 (2002) and AS1365 (1996).

There is no Australian design procedure for TCC structures and only the Australian
Standard for timber, AS1720.1 (2010) specifies the minimum spacing for wood screws
to be 10d; along the grain, where d; is the shank diameter of the screw. Fastener spacing
in L and U connectors was designed to be 50mm to accommodate this minimum

spacing requirement and meet the constraints of the connector dimensions.
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4.6 CONCLUSIONS

In this Chapter, the material properties of the composite components of a TCC system

including timber, concrete and shear connections were discussed.

The material properties of six types of concretes including conventional concrete (CC),
high-strength concrete (HSC), self-consolidating concrete (SCC), EPS light-weight
concrete (EPS LWC2000 and 1600) and Scoria light-weight concrete (Scoria
LWC2000) were reported.

Moreover, specifications and design properties of plywood and two types of LVL
including hySPAN Cross-banded and hySPAN project were introduced in this Chapter.

Finally, characteristic dimensions and material properties of different types of screws

used as shear connector in TCC push-out and modular specimens were given.

The material properties of the composite component were widely used in analytical and

FE modelling of the TCC connections and modules.
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5 CONNECTION PUSH-OUT TESTS

5.1 INTRODUCTION

The aim of the short-term push-out tests program was to investigate the mechanical
properties and failure mechanism of different types of mechanical fastener used as shear
connector in long-span non-residential timber-concrete composite floor. Different types
of available screws and two novel types of connectors utilising various types of
concrete, inclination angles and with and without plywood interlayer between timber
and concrete were tested to determine the mechanical properties of connector such as

stiffness (slip modulus), shear strength, ductility and failure mode.

This Chapter focuses specifically on short-term push-out test of mechanical fastener
such as crossed SFS VB, crossed SPAX and coach screws connections in different
lengths (short and long SFS VB), angles (£30°, +45° and £60°) to the connection face
and a number of crossed SFS VB and SPAX at 45° series utilising 17mm plywood
formwork interlayer and different types of concrete. Hence, the effects of concrete
properties, connector type, inclination angle and length of screw and existence of

plywood interlayer on mechanical properties of the TCC connections were investigated.

Moreover, two innovative TCC shear connection systems in the form of a perforated
grade 250MPa steel unequal angle (UEA) and a perforated Unistrut P1000 channel were
fixed into LVL joist by 3 SPAX wood screws at 45 degrees. The alternative connections
were assessed for their suitability as a substitute or replacement for existing connection

systems using push-out test.
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In addition to conventional concrete, expanded polystyrene light-weight concrete (two
density classes of 1600kg/m’and 2000kg/m’), Scoria light-weight concrete (density
class of 2000kg/m’), self-consolidating concrete and high-strength concrete were
employed for experimental parametric study on effect of concrete type on mechanical
properties of TCC connections using locally available materials in Australia to evaluate
their potential for use in construction market. The findings were compared to the similar

results of same connection types obtained from literature.

The experimental results of the TCC system utilising a number of different connection
solutions and concrete type were analysed and the feasibility and effectiveness of these
alternative solutions were evaluated to deliver recommendations regarding the

economy, functionality and constructability of these alternative TCC systems.

The mechanical properties of connection such as stiffness (slip modulus) and shear
strength were used in the design of the TCC floor as discussed in Chapter 6. Hence,
based on the push-out test results and experience of constructing the specimens,

efficient solution of mechanical fastener was selected for four-point bending test.

The stiffness and strength of TCC connections obtained from push-out test results were

compared to that of derived from proposed analytical models as discussed in Chapter 8.

5.2 EXPERIMENTAL PUSH-OUT TEST PROGRAMME

A comprehensive parametric study on TCC shear connections utilising different
variables was conducted to investigate the effect of these variables on the strength,
stiffness, ductility and failure mode of the TCC connections. The variables addressed in

the programme included:

» Shear connectors such as screws, L and U profiles in combination with multiple

SCTCWS;

* Concrete type including conventional concrete (CC), expanded polystyrene light-
weight concrete (EPS LWC2000 and 1600), Scoria light-weight concrete (Scoria
LWCQ), self-consolidating concrete (SCC), high-strength concrete (HSC);

* Inclination angle of crossed screw including: £30°, +45° and +60°;
*With and without presence of plywood interlayer between timber and concrete;

* Length of screw for example short and long SFS screws;
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A total of 170 TCC connection specimens divided into 33 different test series utilising
six different concrete types were prepared and 5 specimens of each series were
constructed with the exception of CC SFS WI30 series with 4 samples (loss of data) and
EPS LWC2000 SFS WI45 series with 10 samples (repeating the series) as listed in
Table 5-1. In naming of the test series first the concrete and connector types are given
and then it indicates the presence of interlayer (I) or (WI) for without interlayer series

and finally the inclination angle to horizontal is mentioned.

Table 5-1 Experimental test series

Inclination angle SFS SPAX New

connectors

Concrete  WI3OWI4SWI60 145 SHOTt ShOTt (a0 1S WI60145 coachdS LU

W45 145

e 4 5 5 5 5 5 5 5 5 5 5 55
EPS

Lweaoos 5 1005 5 s 5 5 5 5 o .
EPS

LwCleo0 -~ o - 2 - S

Scoria LWC - 5 - 5 - - - 5 -5 - - -

HSC Y B ] s

sCC 5 .5 ] S

5.3 TEST PREPARATION AND CONNECTION DESCRIPTION

The TCC push-out test specimens consisted of a 450x300x75mm concrete slab which
was connected to a 200mm deep by 45mm wide by 450mm long LVL joist using a
shear connection as depicted in Figure 5-1. In Figure 5-1, a crossed long SFS screws

inclined at +45° is used to schematically depict the push-out test specimen.

For the specimens with interlayer, an interlayer of 17mm plywood was placed as
permanent formwork between the concrete slab and the LVL joist (Figure 5-1b). A
45x350mm slot was cut centre of the formwork base to provide direct contact of the
concrete and the LVL joist in specimens without interlayer. The plywood used for the
formwork and interlayer was F17 grade plywood classified by AS2269 (2004). The
hySPAN range LVL produced by Carter Holt Harvey Australia was used as timber joist

in TCC specimens and its material properties were given in Chapter 4.
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Figure 5-1 Typical geometry and components of specimens: (a) cross-section of
specimen without interlayer (W1 series), (b) cross-section of specimen with interlayer (I

series) (c) plan and (d) 3D view TCC Specimen (in mm)

The timber was assembled to the pre-fabricated formwork using small scraps of

plywood, nailed to both the timber and plywood (this was removed before testing).

After assembling the form work and prior to pouring of the concrete slab, the shear
connectors were inserted. Various types of screws were embedded into the LVL joist at
angles of £30°, £45° and £60°. The screws were placed at the midpoint of the timber-
concrete interface. A guide was used to ensure consistent placement and precise angling
of the screws. Each hole was predrilled the majority of the length of insertion. Screws

were inserted so that the thread was in the timber/interlayer.

A vertical anchorage length of approximately 58mm was embedded in the concrete (as
such, samples with interlayers had less length within the LVL as screws also passed
through a plywood interlayer). 58mm embedment of connector in a concrete slab with
75mm thickness leads to 17mm concrete cover which satisfies the limitations provided
by the Australian concrete standards. Once the concrete was poured into the specimens,
they were covered by plastic sheets to cure in a controlled environment and reduce
speed of the hydration process. After 7 days, the formwork was removed and the
specimens were exposed to an indoor laboratory environment (7=20°, RH=65%) until

testing.
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5.3.1 Test set-up, test procedure and data recording

The push-out tests were undertaken to test the connection in shear, as a representative
behaviour of the composite and the effectiveness of the shear connection in terms of its
strength, stiffness and ductility was evaluated. The applied load and the slip at the
interface between the timber and the concrete were measured using a load cell and three
linear variable differential transformers (LVDTs). Consequently, three slip moduli of
shear connection corresponding to different load levels were obtained from the load-slip
response of connections. The push-out test was carried out after 28 days of concrete
curing. In the push-out tests, a steel test rig was used to hold the TCC specimens upright

and load was applied to the free end of the timber as depicted in Figure 5-2.

The test rig was fabricated to accommodate for a variety of TCC specimen concrete slab
sizes and as a result, metal packers were used to support the TCC specimen. Schematic
drawing of the details of the test rig, as well as the test setup is shown in Figure 5-3.
Two LVDTs were attached on either side of the LVL timber to measure the slip at the
centre of the interface of timber and concrete (Figures 5-2 and 5-3). The third LVDT
was placed at the centre of the TCC specimen, between the LVL joist and concrete
offset as shown in Figure 5-2. The centre LVDT was fixed to the LVL whilst the
contact tip rested against the concrete slab. A steel packer was placed between the top
face of the LVL joist and the loading piston joist to transfer a uniform load and to
concentrate the load close to the plane of connection in order to achieve pure shear. The

recorded slip of the centre LVDT is plotted against the applied load in all series.

Figure 5-2 Set-up of a specimen in the test rig: (a) front and (b) back views
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Figure 5-3 Schematic drawing:(a) front and (b) elevation views of test set up

The loading procedure for the push-out tests was conducted in accordance with
EN26891 (1991) which sets a required loading sequence as illustrated in Figure 5-4.
The loading procedure consists of five distinct stages. The application of load was speed
controlled by monitoring the rate of the loading and checking that each of the loading
phases was applied in the corresponding time interval. The preloading and then
unloading are carried out to eliminate any internal friction in the connections and to
prevent any premature failure due to initial slip or slack in the connection. However, the
peak load occurs at a small slip between the timber joist and the concrete slab, the
loading were continued to failure which happened at higher slip to study the post-peak
behaviour, ductility and failure mode. Failure of the specimens was considered to be the
point when the LVL joist separated physically from the concrete slab or when the
connector had failed to such a point, that no further load could be applied onto the LVL.

Force A
Fest
0.7F est
0.4F est _
0. lFest
120150 240 450 600-900 >
Time (S)

Figure 5-4 Loading regime in compliance with EN26891 (1991)
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5.3.2 Stiffness analysis

Stiffness of the shear connection is proportionally related to the stiffness of the TCC

system.

The serviceability slip modulus was calculated based on 0.4F .« (Fmax is the load
carrying capacity), whilst the ultimate slip modulus was calculated based on 0.6F,x.

Finally, the near collapse slip modulus was calculated based on 0.8 F .

These slip moduli are defined to be the slope of the load-slip curve within 10-40%, 10—
60% and 10-80% of the load carrying capacity, respectively. The slip moduli of the

connectors were derived from the load-slip responses using two different methods.

The first method to calculate the slip modulus of the connections is based on EN26891
(1991), using the slip measurements at specified points as shown in Figure 5-5.
EN26891 (1991) proposes the first loading cycle to estimate the slip moduli of
connections whilst the modified method calculates the serviceability slip moduli using

the second reloading cycle to avoid the inconsistency of the results.

Force A

F est

0.8Fest 28
0.6F est 26

0.4F e 04 14

0.1F€xt
01 21 11

>

Joint slip, v

Figure 5-5 Idealised load-slip curve from push-out test based on EN26891 (1991)
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Plotting load slip responses of the connections, the serviceability slip modulus, K4
was calculated based on 0.4F.x (Fmax 18 the load carrying capacity) as given in
Equation (5-1) whilst the ultimate slip modulus, K, ¢ was calculated based on 0.6F .
as given in Equation (5-2). Finally the near collapse slip modulus, K, s was calculated

based on 0.8F ., as shown in Equation (5-3).
04F
Ks,OAZ—maX (5-1)

— (g4 —0g;)

3

0.6F .
Ku,0.6: 4 (5-2)

5(004 —0g1) + Vg6 —Vn4

08F,..
Kyos 1 (5-3)

5(”04 —0g1) +0y5 —Vpy

where, v; is the slip measurement at specified points as depicted in Figure 5-5. The
second method to calculate the slip modulus was based on a modified formula. The

EN26891 (1991) formulas are adjusted by:

4 4
— (03 —0,) = 3(004 —0g)

3 (5-4)

From assessing the slip modulus across all states, it is evident that the modified method
is less conservative than the EN26891 (1991) method. This is primarily attributed to the
fact that the EN26891 (1991) method utilises the initial slip in the linear elastic range
whereas the modified method utilises the slip values after it has been loaded to 0.4 Fax,

unloaded and reloaded.

During the initial loading to 0.4F.x, the connector is settled in and any initial slippage
is overcome. However after it is unloaded and reloaded to failure, the slip is much lower
in the linear elastic range due to the initial loading. Thus, the slip modulus based upon

the modified method is much higher as it neglects the initial loading phase.

Effectively, the modified method is a longer term calculation of the slip modulus as it
disregards the initial slip during the initial loading of the TCC system. For consistency
the slip modulus derived using EN26891 (1991) were used for comparison of shear

connectors since this method has been used widely in literature.
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The slip moduli values calculated across both the modified and EN26891 (1991)
methods experienced a much higher CoV compared to strength and ductility and it is
attributed to the fact that a minor change in the slip values has a large impact on the
resulting slip moduli. A higher CoV reduces the reliability which in turn leads to lower

characteristic value.
5.3.3 Ductility

If other failure mechanisms rather than brittle failure of timber governs the resistance of
timber composite, mechanical fastener exhibit a semi rigid plastic behaviour and it is
attributed to high slenderness ratio, #/d (fastener length/fastener diameter) and
embedding strength behaviour of timber itself and ductile behaviour of fastener
(Johnsson 2004). A ductile connection exhibits large plastic deformation capacity

without a significant strength reduction.

The ductility of a timber connection is measured in different ways as a relation between
the yield and the ultimate deformations whilst the definitions of yield and ultimate

deformations differ (Johnsson 2004).
For cyclic loading European standards, EN12512 (2001) defines ductility as the ratio of

ultimate to yield deformations, Dy by:

D,=—% (5-5)

where, vris the deformation associated to load-drop (80% of the maximum load) and vy

is the elastic deformation of connector (EN12512 2001).

Ductility has also been defined as the relative deformation capacity associated with the

maximum load (Karacabeyli et al. 1996):

D =—" (5-6)

where, v, represents the slip corresponding to maximum load at connection and vy is the
elastic deformation of connector. The schematic vy, v, and vr used in ductility
calculations are depicted in Figure 5-6. Two different types of ductility, Drand D, were
calculated using vy, v, and vr for each test series. For consistency, Dr were used for
comparison of ductility in different test series since this method has been adopted in

literature.
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Figure 5-6 Different slip values at yield, Finax and ultimate points used in ductility
5.3.4 Failure mode analysis

The failure of connectors, as well as angle of screws at the plane of connection and state
of concrete and timber around connection as failure mechanism of specimen was of
interest. The general failure modes and observatory notes of each test series were
separately discussed. Following the failure of the specimens, they were removed from

the test rig and were split to determine the failure mode.

5.3.5 Mathematical model for responses of the test series

The mathematical descriptive model of each connections test series was proposed using
the load-slip response of the connections and non-linear regression. The load-slip
response of most of the test series is divided into two part as the pre-peak and post-peak.
The load increased quite steadily, slowing slightly before peak load, Fi.x was reached
whilst after reaching the peak, the load gradually reduced to around 50-90% F,.x before
a sudden failure of the screw placed in tension occurred. The pre-peak and post-peak
parts of the load-slip responses of different series (before the sudden failure) were
considered for mathematical expression. Equation (5-7) indicates the exponential
function with three unknown parameters (a, b and c¢) which is fitted into each test series

whilst v indicates slip at interface of composite materials.

P=a(e™ —e®) (5-7)

The mathematical expression and its square of the sample correlation
coefficient between the experimental results and the mathematical expressions, R* of

each test series were proposed. Mathematical expressions and load-slip responses of

88



different test series were plotted together. This exponential function is a suitable

representative of load-slip response for mechanical fastener as shear connector in TCCs.

5.3.6 Interlayer

TCC construction is a possible solution for construction of new floor slabs. However, it
is most competitive in rehabilitation works, where an existing timber floor is present. In
upgrading of old timber floors using TCC construction, existing floorboards is used as a
permanent formwork in form of an interlayer between the timber beams and concrete
slab. Mechanical shear connections are mounted into timber joists at regular spacing

and concrete is then poured over existing timber floorboard.

The pouring of a concrete slab on top of an existing timber floor is a simple operation,
requiring minimal work. Such permanent formworks are advantageous in terms of
savings on labour costs associated with demolishing the existing floor and construction
of new formwork. Moreover, it creates less disturbance to the building. The only
concern is to prevent any wetting of the timber and leakage to the lower floors which

can be accommodated by inclusion of a thin film layer (Jorge et al. 2011).

Another form of an interlayer is the use of formwork for constructing a TCC floor. The
formwork is laid on top of the timber sections and used to provide the needed edge

restraints to cast the slab.

Inclusion of an interlayer to a TCC has no structural effect for bending stiffness and
thus, the cross section analysis should only consider the concrete and timber members

and neglect the middle layer of timber floorboards.

Previous investigations includingVan der Linden (1999) and Jorge et al. (2011)
identified that the interlayer component of the TCC is generally a weak or non-
structural element which creates a gap between the timber and concrete members.
Hence, TCC connections with the presence of interlayer exhibit lower slip modulus and

load capacities (Jorge et al. 2011).

Nevertheless, comparing the cross-section of two types of TCC beams, without and
with interlayer, the additional section depth due to the interlayer compensates for the
lack of stiffness created by the interlayer. Further investigations on influence of
interlayer on mechanical properties of TCC connections and floors utilising different
types of concrete can improve design codes and its practical applications in upgrading

of old timber floor.
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5.4 PUSH-OUT TEST RESULTS

The experimental and analytical load-slip diagrams of the test series utilising different
types of concrete and shear connector are given in Appendix B. Appendix B also reports
the stiffness, ductility and failure mode of different test series categorised into CC, EPS

LWC, Scoria LWC, HSC and SCC series.

Figures 5-7 and 5-8 plot analytical load-slip graphs obtained from curve-fitting of
experimental response of CC and EPS LWC series utilising crossed SFS and SPAX
screws. Further discussions on varying the parameters in the experimental series
including screw types, the inclination angle of screws, the existence of interlayer, LWC
concrete types, influence of concrete properties and alternative connection design are

given in discussions Section of this Chapter.
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Figure 5-7 Analytical graphs of (a) CC SFS series, (b) CC SPAX series and
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Figure 5-8 Analytical graphs of (a) EPS LWC SFS series, (b) EPS LWC SPAX series
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Figures 5-9 and 5-10 represent analytical load-slip graphs obtained from curve-fitting of
the experimental response of Scoria LWC, HSC and SCC series.
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Figure 5-9 Analytical graphs of crossed SFS and SPAX screws Scoria LWC series
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Figure 5-10 Analytical graphs of (a) HSC and (b) SCC series

5.5 DISCUSSION

The effect of different varying parameters such as screw types, the inclination angle of
screws, existence of interlayer, LWC concrete types and influence of concrete

properties are discussed from the experimental results explored through this Chapter.

5.5.1 Effect of inclination angle of screws

The effect of the inclination angle of SFS and SPAX screws utilising CC and EPS

LWC2000 on their load-slip responses obtained from regression analysis is shown in

Figure 5-11.
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Figure 5-11 Graphs showing the effect of inclination angle of (a) SFS and (b) SPAX
screws utilising CC and EPS LWC2000 on their load-slip responses

The effect of the inclination angle of SFS and SPAX screws on the serviceability and
ultimate slip moduli of TCCs utilising CC and EPSLWC2000 is shown in Figure 5-12.

The inclination angle of connector has a significant influence on its serviceability and
ultimate stiffness. Increasing the angle of connector beyond 30° reduces serviceability
and ultimate stiffness proportionally and the lowest slip moduli were recorded at an
angle of 60° and 45° for EPS LWC and CC series, respectively. This may be due to the
fact that the flexural deformation of slender fastener is limited in lower inclination
angles which results in higher slip moduli and this is aligned with other researches for
example Symons et al. (2010a). In the EPS series, SFS and SPAX screws show nearly

identical serviceability and ultimate stiffness at their given angle.
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Figure 5-12 Stiffness comparison of shear series utilising different concrete and angles
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Figure 5-13 Strength and ductility of shear series with different concrete and angles

The effect of the inclination angle of SFS VB and SPAX screws on the strength and
ductility of a TCC connection utilising CC and EPSLWC2000 is illustrated in Figure
5-13. There is a relationship between the angle of shear connector and strength as a
smaller angle to the timber results in greater strengths. The highest strength in both CC
and EPS LWC with varied inclination angles was experienced by CC SPAX WI30 with
a mean value of 40.7kN. Shear connectors at an angle of 60° exhibited the lowest

strength with the exception of CC SFSWI60° that is slightly higher than CC SFSWI45°.

For strength, SPAX screws have slightly outperformed SFS VB screws in both CC and
EPS LWC series. Comparing EPS LWC2000 series with different inclination angle,
EPS LWC SPAX WIA45 experienced highest strength a value of 35kN.

EPS LWC2000 SPAX screws series with inclination angles of 30°, 45° and 60°
experienced 0.1%, 14.4% and 27.9% higher strength than similar series using SFS VB,
respectively. This is an interesting observation as SFS VB has designed specifically for
use in TCC. The SPAX screw does have a slightly larger diameter, 8.1mm compared to
7.6mm and Smm at the bottom section of the SFS screw. The larger diameter provides a

greater axial strength and yield moment.

EPS LWC2000 SFS WI60 series initially experienced premature localised failure of
concrete around the tensile screw on all samples due to deformation of screws. Then all
the specimens ultimately were failed by tensile failure of screw placed in tension. The
failure mechanism including premature and ultimate failure results in a much lower

strength compared to the other EPS LWC series.
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Comparing EPS LWC2000 and CC series with different inclination angle, EPS LWC
indicates much higher ductility than similar CC series. For ductility, SFS screws
outperformed SPAX screws in both CC and EPS LWC series. There is no relationship

present between the angle of shear connector and ductility.
5.5.2 Effect of screw type

The effect of the screw types and inclination angle on the load-slip responses of series

utilising CC and EPS 2000 obtained from regression analysis is shown in Figure 5-14.
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Figure 5-14 Graphs showing the effect of screw and inclination angle on (a) CC and (b)
EPS 2000 series

Figure 5-15 shows the slip moduli comparison of SFS and SPAX screws.
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Figure 5-15 Serviceability and ultimate stiffness comparison of SFS and SPAX screws
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In terms of stiffness, SFS VB screws exhibited 8-20% higher serviceability and ultimate
slip moduli than SPAX screws utilising CC and EPS LWC2000 series whereas for
Scoria and HSC series, SPAX screws obtained 3-53% higher stiffness compared to SFS

VB screws. This trend is identical for both serviceability and ultimate slip moduli.

Figure 5-16 depicts the strength and ductility comparison of SFS and SPAX screws. In
terms of strength for different series, SPAX screws highlighted 0-15% higher strength
than SFS VB screws with the exception of CC SPAX 145, EPS 2000 SPAX WI30 and
HSC SPAX WI45 series where SFS VB screws represented 2-8% higher strength than
SPAX screws (Figure 5-16). SPAX series exhibited lower or similar ductility compared
to SFS series with an exception of HSC SPAX WI45 series which represented
approximately 90% higher ductility than similar SFS series (Figure 5-16).
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Figure 5-16 Strength and ductility comparison of the SFS and SPAX screws series
5.5.3 Effect of Interlayer

Previous investigations such as Van der Linden (1999), Jorge et al. (2010) and Jorge et
al. (2011) identified the effect of interlayer on stiffness and strength of TCC

connections utilising light-weight concrete or conventional concrete.

Though similar in nature and intent, there were a number of differences between tests

for this research and those aforementioned as illustrated in Table 5-2.

Table 5-2 Differences in specimens and test configuration for different investigations
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Steinberg et al.

Property This research Jorge et al. (2010),(2011) (2003)
28 day 37MPa 30MPa
compressive 27-28MPa 16-18MPa 22.5MPa
strength of
concrete 12MPa 12-13MPa
2350kg/m’ (CC) 2400 kg/m’® (CC)
Density of 2400 kg/m’ (CC)

2000kg/m’ (EPS LWC) 1400 — 1600kg/m® (LWC)
1600kg/m® (EPS LWC) 1200 — 1400kg/m’ (LWC)

concrete

light-weight ~ Expanded polystyrene

3
aggregate beads (25kg/m’) LECA (500kg/m’) NA
Bulk density 25kg/m’ 500kg/m’ N/A
450 x 300 x 75mm (2x) 300 x 160 x 160mm 400 x 360 x
‘ (concrete) (concrete) 70mm (concrete)
Sample size
450 x 200 x 48mm (LVL) 300 x 160 x 160mm 400 x 140 x 100
(glulam) mm (glulam)
T.h ickness of 17mm 25 mm 19,28 mm
inter layer
1nterlgyer Plywood sawn Maritime pine Particleboard
species
push-out set-up Asymmetrical Symmetrical Symmetrical
Screws SFSVB48 7.5x160 SFSVB48 7.5x100 SFSVB48 7.5
(crossed) (parallel and crossed)  x 100 (crossed)
No of screw 2 2 4
species Radiata Pine, Douglas Fir Spruce Spruce

Figure 5-17 illustrates the serviceability and ultimate slip moduli of different test series

with and without the inclusion of an interlayer.

The presence of an interlayer significantly reduced the serviceability and ultimate slip as

depicted in Figure 5-17.

It is attributed to the fact that the interlayer of plywood allowed for additional
deformations at Fi, and after reaching Fi.x. Test series with interlayer exhibited low
reduction in load capacity after reaching F,x. The amount of stiffness reduction varied

among the test series and no particular trend was observed.
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Figure 5-17 Serviceability and ultimate stiffness comparison of the WI and I series

The experimental result agrees with result from Jorge et al. (2011). Jorge et al. (2011)
proposed a serviceability slip modulus reduction for short SFS +45°crossed screws
samples utilising two compressive-strength grades of LWC 20-22MPa (p=1600kg/m3)
and 16-18MPa (p=1400kg/m’) to be 33% and 30%, respectively whilst Scoria
LWC2000 SFS45 (f=28.1MPa) and EPS LWC2000SFS45 (f.=23.4MPa) and EPS
LWC1600 SFS45 (fe=12.1MPa) series demonstrated 21%, 50% and 42% reduction in

serviceability slip modulus, respectively.

Elsewhere, Van der Linden (1999) tested short SFS screws TCC connections utilising
conventional concrete in specimens with and without interlayer and concluded 55% and
45% reductions in K4 for the specimens with 19 and 28mm interlayers, respectively
and these reductions are in agreement with this study where inclusion of interlayer in
both CC short SFS45and CC SFS45 series leads to a reduction of approximately 60%

and 47% in the serviceability slip modulus, respectively.

CC short SFS45 series exhibited most significant reduction in both serviceability and
ultimate slip moduli due to the presence of the interlayer, approximately 60% whilst the
Scoria SFS45 series showed a minimum serviceability slip moduli reduction of
approximately 21% for both serviceability and ultimate slip moduli in presence of an

interlayer.

This trend was continued throughout different slip moduli. However, by approaching

Fiax the difference in stiffness values became smaller. However, the results highlighted
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that samples with an interlayer experienced a greater linear relationship than those
without an interlayer, as the difference percentages when approaching Fmax were
significantly smaller. The difference percentages in serviceability slip modulus due to

the presence of interlayer were 2%- 10% higher than that of ultimate slip modulus.

Moreover, a reduction of 35-40% is suggested for the stiffness of CC series. Whilst the
results suggest individual reduction factors, there is not enough evidence to conclude an
overall reduction for capacity and slip modulus of CC and LWC series with interlayer

compared to without interlayer series, as proposed by Jorge et al. (2011).

The effect of the interlayer on the strength and ductility is shown in Figure 5-18. The
test results depict that the inclusion of an interlayer into the TCC samples reduced its
strength and led to greater average slip at Finax. The experimental result indicated almost

similar trend compared to experiments investigated by Jorge et al. (2011).

Jorge et al. (2011) reported strength differences for short SFS +45° crossed screws
samples utilising two compressive-strength grades of LWC 20-22MPa (p=1600kg/m")
and 16-18MPa(p=1400kg/m’) to be -6% and +11%, respectively whilst Scoria
LWC2000 SFS45(fc=28.1MPa) and EPS LWC2000SFS45 (f.=23.4MPa) and EPS
LWC1600 SFS45(f.=12.1MPa) series demonstrated 5%, 11% and 15% strength

reduction in presence of interlayer.
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Figure 5-18 Graphs showing that the strength and ductility comparison of the series

with and without an interlayer
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The experimental results conclude that a strength reduction of 6-24% is suggested for
CC samples, as well as a strength reduction of 12% and 15% for HSC SFS45 and SCC

SFS45 series in presence of interlayer.

CC short SFS45 series exhibited maximum strength reduction in presence of interlayer,
approximately 24% whilst Scoria SFS45 series showed minimum strength reduction of

about 5% in presence of interlayer.

Figure 5-18 illustrates no apparent link between the amount of strength reduction from
the inclusion of an interlayer and the strength of the concrete mixes or the strength of

the connections as the degree of strength reduction varies among the mixes.

For example, no significant differences between the strength reduction of CC and LWC
series (both EPS and Scoria LWCs) due to the presence of an interlayer were observed

as 13% compared to 17.5%, respectively.

As a result, considering all the test series, a reduction factor of 5-20% was more
appropriate as there are significant differences between the strength capacities results.
However, it is clear that the strength of the specimens utilising the CC mix is less
affected by the inclusion of an interlayer and the presence of an interlayer in short SFS

series had the largest impact on strength reduction.

The inclusion of an interlayer into the TCC specimens leads to an increase in the slip
experienced at Fi.x in all cases. For the specimens with the long SFS screws, the
amount of slip increase was approximately 20-50%. The CC, SCC and EPS LWC2000

mixes experienced similar slip increases in the range of approximately 40-50%.

However, the slip at Fi.x of the EPS LWC1600 specimens was least affected by the
inclusion of an interlayer and showed significantly less slip at Fin.x than the other series

with a slip increase of only 22.80%.

Unlike the F.y, the slip at Fi.x experienced by CC short SFSWI series was similar to
the other series. However, the CC short SFS series was most affected by the inclusion of

an interlayer with an increase in slip at Fin,x of 52.5%.

Figure 5-18 also shows the ductility for each series with and without of plywood
interlayer. The experiments concluded that the use of interlayer in samples decreased

the ductility approximately 18%-44% as shown in Figure 5-18.
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There was one exception, SCC SFS45 which represented 7% higher ductility in
presence of interlayer. The CC short SFS45 series exhibited maximum ductility
reduction in presence of an interlayer, approximately 37% whilst the Scoria SFS45
series showed minimum ductility reduction of approximately 15% in presence of an
interlayer. The EPS LWC 1600 SFSWI45 series exhibited maximum ductility of 9.1
and CC short SFS 145 series demonstrated minimum ductility of 2.5.

5.5.4 Effect of concrete properties

Figures 5-19 and 5-20 demonstrates the effect of compressive strength of concrete on

serviceability and ultimate slip moduli of different series, respectively.

Due to visual inspection of the variables before regression analyses and also inspection
of residuals in quadratic relationship compared to linear one, quadratic relationships

were selected to represent the scatter data in this Section.
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Figure 5-19 Effect of compressive strength of concrete on serviceability slip modulus of

TCC (a) SFS WI45 , (b) SFS 145 series, (c) SPAX WI45 and (d) SPAX 145 series
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Figure 5-20 Effect of compressive strength of concrete on ultimate slip modulus of TCC

(a) SFS WI45 , (b) SFS 145 series, (c) SPAX WI45 and (d) SPAX 145 series

An initial localised failure in the EPS LWC concrete at the connection caused the first
drop, before the ultimate failure of the screws. Failure in EPS series was more ductile

than similar series utilising CC with a greater deflection following F.x before failure.

Jorge et al. (2011) noted that the mortar matrix of EPS LWC is stronger than in CC
whereas light-weight aggregate has lower compressive strength than conventional
aggregates. This may result in higher anchor strength of LWC mortar after the initial
crushing of light-weight aggregate, leading to the recovery of the load level after an
initial drop at low slip value and consequently a higher serviceability and ultimate slip
moduli. The EPS LWC1600 mix, however, did not follow the same trend and although
it had the lowest density and compressive strength out of all the mixes, it displayed a
decreased serviceability and ultimate slip moduli of approximately 15% and 30% than

EPS LWC2000 series, respectively.
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Conversely, comparing to CC and HSC series, any increase of the compressive strength
of the concrete accompanied higher serviceability and ultimate slip moduli of the test
series as depicted in Figures 5-19 and 5-20. HSC series which has an increased density
and compressive strength, exhibited higher serviceability and ultimate slip moduli of

approximately 6-80% and 7-46%, respectively compared to that of CC series.

Comparison of serviceability and ultimate slip moduli of different series such as CC vs.
EPS LWC2000, CC vs. EPS LWC1600, CC vs. Scoria LWC and Scoria LWC vs. EPS
LWC1600 implies that an increase of the compressive strength of the mixes decreases
the stiffness of TCC SPAX and long SFS screws. This agreed with Jorge et al. (2011) ,
however, one discrepancy when comparing these results was that literature compared
two grade of LWC as 16-18 and 20-22 utilising short SFS screws. Figure 5-21 shows
the effect of compressive strength of concrete on connection strength of different TCC
series. The polynomial descriptive model and the sample correlation coefficient, R” are

[lustrated in same Figure.
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Figure 5-21 Effect of compressive strength of concrete on strength of TCC (a) SFS
WI45 , (b) SES 145 series, (c) SPAX WI45 and (d) SPAX 145 series
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Comparing to CC series, the reduction in density and compressive strength within the
mixes decreased the strength of the SFS and SPAX screws series with and without

interlayer as shown in Figure 5-21.

However, comparing CC and Scoria LWC series, the strength of Scoria LWC series
remained almost unchanged. SCC mix, with a lower mass per unit volume and
compressive strength of 2340kg/m’ and 35MPa compared to the CC series with those of
2360kg/m’ and 37MPa, respectively experienced 4% higher strength.

Although the compressive strength of the concrete directly influenced the strength of the
connections, for both the EPS LWC2000 and 1600 mixes, the reduction in connection

strength was not proportional to the decrease in concrete strength.

This is observed in the LWC2000 mix (f.=23.4MPa), with a decrease of concrete
compressive strength of 37% compared to the CC series (f.=37.0MPa) decreased the
connection strength of SFS45 and SPAX 45 series only 7-11% and 1-8%, respectively.
Similarly, the EPS LWC1600 SFS WI45 and 145 with a reduced compressive strength
of 12.1MPa, resulted in a connection strength reduction of 25-32% compared to the CC

mix.

This trend agrees with Jorge et al. (2011) where comparing CC and LWC (strength
grade of 20-22) with short SFS screws, 24% reduction in connection strength was

observed.

For the concrete with higher compressive strength than conventional concrete, an
increase in concrete strength does not increase the connection strength and the
connection strength remains almost constant. Changing the failure from a ductile failure

in LWCs to brittle failure of CC or HSC limits the strength of connector.

Figure 5-22 demonstrates the effect of compressive strength of concrete on ductility of
different TCC series, respectively. The polynomial descriptive model and the

sample correlation coefficient R” are illustrated in same Figure.

Comparing to CC series, the decrease in density and compressive strength within the
concrete mixes increased the ductility of the SFS and SPAX screws with and without
interlayer as depicted in Figure 5-22. However, comparing CC and Scoria LWC series,
the ductility of Scoria LWC series remained almost unchanged whereas, HSC SPAX

WI45 series with maximum compressive strength of concrete had highest ductility.
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Figure 5-22 Effect of compressive strength of concrete on ductility of TCC (a) SFS
WI45 , (b) SFS 145 series, (¢) SPAX WI45 and (d) SPAX 145 series
5.5.5 Effect of Light-weight concrete (LWC) type

The serviceability and ultimate slip moduli comparison of different series utilising

different types of LWC and CC with and without interlayer are depicted in Figure 5-23.

Comparing CC and different types of LWC series, EPS2000 SFSWI45 series was the
stiffest connection at 40%, 60% and 80% F'max.

Scoria and EPS LWC with interlayer series exhibited higher serviceability and ultimate

slip moduli than similar CC series. However, Scoria LWC SFSWI45 series experienced

less stiffness than similar series utilising conventional concrete.
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Figure 5-23 Stiffness comparison of different series using different LWC and CC

The strength and ductility comparison of different series utilising different types of

LWC and CC with and without interlayer are presented in Figure 5-24.

Figure 5-24 depicts the reduction in strength of TCCs accompanying the lowering of
concrete compressive-strength, however SPAX WI45 series shows an exceptional

behaviour as Scoria LWC SPAX WI45 produced 4% higher strength than that of CC

series.
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Figure 5-24 Strength and ductility comparison of the test series utilising different LWC
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The use of EPS LWC 2000 reduced the strength of the connection up to 11% compared
to similar CC series, and the use of EPS LWC 1600 reduced the strength by 25-32%
compared to similar CC series whereas the strength of Scoria LWC series remained

unchanged or in some series experienced slightly higher strength than that of CC series.

Hence, application of Scoria LWC with reduced density of 2000kg/m’ results in similar,
if not greater strength out of the SFS and SPAX connection which highlights that the
strength of a TCC connection sample is predominately dependent on the shear

connection and the presence of an interlayer, not the strength of concrete.

Comparing the conventional concrete (CC series) and low density expanded polystyrene
light-weight concrete with low 28 day compressive strength of concrete (EPS
LWC1600 series), the reduction in strength of the connection in samples using EPS

LWC1600 was significantly less than the reduction in compressive strength of concrete.

This means that their strength in the connection is unlikely to be a limiting factor on the
use of EPS LWCI1600 in TCCs. Rather, the bending, compressive and crushing
behaviour of LWCs is more likely to be a limiting factor. As such, it can be concluded
that where LWCs are adequate for use in terms of general structural performance, they

are likely to be acceptable for use in terms of their behaviour at the connection of TCCs.

In terms of average slip at Fi,.x, CC SFSWI45 was the most effective connection for
application, producing an average slip at Finax value of 2.4mm, 15% less than the Scoria

LWC series. It is expected that the higher Fi,,x increases the slip at Fiyax.

Figure 5-24 shows the average ductility for each series utilising different concrete types.
Samples with EPS LWC2000 and EPS LWC1600 concrete experienced 20-25% and 40-

60% less slip at Fi,y, respectively compared to similar samples of CC series.

EPS LWC series also experienced significant slip after initial localised failure of
concrete. Hence, the ductility of the EPS LWC series increased approximately 65-100%
compared to similar series using CC. EPS LWC series exhibited maximum ductility
ranging 4.8-15.5 among the different concretes tested due to localised concrete failure at

the connections.

Comparing the failure modes, EPS LWC 1600 and 2000 series exhibited dual peak
responses as shown in Appendix B (Figures B-17 and B-31) whilst similar series

utilising other types of concrete experienced single peak behaviour.
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The dual peak response of the EPS LWC2000 SFS WI45 series was agreed upon by
Jorge et al. (2011) who attributed the first drop in load to the low compressive strength
of the light-weight aggregate which allowed for the localised failure in the LWC.

It is noted that an increase in strength of the mortar matrix exists in LWC compared to
CC series, which results in higher anchor strength, allowing for the recovery of the load
after the initial drop. Higher compressive strength of concrete decreased the localised
failure of concrete at connections in CC, HSC and SCC series than EPS LWC2000

which leads to a single peak response with much lower ductility.
5.5.6 Alternative connection design

In terms of alternative connections, two novel connectors in the form of L and U
connector were developed based on their wide availability and structural properties.
Figure 5-25 plots analytical load-slip graphs obtained from curve-fitting of experimental

response of CC L and U profiles and coach screw inclined at 45°series.

The L series of connectors exhibited highest average strength of 54.6kN which was
36.6% higher than the U series and 109% higher than the coach screw series.

This was anticipated as the L connector was the most rigid design being fabricated from
a structural section with a relatively high moment of inertia compared to the U
connector, and thus it was less susceptible to bending and deflection. Additionally, 3

small SPAX screws used increased load capacity than a single coach screw.

The L series connectors had the highest average serviceability and ultimate slip moduli.
Compared to the other connection designs in literature, the L connector exhibited a
relatively high serviceability slip modulus, however it does not achieve the same
stiffness values such as the perforated steel plate connector system tested by Miotto et

al. (2011) and Miotto et al. (2012) or concrete notches investigated by Yeoh (2010).

The L connector design can be further optimised and refined to achieve a better result in

terms of economy and mechanical behaviour.

The U connector has no advantages over the L connector with exception of ductility and
due to its higher cost, it cannot be recommended as a viable shear connector with

advantages over existing shear connections.
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5.6 CONCLUSION

The scope of the research was to increase the understanding on the parameters that
affect the mechanical properties and failure mode of the TCC connections.
Experimental results of test series also have a positive contribution to achieve reliable

design codes.

This Chapter included experimental testing of composites of laminated veneer lumber
(LVL) and different concrete types to assess mechanical properties and failure
mechanism of different types of mechanical fastener including available screws and two
novel types of shear connectors inclined at various angles and with and without

plywood interlayer between timber and concrete.

The slip moduli calculated across both EN26891 (1991) and the modified methods
experienced a much higher CoV compared to strength and ductility and it is attributed
to the fact that a minor change in the slip has a large impact on the resulting slip moduli.

A higher CoV reduces the reliability which in turn leads to lower characteristic value.
5.6.1 Effect of screw type (SFS VB and SPAX screws)

Comparing CC and EPSLWC 1600 and 2000 series, it was found that SFS VB screws
exhibited a greater stiffness than SPAX screws. However, Scoria LWC SPAX series
represented higher stiffness than similar SFS series. SPAX screws series indicated
higher strength than SFS VB screws whereas the ductility of SFS was higher than
similar series of SPAX series. The use of SPAX screws as a shear connector in TCC

beam should be further investigated as the presented results highlight sizable potential.
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5.6.2 Effect of inclination angle

In CC and EPS LWC2000 series utilising SFS and SPAX crossed screws at different
angle, an angle of 30° offers the greatest stiffness and strength compared to others.
Overall, these results are very conclusive in finding that the angle of connector significantly
influenced the strength and slip moduli. In terms of strength, both EPS and conventional

concrete series exhibited a strong relationship between strength and inclination angle.

5.6.3 Effect of light-weight concrete type

Lower compressive strength and density of Scoria LWC had minor impact on the
connection strength. CC and Scoria LWC series experienced greater strength than EPS
LWC 1600 and 2000 series with minor difference between Scoria LWC and CC series
whereas EPS LWC 1600 and 2000 series produced greater serviceability and ultimate
stiffness than CC and Scoria LWC. An initial localised failure in the EPS LWC concrete
at the connection caused the first drop, before the ultimate failure of the screws. Failure
in EPS LWC series was more ductile than similar CC series with a greater deflection
following Fp.x before failure. This result may be based on the fact that the mortar
matrix of EPS LWC is stronger than in CC whereas light-weight aggregate has lower
compressive strength than conventional aggregates. This may result in higher anchor
strength of LWC mortar after the initial crushing of light-weight aggregate, leading to
the recovery of load level after an initial drop at low slip value and consequently a
higher serviceability and ultimate stiffness. Scoria LWC series showed higher ductility

than the similar CC series which is beneficial in construction applications.

The application of LWC represents an innovative solution when combined with TCC
technology to further minimise the dead loads of structures. Such a system is a
favourable alternative for both the renovation of existing timber floors and the
construction of new ones. This research suggests that there is strong potential for
moderate light-weight concrete to be used in TCC systems, with limited effect on
strength or behaviour whilst for very light-weight concretes, EPS LWC1600 series, low
compressive strength of LWC may limit their application in TCCs.

5.6.4 Effect of interlayer

Comparison of different test series utilising different concrete types of and shear
connections with and without plywood interlayer implies that inclusion of an interlayer

significantly reduced stiffness, strength and ductility of the series.
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5.6.5 Alternative connection design

Two novel connectors in the form of L and U connectors were developed based on their
wide availability and structural properties. The results of the push-out tests highlighted
that the L connector had the highest strength and stiffness while U connector achieved
lower values. Overall, the L connector has a relatively high strength and stiffness
although alternative connectors such as concrete notch or a continuous steel plate
achieve higher values. However, the L connector design can be further optimised and
refined to achieve a better result in terms of economy and mechanical behaviour. The U
connector has no advantages over the L connector and due to its higher cost, it cannot

be recommended as a viable connector with advantages over existing shear connections.
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6 EXPERIMENTAL FLEXURAL TEST

6.1 INTRODUCTION

This chapter reports the details and results of short-term four-point bending tests at
serviceability (SLS) and ultimate (ULS) limit states of five simply-supported LVL-
concrete composite modules constructed from conventional and light-weight concretes
to evaluate the effect of light-weight concrete on the flexural stiffness, strength at
service and ultimate loads and failure mode. The short-term serviceability and collapse

four-point bending tests of three LVL modules used in TCC modules are also discussed.

Once the mechanical properties of connection are identified and quantified from push-
out tests, a full-scale floor sample can be tested to assess the structural behaviour of an
entire floor system. This is significant to identify any problems or complications that

might arise which might have been overlooked or not foreseen in the small scale tests.

Based on the outcomes of push-out tests for various shear connections given in Chapter
5, £45° crossed SFS screws were selected to connect LVL and concrete slab. In terms of
connection, £45° crossed SFS screws in EPS LWC exhibits higher serviceability and

ultimate stiffness compared to similar connections using conventional concrete.

The dimensions of composite components represent a realistic secondary beam in a
typical non-residential building in Australia which was designed in compliance with the

Gamma method given by Eurocode 5 EN (2004b).

These specimens were loaded to failure after 28 days from casting using a four-point

bending test. This Chapter reports the experimental programme and results. The
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experimental test methods and instrumentations are stated. The characteristics of the
composite materials and push-out tests results of shear connections were reported in

Chapters 4 and 5, respectively.

Extensive data including deflection at one and two thirds and mid-span points, strain
readings at mid-span and slips between composite components at the beam ends and the

first three pairs of connection at beam end are reported.

6.2 TCC DESIGN

An efficient design of a structure is achieved by a high stiffness of cross section which
can carry the higher load for minimum self-weight. Composite I and box beam type
sections are the most conventional structural timber sections that can be connected to a
concrete slab to achieve higher stiffness and strength through the composite action of

timber and concrete.

The LVL modules used in the current TCC design initially formed the top part of a
timber module designed as a timber-timber non-residential floor designed by STIC as

reported in Zabihi et al. (2012) (Figure 6-1a).

The timber-timber module was attached to two bottom LVL flanges which were
removed by a TCC module. The remaining part of the timber-timber module was placed
upside down and a top layer of concrete cast on it to study an alternative non-residential

floor using the initial fabricated timber-timber modules (Figure 6-1b).

The box module has a void between webs and bottom flange which can be used for the

insulation and some other services (plumbing and wiring).
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Figure 6-1 (a) Timber-timber and (b) TCC modules designed for non-residential floor
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The design procedure of the TCC module was discussed in Chapter 2. The Gamma
method based on the formulas for composite beams with flexible connections was used
to design the TCC modules under the design loads in compliance with AS/NZS1170.1
(2002). The design loads consisted of an imposed action, O of 3kN/m? for office
buildings and a total permanent action, G = G|+ G, of 3.24kN/m2, with G1 and G2
including the self-weight and the superimposed permanent load, assumed as 2.24 and

1kN/m?, respectively.

A concentrated live-load equal to 3.50kN is imposed for office building. The live-load
is a variable load according to the use and occupancy of the building and consists of all
loads applied by humans, machines, or movable objects. The TCC modules were in

compliance with the design requirements at SLS and ULS.

6.3 EXPERIMENTAL PROGRAM

6.3.1 Timber modular systems

Five timber modules, consisting of two LVL webs, glued and screwed to a cross banded
LVL flange, were subjected to full-scale four-point bending tests to serviceability loads.
The serviceability behaviour of the timber module was studied by the responses of the
specimens including deflection, slip and strain to the service loads. Also the apparent

and global stiffness of the system and strain at mid-span were investigated.

After the serviceability tests, the TCC modules were constructed using these timber
modules. Upon completion of three cycles of serviceability loading, the TCC modules

were tested to failure using two different types of concrete.

The linear-elastic characteristics of the specimens including apparent and global
stiffness of TCC modules were assessed using the deflection, slip and strain responses
of the specimens versus service load. The applied load in each jack and the deflection at
mid-span were recorded. In addition, the relative slip at the interface of timber and
concrete and the first three pairs of cross screws at beam-end were measured. Moreover,
the strain responses at mid-span were used to assess the composite action of the TCC

modules.

The TCC modules exhibited linear-elastic behaviour and the dominant failure mode was
observed in the shear connections as tensile and flexural failures of SFS screws in

tension and compression, respectively whilst the timber modules remained sound and
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undamaged. Hence, the concrete slabs were removed after the ULS tests of the TCC
systems and the timber-only modules were subjected to serviceability and ultimate tests.
Strength, stiffness, failure modes, condition of shear connections and ductility of the

specimens were assessed by serviceability and ultimate loading tests.
6.3.2 TCC modules

Five full-scale simply-supported TCC modules were constructed. Their dimensions and
details represent a secondary composite beam of a non-residential building which was

designed in compliance with Eurocode 5 EN (2004b) and Australian standards.

In order to assess the effects of light-weight concrete on structural response of TCC
beams , two specific concrete mix designs were used- (i) conventional concrete, CC
grade 32Mpa with a density of 2400kg/m’ and (ii) expanded polystyrene light-weight
concrete, EPS LWC with a density of 2000kg/m”’.

Three TCC modules were constructed using the CC mix design whilst two modules
were poured using LWC. The mix designs were specified to the supplier and the CC
and LWC mixes were batched and delivered to UTS by external supplier. Each
individual mix was supplied in accordance with AS1379 (2007). The gravels were

replaced by expanded polystyrene beads in the LWC mix design.

Both mixes achieved the desired 100mm slump specification. The air content of LWC
concrete is much higher than the conventional concrete. The mix designs and fresh and
hardened properties of the concrete mixes including drying shrinkage were reported in
Chapter 4 and Appendix A. Three cylinder tests were performed at 28 days and three
more were tested upon completion of the beam test at 35 days. The delivered mixes had

higher strength than specified. The concrete cylinders and prisms were moist cured.

These modules, referred to as CC1, CC2 and CC3, were constructed using conventional
concrete whilst the modules LWCI1 and LWC2 represent a TCC modules cast using
expanded polystyrene light-weight concrete (EPS LWC). Based on the outcomes of a
parametric experimental study of push-out tests with criteria of structural efficiency,
lower cost and availability in NSW, Australia as reported in Chapter 5, expanded
polystyrene light-weight concrete with a density of 2000kN/m> was selected for TCCs.

The geometry of the five beams was nominally identical and each was 8.4m long. The
concrete slab on top was 0.9m wide and had a slab thickness of 0.075m. Two types of
LVL, that is, hySPAN Cross-banded and hySPAN project were used to form the bottom
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flange and two webs of the structural section of the timber-only modules, respectively.
There were three web stiffeners in each beam which were located at approximately 2m
intervals. The material properties of different types of LVL and plywood formwork
were listed in Chapter 4.

A layer of square mesh N6 reinforcement spaced at 200mm in both directions with
35mm concrete cover was used to control cracks in the concrete slab. Plastic chairs

were used to support the mesh and to hold it at the correct height.

The first three beams were poured on the same day using conventional concrete whilst
as a second series, two modular beams were poured on the same day with expanded

polystyrene light-weight concrete with a density of 2000kg/m”.

The plywood formwork had to be designed for carrying self-weight of concrete and cut
to the correct dimensions accordingly. Formwork was also required for the inner
segments of the LVL between the stiffeners to ensure no concrete was able to fill these

sections during pouring.

Long crossed SFS connectors were selected based on the outcomes of a parametric
experimental study of push-out tests carried out on different connections with different
arrangement, lower cost, labour requirement and time for fabrication as discussed in
Chapter 5. The push-out test methodology and the material properties of two connection
test series of CC SFS WI45 and EPS LWC2000 SFS WI45 including strength, slip
moduli, ductility and failure mode were obtained from push-out tests conducted in

compliance with EN26891 (1991) as reported in Appendix B.

Comparing these two series, application of EPS LWC decreased the strength about 8%.
Application of EPS LWC instead of conventional concrete series increased different slip

moduli including K .4, Ku06 and K, 0.s about 62%, 38% and 18%, respectively.

The TCC module was constructed with 50 pairs of long SFS screws; each web had 25
pairs of screws, pre-drilled and screwed at (£45°) with symmetrical shear connection

spacing of 220, 330 and 850mm as depicted in Figure 6-2.
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Figure 6-2 TCC beam lay-out
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HBV 5.0.16 commercial package provided by SFS intec Co. was used to design the
spacing details of SFS screws based on the expected amount of shear force in
compliance with Eurocode 5 EN (2004b). The maximum shear force occurs at beam-
ends, hence a closer spacing was required to increase the shear resistance at the ends of
the TCC beams. As minimal shear force is experienced at the centre of the beam, the

connections were spaced at far greater centres.

The design span of the beams was 8metres, the distance between each support when
undergoing load. As a result, there was a 200mm overhang at each support since the
beams were constructed at 8.4m. The beams were designed with no interlayer at the
interface of the concrete and LVL. As a result, the concrete was in direct contact with

the top of the LVL webs.

The modules were cast propped and the self-weight of the modules and wet concrete

was carried by timber joists and plywood formwork as shown in Figure 6-3.

TCC modules were cured by a moist sponge material and were covered by plastic sheets
to cure in a controlled environment and reduce the speed of the hydration process. Once
the concrete hardened and reached sufficient strength to support its self-weight in day
14, formwork was removed and the TCC modules were moved to the supports. Before
the bending test, the concrete slabs of modular beams exhibited shrinkage. The beams
were exposed to lab conditions and the average temperature and humidity were 19°C

and 65% RH, respectively before the test.
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Figure 6-3 Propped TCC form works: (a) before and (b) after concrete pouring
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6.3.3 Experimental set-up

The simply-supported condition of roller and pinned supports placed on top of two
concrete blocks was used in the four-point bending test as shown in Figure 6-4. The

specimens were deflected vertically.

Figures 6-5 and 6-6 indicate the layout of the specimens under the loading system. The

data was captured through connection of strain gauges and LVDTs to a data taker.

Figure 6-4 Simply-supported supporting condition: (a) pinned and (b) roller supports

Figure 6-5 The layout of specimens: (a) the timber-only and (b) TCC modules
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Figure 6-6 The lay-out of four-point bending test (in mm)
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Figure 6-8 Load cell supports: (a) pinned and (b) roller

Load was applied to the beams through two hydraulic jacks supported on a reaction
frame including four columns and two beams which carried a 3m beam (Figure 6-7). A
pair of controlled hydraulic oil jacks was accommodated in each third span of the beams
span away from each support to apply the load on the spreader beam with roller and

pinned supports as shown in Figures 6-6 and 6-7.

The spreader beam was installed directly underneath each loading jack to spread the
load evenly across the modules as depicted in Figure 6-8. The loading pin has a

spherical shape to prevent any restraint of torsional movement across the beam (Figure
6-8a).

6.3.4 Instrumentation

LVDTs were used to measure the deflection of each beam at various locations as shown

in Figure 6-9.
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Figure 6-9 Location of LVDTs for deflection and slip measurement

Six LVDTs (LVDT 6-11) were located underneath the specimens (Figure 6-12b) at
thirds- and mid-spans of each module as depicted in Figure 6-9 whilst for serviceability
and ultimate loading tests, five LVDTs (LVDT 1-5) were placed on top of the concrete
slab at the mid-span as illustrated in Figure 6-12a. For ultimate tests, the LVDTs located
underneath the specimens were removed to avoid any possible damage to the LVDTs.
The LVDTs were used to evaluate the apparent and the global stiffness of the specimens

through analysing vertical deflection of the specimens versus load.

Eight LVDTs (LVDT 12-19) were also located at each beam-end to measure the
interface slip of composite components. Two LVDTs measured the slip of timber and
concrete on each beam-end and two remaining ones were placed at each end to measure

the slip of the LVL webs and the bottom flange as shown in Figure 6-9.

In addition, six LVDTs (LVDT 20-25) were placed at the shear connectors to measure
the interface slips of LWC modules. The support of LVDT was screwed into the LVL
webs and a steel angle was attached to the underside of the concrete slab by double-
sided sticky tape and then touched the moving head of LVDT; the slip at the shear

connections was measured.

Strain gauges were employed to measure deformations at the mid-span cross-section.
Strain gauge type PL-60-11 with 60mm gauge length was used on the LVL joists and
the concrete slab. The locations of the strain gauges are shown in Figures 6-10 and 6-11.
The strain gauges were used to verify the linear characteristics of the specimens by
assessing the strain of the specimens versus load. Moreover, the strain gauges were used

to investigate the composite behaviour of the system.
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Figure 6-10 Cross-sectional geometry and arrangement of strain gauges for timber-only
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Figure 6-11 Cross-sectional geometry and arrangement of strain gauges for TCC

Figure 6-12 The LVDTs and strain gauges: (a) on top (b) underneath the module

The strain gauges must be attached to the smooth flat surface. For the timber beam

surface, the timber surface was sanded before attachment of strain gauges whilst for the

concrete surface a plastic-bond was used on the concrete surface and was sanded before

attachment of strain gauges. There were 9 strain gauges on top of the concrete slab at

mid-span, the strain gauge 6 was at the centre, strain gauges 5 and 7 were located at 1/3

of the width of beam, the strain gauges 2 and 10 were located at the edge of the beam,
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the strain gauges 3, 4, 8 and 9 were located at the 1/9 and 2/9 width from the edge.
There were 9 strain gauges on the bottom of the beam mid span, the strain gauge 21 was
at the centre, strain gauges 20 and 22 were located at 1/3 of the width of beam, the strain
gauges17 and 25 were located at the edge of the beam, the strain gauges 18, 19, 23 and
24 were located at the 1/9 and 2/9 width from the edge. The instrumentation at the mid-
span of the timber-only and TCC modules are depicted in Figures 6-10 and 6-11,

respectively.
6.3.5 Test methodology

The loading protocol of the four-point bending test was to some extend similar to that
proposed by EN26891 (1991) for connection push-out test. The four-point bending test
of timber modules consisted of a point load at third spans of the specimens. During the
experiment, the timber-only modules were subjected initially to three cycles of 10kN

corresponding to two times of the design service load of a non-residential floor.

The TCC modules were first subjected to serviceability loads of 22-26kN in each jack
causing a 16-20mm deflection over a period of 90 sec. AS/NZS1170.0 (2002) proposes
a load corresponding to the deflection limit equal to L/300 for the serviceability test,

that is 26mm for 8m span specimens.

The serviceability tests were under displacement control where ultimate loading was
conducted under force control. The loads were applied at a constant rate 0.3mm/sec in
both SLS and ULS loading tests. The serviceability load maintained for 30 sec, then
unloaded to zero. The serviceability loadings were repeated three more times and finally
the TCC modules were loaded up to failure at a constant rate as used in the
serviceability test. The load and stroke of the hydraulic jack were recorded. The TCC
modules were failed at shear connections and hence, timber modules remained sound.
To assess the structural response of timber-only modules, after removal of the concrete
slabs of CCI1-3, the timber-only modules were again loaded to 10kN, reaching a
deflection of 33-38mm, after which they were unloaded. This process was repeated
three times before loading the modules to failure. F was the estimated failure load of

each composite beam which was calculated by the Gamma method.

6.4 EXPERIMENTAL RESULTS AND DISCUSSION

The experimental test includes serviceability and ultimate testing of timber-only and

TCC modules utilising two different concrete types of CC and EPS LWC2000.
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6.4.1 Serviceability tests of timber-only modules

The responses of the timber-only modules to service load were studied using the
deflection and the strain responses to identify the linear-elastic behaviour of the system.
Moreover, the global stiffness of the timber-only modules was investigated using load-
deflection responses of the specimens. The load-slip graphs of timber-only modules
were reported in Appendix C. Timber modules indicated a linear response in the range
of 0-10kN at SLS. The range of maximum mid-span deflection of CC and LWC TCC

modules in the serviceability limit state was 33mm to 38mm (approximately L/300).

Flexure formulas for beams with solid rectangular homogeneous cross-section through
their length is given in AS4063.1 (2010). The formula is applicable for timber
composite beams. The apparent stiffness of modular systems, £/ was determined in
compliance with AS4063.1 (2010) using the measurement of the vertical deflection at
mid-spans of the specimen as given in:

3
_BL

El =
648

(6-1)

where, K is the global stiffness of the module as the slope of the linear portion of load-

displacement (F- 0) graph for a load range of 10- 40% of the average load capacity as:

K== 6-2
5 (6-2)
F, + F

FAve — LoadCelll 2 LoadCell2 (6-3)

The apparent stiffness of the beam, £/ was measured for mid-spans. A uniform rated
load, F' was applied to the module at third-spans and the failure was observed. Table 6-1
lists the results of K (global stiffness) and EI (apparent stiffness) of timber-only

modules with calculations based on Equations (6-1) and (6-2) at serviceability loads.

Table 6-1 Global stiffness, K and apparent stiftness, EI of the timber modules at SLS

Timber Global stiffness Mean Apparent stiffness Mean

module  (kN/m)  (kN/m) © COVOO T qum?) knm?) O COV(R)
T1 286.3 5202.3
T2 295.5 5369.7
T3 294.1 286.8 7.8 2.7 5344.0 521241423 2.7
T4 279.1 5071.9
T5 279.2 5074.3
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The stiffness of LVL timber modules used in the CC and LWC series were very similar.
Therefore, for ease of comparison, the difference in timber components of CC and LWC

series was ignored in the numerical model discussed in Chapter 7.

The strain gauge reading at serviceability limit state corresponding to a deflection of
10mm for timber-only joists is shown in Figure 6-13. It is evident that the timber-only

modules exhibited a fully composite behaviour at SLS (Figure 6-13).

Tension Compression Tension Compression  Tension Compression  Tension Compression  Tension Compression

9239

Timber module 1 Timber module 2 Timber module 3 Timber module 4 Timber module 5

Figure 6-13 Stress distribution in the LVL- module corresponding to 0.4F . , in (U€)
6.4.2 ULS test of timber-only modules

6.4.2.1 Ultimate flexural capacities of timber-only modules

Upon completion of ultimate test on TCC modules, the concrete slabs were removed
and the timber modules were subjected to serviceability and ultimate tests. Strength,
stiffness, failure modes, condition of shear connections between bottom flange and web
and ductility of the modules were assessed by ultimate loading test. The load—deflection

responses at mid-span of the timber-only modules are depicted in Figure 6-14.

— Timber module 1
= Timber module 2
Timber module 3

0 20 40 60 80 100 120 140 160 180
Mid-span deflection (mm)

Figure 6-14 Load-mid span deflection responses of timber-only modules
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The load-deflection graphs of timber-only modules represent a linear response up to
failure. The maximum load capacity, Fy.x, corresponding to summation of two point
loads, ultimate moment capacity and the mid-span deflection at maximum load
capacity, are listed in Table 6-2. Moreover, the equivalent uniformly distributed load
(Weq) and bending moment (M.,) were reported by the equation M ,= WeqL2/8
=Fnaxl/3. Frmax and the deflection at Fn, show consistent results with CoV of 5.6% and

7%, respectively.

Table 6-2 Strength and deflection at Fi,,x capacity of the timber modules

i Moy wq Deflection at Mean

gﬂiﬁ St(rlilli%th ﬁ%} o CoV(%) (1Nm) (kIV\IV/En) ;maic(ni)m) (15\1) CoV(%)
T1 801 1068 133 1481
T2 717 755 42 56 956 120 1445 1523 106 7.0
™ 747 9.6 124 1644

6.4.2.2 Global and apparent stiffness of timber-only modules

Table 6-3 tabulates the results of K (global stiffness) and EI (apparent stiffness) as the
slope of the linear portion of load-displacement graph for a load range of 10% to 40% of
the load carrying capacity for timber-only modules at ULS. The global stiffness of

beams indicates an acceptable consistency.

Table 6-3 Global stiffness, K and apparent stiffness, £/ of the timber modules at ULS

Timber Global stiffness Mean Apparent Mean

module  (kN/m)  (kN/m) © SOV giitness (kNm?)(kNm?) © €OV
TI 275.7 5010
2 2565 2543226 89 46604 462034112 8.9
T3 230.6 4190.5

Table 6-4 compares K (global stiffness) and EI (apparent stiffness) as the slope of the
linear portion of the load-displacement graph of timber-only modules subjected to
serviceability loads before and after TCCs” ULS test. The serviceability test carried out
on timber modules before and after ultimate test of TCC shows 5% and 6% stiffness
loss in timber modules 2 and 3, respectively whilst the stiffness of the first module

remained approximately unchanged.

124



Table 6-4 Stiffness in timber-only modules tested before and after TCCs’ ULS test

Timber Global ea 0 AP parent ean o
module S&g‘fﬁf (kN/m) © CoV(R) S(tliﬁrr‘gzs)s (Nm?) ¢ CoVOo)
Tlbefore TCC  286.3 52023
T2 before TCC ~ 295.5  292.0 50 1.7 53697 53053 90.1 1.7
T3 before TCC ~ 294.1 5344.0
T1 after TCC 2894 5259.4
T2 after TCC  279.9 2817 7.0 2.5 50866 51185 546 2.5
T3 after TCC ~ 275.7 5009.4

Table 6-5 tabulates the theoretical and experimental apparent stiffness of timber-only
modules. Theoretical apparent stiffness of timber modules based on a fully composite

section assumption represents accurate prediction for the timber-only modules.

Table 6-5 theoretical and experimental apparent stiffness at SLS for timber modules

Apparent stiffness Timberl Timber2 Timber3 Timber4 Timber5

Elg Experiment (kNm?) 52023 5369.7 53440 5071.9 5074.3

ElFull-composite(kNm?) ~ 5188.6  5188.6 5188.6 5188.6 5188.6

Error (%) 0.3 3.3 2.9 2.1 422

6.4.2.3 Failure modes of timber-only modules

The observed failure mechanism in timber modules 2 and 3 was local buckling in the
compressive zone of LVL webs close to the load jack as a combination of bending and
twisting of a member as shown in Figures 6-15 and 6-16 whilst module 1 exhibited too

much twisting at 37kN in each jack without failure.

Figure 6-15 Local buckling of web underneath load cell at timber module 2
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Figure 6-16 Lateral buckling of web (a) and (b) near mid-span and (c) underneath load

cell in timber module 3

The shape and cross section of the module is a key-parameter in this failure mode.
Hence, cross sections such as channels, structural tees, double-angle shapes, and equal-
leg single angles must be designed for lateral buckling. The timber-only module was
insufficiently supported in the lateral direction. Hence, by reaching a critical flexural
load, the beam failed due to the compression web buckled laterally and the cross section

began twisting in torsion as illustrated in Figures 6-15 and 6-16.
6.4.3 Serviceability tests of TCC modules

The responses of the TCC modules to 25kN load at SLS were investigated using the
deflection and the strain responses to identify the linear-elastic behaviour of the system.
The load-slip graphs of TCC modules were plotted in Appendix C. The LVLs, screw
and concrete exhibited linear-elastic behaviour during the cyclic loading at SLS. Hence,
the results of the third and mid-span highlight the TCC modules exhibited a linear
relationship when loaded to serviceability loads. The linear behaviour experienced by
the TCC modules at SLS is similar to that of push-out test results of the connections at

SLS. Hence, there are similarities between the beams and the connection responses.

Tension Compression Tension Compression  Tension Compression — Tension Compression Tension Compression

64.2
f58.4

)

TCCCC1 TCC CC2 TCCCC3 TCCLWC1 TCCLWC?2

Figure 6-17 Stress distribution in the TCC module corresponding to 0.4F,x, in (pe)
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Figure 6-17 shows the mid-span strain gauge reading of TCC modules at serviceability
limit state corresponding to a deflection of 16-20mm. TCC modules indicated a close to
fully composite behaviour at SLS and this agreed with the high composite efficiency of

the TCC modules under serviceability loads.
6.4.4 ULS test of TCC modules

6.4.4.1 Strain gauge data and slip at shear connections and beam-ends analysis
Slip at shear connections and beam-ends of the TCC modules were plotted in Appendix
C. In addition, the reading results of the strain gauges were reported in Appendix C.

Figure 6-13 shows the mid-span strain gauge reading at ULS of the TCC modules.

Tension Compression Tension Compression Tension Compression  Tension Compression Tension Compression
777777777777 6235 6585 ___________ 580 __________ 6761 7307
— ] ] ; ,, 2 ;, E 5y A : ,, {Sj, 1] ;, ijﬁ,-ﬂ,,,,,,,,,,,,,, : 85.7
487.9 404.9 334 686.5
,,,,,,,,,,,,,,,, 768 | _75990 8300 /Sé,,,,,,,,,,, 6704
__ 2589 ~17155 1971 1913 1815.6_ ~1586.3 14412 1410.9 1724 1577.7
= L~ _ - o __
22309 2214 2142.6 1606.1 1891.6
TCCCC1 TCCCC2 TCCCC3 TCCLWC 1 TCCLWC?2

Figure 6-18 Stress distribution in the TCC module corresponding to Fiax, in (HE)

6.4.4.2 Ultimate flexural capacities of TCC modules

The behaviour of the TCC modules up to the failure point was investigated by loading
the system to ultimate load. The ultimate flexural capacity, the linear-elastic
characteristics and failure mode of the system were studied. Moreover, the global

stiffness of the system and composite efficiency were assessed. The load—deflection

responses at mid-span of the TCC modules are depicted in Figure 6-19. /

Load (kN)

0 10 20 30 70 80 90 100

Li?eﬂectﬁ())n (mn61§)

Figure 6-19 Load-midspan deflection responses of TCC modules
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These mid-span deflections are vertical displacements due to the four-point bending test
and did not include deflections due to self-weight. The CC modules behaved linearly
until the first series of connections reached its maximum strength (mid-span deflection
at 69-71mm) whilst in LWC modules a non-linearity and small load drop due to
localised crushing in LWC concrete were observed before reaching the maximum
strength of the connectors and modules. Moreover, some localised failure of concrete at

shear connections close to the beam-ends were also observed in LWC modules.

Higher plastic capacity and ductility of EPS LWC connection series after localised
crushing of LWC compared to CC series are attributed to pronounced non-linear load-
deflection response up to failure in LWC TCC modules. Throughout the loading
process, a number of noises were recorded. As a maximum capacity was reached a
‘bang’ noise was observed and then a sudden failure was the subsequent result. The
sudden failure in the modules was the tensile failure of the SFS screws working in

tension and flexural deformation of screws in compression.

The modules then continued to carry an approximate load of 25%-50% of their
corresponding Fi.x until the test was ceased. The continuation of loading after the
connection failure was due to the LVL having the ability to maintain the load. After
being tested, it was noted that cracks had formed through the concrete slab directly
underneath the load jacks. Initially, the TCC modules experienced a linear behaviour to
a load of approximately 40-50kN in each load cell -and then the beam began to deflect
nonlinearly beyond 50kN.

The responses of TCC modules CC series within linear range were almost identical
where near failure CC3 failed at a slightly lower ultimate deflection. Although these
beams were constructed from different types of concrete they showed very similar
global and apparent stiffness. A small level of noise caused by the deformation of the
SFS screws appears after the yielding point in the Figure 6-19. LWC2 indicated a

decrease in stiffness before reaching the ultimate load.

The maximum load capacity, Fi.x, corresponding to summation of two point loads,
ultimate moment capacity and the mid-span deflection at maximum capacity, are listed
in Table 6-6. The degree of composite action, DCA at SLS was calculated based on
Equation (2-1) using the experimental deflection corresponding to SLS load and non-

composite and full-composite analytical models.
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Table 6-6 Strength and deflection of TCC modules at ultimate loading

TCC Strength Mean s CoV My Weq SLS  Deflection Mean s CoV
module (kN) (kN) (%) (KNm) (kN/m) DCA(%) at Fin.x (mm) (mm) (%)

CCl1 176.2 2349 294  97.0 73.6
CC2 1752 17353922 5335 297 967 75.3 735 1.9 2.6
CC3  169.0 2253 28.2 93.9 71.5
LWC1 1376 421 64 4.5 183.4 229 94.5 76.0 632 11.0 162
LWC2  146.6 1954 244 944 60.4

* 2
WeoL2/8 = FroL/3

The average strength observed for TCC modules constructed from conventional
concrete was 173.5kN with a CoV of 2.2% whilst the ultimate strength of TCC modules
utilising LWC were 137.6 and 146.6kN with a CoV of 4.5% as listed in Table 6-6. The
self-weight of the modules were excluded from the ultimate capacities. The strength of
the TCC modules was highly consistent, shown by the significantly low CoV values.

The average deflection at the Fi.x point of CC is 73.5mm (=span/109), and the average
deflection at the Fi,x point of EPS LWC is 68.2mm (=span/117). The maximum
deflection of CC series is 97.5mm (=span/82) while the maximum deflection of EPS

LWC is 116.7mm (*span/69). The deflection of EPS LWC at Fyax 1s smaller than CC.
However, the maximum deflection of EPS LWC series is larger than CC series. The
deflections measured at thirds of the span along the beam indicated a symmetric

deflection profile for both SLS and ULS tests, up to failure.

The results of the ultimate testing for the TCC beams were very consistent as shown in
Table 6-6 with CoV values of 2.2% and 4.5% for strength of CC and LWC series,
respectively. However, the corresponding deflection of LWC series indicates a higher
CoV of 16.2%. CC and LWC series exhibited high efficiency at SLS equal to 95.9%
and 94.5%, respectively. The high degree of composite action exhibited by both CC and
LWC implied that the vertical deflection in the TCC modules is minimal.

6.4.5 Global and apparent stiffness of TCC modules

Table 6-7 lists the results of the K (global stiffness) and E/ (apparent stiffness) for the
TCC modules. The deflection value used was calculated by taking the average of all the
centre LVDTs at mid span which corresponding to a load range of 10% to 40% of the
load carrying capacity. The apparent and global stiffness of the five TCC modules

exhibited highly consistent values, shown by low CoV values as listed in Table 6-7.
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Table 6-7 Global stiffness, K and apparent stiffness, EI of the TCC modules

TCC Global stiffness Mean o Apparent Mean o
module  (kN/m)  (kN/m) COV() iifness (kNm?) (kNm?) ©  COV(0)
cCl 1366.8 248377

cc2 14035 13986 2.1 253029 253487 5353 2.1
cC3 1425.5 25905.4

LWC1  1390.1 25262.1

Lwer  1aeas 13767 14 Tirrse 250190 3438 14

The apparent and global stiffness of the LWC series were 99% of the CC series. Hence,
the effect of LWC slab on stiffness of TCC modules is identified to be negligible The
influence of concrete properties on stiffness of TCC system agrees with Van der Linden
(1999) who conducted parametric studies on the effect of different concrete properties
such as tensile strength, compressive strength, MOE and slab width on strength and
stiffness of a TCC system. Van der Linden (1999) concluded that the MOE(varied
between 2500 and 30000MPa), tensile strength(varied between3.3 to 8.3MPa),
compressive strength(varied between class 15 and 35) and plasticity of concrete had

minor influence on structural behaviour of a TCC beam.

Comparing stiffness of timber-only and TCC modules utilising CC and EPS LWC slabs,
the TCC system exhibited approximately 5 times higher apparent stiffness.

6.4.6 Failure modes of TCC modules

Previous investigations highlight tension fracture of timber with no apparent failure in
connections as a common failure in TCC specimens whereas this research indicates
tensile failure of screws in tension with flexural deformation of screws in compression
and some crushing of concrete around screws in both CC and LWC series. The failure
pattern of cross inclined SFS screw was similar to that detected in push-out tests. The
results agree with Dias et al. (2011) which states greater connection slip demand of
TCC beam with higher width/height ratio of timber component leads to connection
failures before reaching maximum strain in timber. Hence, the ultimate deformation
capacity of connections as the governing factor in design leads to lower load capacity of
a TCC system. In this case a smaller spacing limits the slip between timber and concrete

and results in tensile failure of timber.

The failure mechanism was as: (1) tensile failure of multiple screws placed in tension;

(2) redistribution of the shear force and tensile failures of the other screws close to mid-
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span and plastic deformation of screws placed in compression; and (3) some localised
crushing failure at under-side of the concrete slab close to shear connectors at the beam-

ends; these observations were observed as shown in Figure 6-24.

By increasing the load, the TCC modules began to show deflection and the concrete and
LVL exhibited slip at their interface. The flexural and axial deformation of screws
embedded in the concrete formed concrete crushing while showing no sign of bearing
failure and horizontal movement was observed in the screw embedded in the LVL web.
The experiments were stopped after reaching the load capacity and the failure of the
first set of screws had clearly occurred. Upon removal of the load and breaking of the
concrete slab, tensile and flexural failures of SFS screws in tension and compression for

the 5 to 10 first pairs of screws from one beam-end were observed (Figure 6-21).

All the TCC modules exhibited tensile and flexural failures of the screws in tension and
compression near to one beam-end, respectively (Figures 6-20 and 6-21) and the
crossed screws at other side of beam-end remained sound as depicted in Figure 6-22. An
observation that was consistent across all the TCC modules was uplift slip of the
concrete slab relative to the timber joist at the interface of concrete and LVL close to the
end-ends supports close to failed screws, shown in Figure 6-23. Last specimen TCC
LWC 2 exhibited lateral buckling on the compressive side of the web close to mid-span

as indicated in Figure 6-25.

LWC series indicated a redistribution of shear force after the first connection yielding
where a recovery of strength occurred after the load decreased to about SOkN following
the yielding of a connector. High ductility of SFS screws in EPS LWC (see Chapter 5)
and ductile behaviour of EPS light-weight concrete (see Chapter 4) lead to the ductile
behaviour of LWC modules with the ability to sustain high plastic deformation. Hence,
LWC modules provide significant warning before failure occurs though visible

deflections in the system. Such recovery was not observed in the CC series.

Figure 6-20 (a) Failed tensile screw, (b) bent screw in compression and (c¢) sound one
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Figure 6-23 Uplift of the concrete slab relative to the timber joist

Figure 6-24 Localised failure of concrete at shear connectors in TCC LWC2 module
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Figure 6-25 Lateral buckling of top part of LVL webs with localised crushing in

concrete around connections at mid-span for TCC LWC2 modules

6.4.6.1 The load applied to TCC modules versus the load in connections

The load applied to TCC modules versus the load in connections were obtained using
the slip between the concrete and LVL at the first three pairs of screws from beam-end,
together with the corresponding shear force obtained from load-slip curves of the
connection push-out tests as shown in Figure 6-26. Figure 6-27 depicts the load in the

TCC module versus the load in the virtual connections at the beam-ends of different

series. The load in shear connection is indicated for different load levels appliedto the

module at SLS, ULS and 0.8 Fjax.

The largest load in TCC modules occurred at maximum load capacity of connection and

hence, the dominant failure of TCC modules was tensile and flextiral failures of SFS

screws placed in tension and compression, respectively. B CC and LWC series

exhibited a high initial stiffness before SLS load level and the slip markedly increased
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Load applied to TCC module (kN)

Figlire 6-26 Load in eachNack vs load in connector of first three pairs of screws in LWC
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Figure 6-27 Load in eash jack vs foad in the virtfal connector at the beam-ends

The shear force in the virdd connectors/ of TCC modules reached a plateau an
suddenly dropped indicatifg axialNailurg’ in the connections and consequently in the

TCC modules as depicted in Figure 6-2}
6.4.7 Residual deflgction due to s¢lf-weight and shrinkage

A survey was undeftaken for TC(/ modules beford\and after loading as shown in Table

6-8.

Table 6-8 TG modules suryey results

Specinfen  distancefm) Left Mid Right g  Difference
p End(mm) Span(mm) End(mm) (m (mm)

befor¢/loading 672 695 679 19.5
TGC CC1 ) 35.5
loading 670 728 676 55
bgtore loading 791 811 801 11
TCC CC2 ) 27.5
after loading 789 833 800 38.5
after loading 623 643 627 18
TCC CC 37.5
before loading 621 676 620 55.5
before loading 575 590 575 15
TCC LAWCI ) 40
after loading 560 605 540 55
before loading 528 540 533 9.5
TQC LWC2 , 108.5
after loading 521 642 527 118
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After 28 days of casting concrete and 14 days of unpropping, the self-weight of TCC
modules (1.9kN/m for CC and 1.7kN/m for LWC series) caused 11-20mm and 10-
15mm initial deflection at mid-span for CC and LWC modules, respectively. However,
the propping of both series were identical, under the permanent load (self-weight), the

initial deflections of TCC modules have shown small differences.

The small difference in initial deflection of the two series (about 3mm) is not enough to
conclusively show the better stiffness of the LWC series. Under the self-weight there
was a minor shear force in the connections which lead to negligible slip in between
composite components. Such negligible values are not capable of representing the

differences in stiffnhess of the different TCC series.

The survey results of the CC series after the testing highlighted a mid-span residual
deflection of approximately 27-37mm whilst the LWC series indicated a mid-span
deflection of approximately 40-108mm after the testing. The difference between the two
records of before and after the test indicates the deformation due to the four-point
bending test. In LWC series, the difference between the two recordings of TCC LWC2
exhibited a significant deformation during the bending test which agreed with the

ultimate failure of lateral buckling in the LVL web.

6.5 CONCLUSIONS

The results of an experimental investigation to evaluate the effects of the concrete type
on the ultimate capacities of five full-scale 8m span LVL-concrete modules constructed
from conventional and expanded polystyrene light-weight concrete were presented in
this Chapter. The dimensions of the TCC module represent a realistic secondary beam in
a typical non-residential building in Australia. TCC modules specimens were tested to
serviceability and then, to failure after 28 days from casting. Extensive data including
deflection at one and two thirds and mid-span points, strains at mid-span and slips
between composite components at the beam-ends and the first three pairs of connection

from beam-ends were measured during the tests.

The TCC modules were designed based on the Gamma method proposed by Eurocode 5
EN (2004b) under an imposed load Q of 3kN/m® for office buildings and a total
permanent load G = G;+G; of 3.24kN/m2, with G and G; including the self-weight and

the superimposed permanent load, assumed as 2.24 and 1kN/m?, respectively.
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Timber composite structures generally exhibit linear-elastic behaviour. All the TCC

modules exhibited more than 94% degree of composite efficiency at SLS.

LWC indicated a recovery of strength occurred after the load in each jack decreased to
about 50kN following the yielding of a connector. This strength recovery might be
attributed the ductile behaviour of SFS screws in the EPS LWC and higher ductility and
plasticity of the EPS LWC slab. Such ductile behaviour in the LWC series might save
some time for evacuation in an emergency. The apparent and global stiffness of the
LWC series were very close to that of the CC series. Hence, the effect of LWC slab on

stiffness of TCC modules is identified to be negligible compared to the CC series.
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7 ANALYTICAL MODELS OF TCC MODULES

7.1 INTRODUCTION

This Chapter reported the analytical model and compared the experimental and
analytical results for model calibration and design recommendations. The experimental
programme and results were explained in Chapter 6. The dimensions of the TCC
module represents a realistic secondary beam in a typical non-residential building in

Australia.

The TCC modules were designed based on the Gamma method proposed by Eurocode 5
EN (2004b) under an imposed load Q of 3kN/m* for office buildings and a total
permanent load G = G;+G; of 3.24kN/m2, with G| and G, including the self-weight and
the superimposed permanent load, assumed as 2.24 and 1kN/m? respectively. The
Gamma method was used to obtain different analytical results including live-load
capacity, deflection and degree of composite action (DCA) and apparent stiffness of
full-composite, partially composite and non-composite TCC modules at ultimate (ULS)
and serviceability (SLS) limit states. The analytical results were also compared to the

similar results obtained from experimental tests.

Finally, a parametric study on the influence of different connections and concrete
properties (discussed in Chapter 5) on design of TCC beams in terms of shear bond

coefficient and effective bending stiffness of composite section was presented.
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7.2 COMPARISON OF EXPERIMENTAL AND ANALYTICAL RESULTS

7.2.1 Live-load capacities at SLS

Figure 7-1 shows the analytical and experimental imposed live-load capacities of CC,
LWC and timber-only test series corresponding to the deflection limit at SLS. The
effective bending stiffness, El., calculated by Eurocode 5 EN (2004b) with connection
serviceability slip modulus and MOE of concrete and LVL was used to obtain the
analytical imposed loads. The experimental and analytical SLS loads (F) in kN were

changed to kN/m” using equivalent deflection formula as:

Swi* _ Fa(3l* -4a*)
384EI 24EI

(7-1)

Where, a is the distance between support and load in four-point bending test (//3) and
then by dividing the calculated uniformly distributed load, w by the concrete width
(900mm).

The Gamma method with y;=1 was used to calculate the fully composite live-load
capacity at SLS. Moreover, the load of timber-only modules at SLS was used to
calculate timber-only imposed SLS load using the formula above. The load of full-
composite modules was substituted in the same formula to obtain imposed live-load
capacity of full-composite modules as a benchmark for further comparison. The Gamma
method underestimated the experimental live-load of CC and LWC series by 24% and
22%, respectively. Hence, it predicts the deflection limit state at SLS corresponding to a

lower imposed load which is conservative for the series.

14 14
11.3
12 12 10.6
E 10 ‘@0
g s Zs
= <
G 26
2 2
5 4 = 4
2 2
0 0
Exp. Anal.LEC5 Full comp. timber-only Exp. Anal.EC5 Full comp. timber-only
CC series LWC series

Figure 7-1 Experimental and analytical SLS live-load capacity of test series
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The experimental imposed load capacity of CC and LWC series indicates only 18.5%
and 11.5% lower values comparing to that of fully-composite modules. The design live-
load of 4.53kN/m” consisted of 3kN/m? distributed live-load and a 3.5kN concentrated
live-load at mid-span is about 50% of the experimental imposed live-load at SLS.
Hence, other design criteria such as long-term deflection are highlighted as governing

design criteria of TCC.
7.2.2 Live-load capacities at ULS

Experimental ULS live-load capacity of CC, LWC and timber-only series and analytical
Eurocode 5 EN (2004b) and fully-composite modules are depicted in Figure 7-2.

The effective bending stiffness, El.f, calculated by the Gamma method with connection
ultimate slip modulus and MOE of concrete and LVL was used to obtain the analytical
design imposed load in kN/m?” at ULS. The experimental and analytical ULS load, F, in

kN was changed to w, in kN/m” using equivalent bending moments formula as:

w, [’ _ kI

u

8 3

(7-2)

where, w, is the ultimate design distributed load as a combination of the dead- and live-
loads (w,=1.2G +1.5Q). The corresponding load combination was used to calculate Q
where G is 3.24kN/m?, divided by the module spacing (900mm) as w,= 1.2(3.24 X 0.9)
+ 1.5(0X0.9) = 3.5 + 1.35Q. The Gamma method with y;=1 was used to calculate the
fully composite live-load capacity at ULS. The strength of timber-only modules (Table

6-2) was used to gain the imposed load capacity of timber-only modules.

30 30
26.4 27.4
o225 425
%0 18.8 220 19.1
3 E
215 <15
) >
2 3
310 =10
5 5
0 0
Exp. Anal.ECS5 Full comp. timber-only Exp. Anal.EC5 Full comp. timber-only
CC series LWC series

Figure 7-2 Experimental and analytical ULS live-load capacity of CC and LWC series
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7.2.3 Deflection and degree of composite action (DCA) at SLS

In order to approximate the accuracy of the Gamma method, experimental and
analytical deflections given by the Gamma method using K4 and DCA at SLS and
ULS of different test series were compared in Tables 7-1 and 7-2. For LWC series, the
experimental deflection at SLS was about 1.12 times the full-composite deflection at
SLS and 0.78 times the analytical deflection at SLS whilst CC series indicates a 1.22
times the full-composite SLS deflection and 0.76 times the SLS analytical deflection.

The deflections ratios and DCAs trends at ULS agreed with that of SLS with the
exception of high experimental to full composite deflection ratios of LWC modules
which are 1.21-1.26 at ULS compared to SLS values of 0.76-0.81. Moreover, DCAs of

modules at ULS were 7%-9% less than similar values at SLS.

Table 7-1 Experimental and analytical deflections and DCA at SLS of different series

Deflection (mm) Ratio
TCC Cl;lﬁll)‘ Exp. %réasl. Cljglr; D gj(s(; %) Exp./Anal. Exp./Full C. Exp./Non C.
CCl 129 159 20.7 635 93.9 0.77 1.23 0.25
CC2 145 176 234 717 94.5 0.75 1.21 0.25
CC3 157 192 253 777 94.4 0.77 1.22 0.25
LWC1 15.6 174 215 76.1 97 0.76 1.12 0.23
LwC2 150 169 208 735 96.7 0.81 1.13 0.23

Table 7-2 Experimental and analytical deflections and DCA at ULS of different series

Deflection (mm) Ratio
TCC cl(jﬁlllla. Exp. ‘Aﬁréasl Cljfnrg' ng(% %) Exp./Anal. Exp./Full C. Exp./Non C.
CCl1 499 71.5 83.7 246.1 89.0 0.85 1.43 0.29
CC2 422 76.0 832 206.5 79.4 0.91 1.8 0.37
CC3 449 604 803 219.7 91.1 0.75 1.35 0.27
LWCI 52 73.6 583 2565 89.4 1.26 1.42 0.29
LWC2 51.7 753 622 255.1 88.4 1.21 1.46 0.3
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7.2.4 Stiffness of composite module at SL.S and ULS

The theoretical apparent stiffness of TCC modules was calculated using Gamma method
proposed by Eurocode 5 design provision EN (2004b). The serviceability slip moduli
for two of the CC and LWC extracted from the push-out results were applied to the
equations to determine Y;. The theoretical values of apparent stiffness for TCC CC and

LWC series are listed in Tables 7-3 and 7-4, respectively.

The CC and LWC series indicated an experimental load capacity of 71% and 55%
compared to that of a fully composite system. The experimental live-load capacities of
CC series at ULS was 22% larger than the analytical capacities obtained from the
Gamma method which means the Gamma method underestimated the short-term ULS
capacity whereas, experimental live-load capacity of LWC series indicated a 27% lower

values compared to the values calculated by the Gamma method.

Comparing timber-only and TCC modules, casting a top layer of conventional and light-

weight concrete slabs leads to 2.8 and 2.2 times higher live-load capacity, respectively.

Table 7-3 Apparent stiffness of TCC CC series using Eurocode 5 EN (2004b)

gi&ﬁgﬂ: EJ(KNm?) v VEda?  EI(kNmd)
CC Concrete slab 1051.7 0.18 74577 8527.4
LVL web 2029.2 1.0 449.8 2479
LVL flange 23.1 1.0 8095.7 8118.8
Total Ely= 191252

Table 7-4 Apparent stiffness of TCC LWC series using Eurocode 5 EN (2004b)

Egi;gggﬁi: EJ(Nm?) y VEda?  EI(kNmd)
LWC Concrete slab 873.9 0.3 7673.1 8547
LVL web 2029.2 1.0 1032.8 3062
LVL flange 23.1 1.0 9795 9818.1
Total El.¢= 21427.1
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It is noted that after conducting short-term SLS and ULS tests, the TCC modules
satisfied the specified design criteria. Hence, it is concluded that other design criterion

such as long-term deflection is highlighted to be a governing design criterion of TCCs.

Table 7-5 lists the theoretical and experimental apparent stiffness of TCC modules.
Theoretical apparent stiffness of different test series corresponding to full and non-
composite actions were calculated in accordance with the transformed section method
and introducing a shear bond coefficient of 0 to the Gamma method calculations,
respectively, as listed in Table 7-5. In addition, the experimental apparent stiffness of
TCC modules calculated in compliance with AS4063.1 (2010) were compared to the
theoretical apparent stiffness by the Gamma method and apparent stiffness of full and

non-composite sections as tabulated in Table 7-5.

Theoretical apparent stiffness of the CC series calculated based on the Gamma method
represents the results that are approximately 73.8-77% accurate whilst the theoretical
apparent stiffness of the LWC series is more accurate as the comparison percentage is

approximately 84.8—-86.5%.

The average experimental apparent stiffness of CC and LWC series are 17.7% and
15.6% lower than the theoretical full-composite apparent stiffness, respectively. As a
result of this inaccuracy, the design model has to be revised. To propose a correction
factor for design of TCC at SLS, the increment correction factors of 22% and 13% were
proposed to the deflection of CC and LWC series obtained from fully-composite section
or alternatively, 18% and 16% reductions to the flexural stiffness, El.s calculated by

transformed section method were proposed for CC and LWC series, respectively.

Table 7-5 Theoretical full and non-composite and experimental apparent stiffness

Ely (kNm?) Ratio
TCC cgﬁql;). Exp. Anal.EC5 Non. comp. Exp./Anal. Exp./Full C. Exp./Non C.
CC1 30800.4 24837.7 19125.2 6062.5 1.3 0.81 4.1
CC2 30800.4 25302.9 19125.2 6062.5 1.32 0.82 4.17
CC3 30800.4 25905.4 19125.2 6062.5 1.35 0.84 4.27
LWCI1 29663.5 25262.1 21427.1 6240.3 1.18 0.85 4.05
LWC229663.5 24775.9 21427.1 6240.3 1.16 0.84 3.97
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The load-mid span deflection curves of the CC and LWC series are shown in Figures
7-3 and 7-4, respectively. In the same figures, also the upper and lower limits
corresponding to fully-composite beam and non-composite conditions and the case of
timber-only beams with no concrete slab were plotted. An additional line represented

the load-deflection response of partial composite action was drawn using Eurocode 5.

A trend is evident as the difference between analytical model (Gamma method) and
experimental results are significantly low until the load approaches maximum load
capacity. As the load passes maximum capacity the model begins to underestimate the
deflection. This response can be attributed to the modules experiencing a non-linear

response after reaching maximum capacity as depicted in Figures 7-3 and 7-4.
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7.3 EFFECT OF CONNECTOR AND CONCRETE TYPES ON EFFECTIVE
STIFFNESS OF TCC MODULES

In this Section, the influence of different connection and concrete properties reported in
Chapter 5 on design parameters of TCC beams is presented. The Gamma method was
used to calculate the shear bond coefficient and effective flexural stiffness of the TCC
modules utilising different connection and concrete types. The span of TCCs influences
the effectiveness of connection given in form of shear bond coefficient, y as a design

parameter defined in Chapter 2.

Figures 7-5:7-7 represents shear bond coefficient, y versus span for the discussed
geometry of TCC modules with different concrete (conventional concrete, EPS light-
weight concrete and others including Scoria light-weight concrete, high-strength
concrete and self-consolidating concrete) and connection properties (SFS screws, SPAX
screws and L and U connectors). The varied parameters of concrete MOE and
serviceability slip modulus of connections result in different shear bond coefficient of
the TCC section with a 900x75mm concrete and 378mm spacing of connections as

discussed in Chapter 6.

Having the identical connections spaced every S, the shear bond coefficient, y is
increased by the length of the TCC modules. For the 8m long TCC module application
of CC SPAX 145 results in the lowest efficiency of connection (y=0.08) whilst EPS
LWC2000 SFS WI30 series indicates the highest shear bond coefficient (y=0.35).
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Figure 7-5 Shear bond coefficient, y vs. span, / for CC test series
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Figure 7-6 Shear bond coefficient, y vs. span, / for EPS LWC test series

0.6 —— SCC SFS WI45 = + =SCC SFS 145
HSC SFS WI45 HSC SFS 145
0.5 HSC SPAX WI45 Scoria LWC SFS WI45
----- Scoria LWC SFES 145 — -+ Scoria LWC SPAX WI45

<
~

<
o

Shear bond coefficient, y
(=]
W

e
-

0 =
0 1000 2000 3000 4000 50§0 6OP? 7%00 8000 9000 100001100012000
pan, / (mm

Figure 7-7 Shear bond coefficient, y vs. span, / for HSC, SCC and Scoria LWC series
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Figure 7-8 Effective bending stiffness vs. shear bond coefficient, y
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Figure 7-8 depicts the effect of MOE of six types of concrete used in the experiment on
the effective bending stiffness of a TCC modular beam, depending on different shear
bound coefficient. The geometry and material properties of composite components used
in TCC modules were reported in Chapters 4 and 6. HSC series with highest MOE
indicates maximum effective stiffness whereas EPS LWC1600 represents the minimum

one as shown in Figure 7-8.

The interlayer had no contribution to the flexural stiffness of the TCC section. Thus,
LVL and concrete only were considered in the model. The plywood interlayer slightly
increased the height of the TCC compared to a TCC without interlayer which
compensates for the lack of stiffness in the connection due to the interlayer (Jorge et al.

2011).

7.4 CONCLUSIONS

This Chapter reported analytical models of the Gamma method and compared the
experimental and analytical results for model calibration and design recommendations.
The experimental programme and results were explained in Chapter 6. The dimensions
of the TCC module represent a realistic secondary beam in a typical non-residential

building in Australia.

The TCC modules were designed based on the Gamma method proposed by Eurocode 5
EN (2004b) under an imposed load O of 3kN/m?® for office buildings and a total
permanent load G = G;+G; of 3.24kN/m2, with G| and G; including the self-weight and

the superimposed permanent load, assumed as 2.24 and 1kN/m?, respectively.

The Gamma method was used to obtain different analytical results including live-load
capacity, deflection and degree of composite action (DCA) and apparent stiffness of
full-composite, partially composite and non-composite TCC modules at ultimate (ULS)
and serviceability (SLS) limit states. The analytical results were also compared to the

similar results obtained from experimental tests.

The experimental live-load capacity at SLS was close to that of a full- composite system
in both the CC and LWC series whilst the experimental live-load capacity at ULS

showed higher differences to that of a fully-composite system in the both series.

To propose a correction factor for design of TCC at SLS, the increment correction

factors of 22% and 13% can be proposed to the deflection of CC and LWC series
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obtained from the fully-composite section or alternatively, 18% and 16% reductions to
the flexural stiffness, Elg calculated by the transformed section method can be
proposed for CC and LWC series, respectively. It is important to note that the correction
factors were obtained from the experimental test carried out in this investigation; thus,
further experimental investigation with different connections and concrete properties are

recommended to calibrate these correction factors.

The Gamma method underestimates the imposed live-load by approximately 20% at
SLS (CC and LWC series) and ULS (CC series) whereas LWC series highlights 27%
overestimation at ULS. The experimental stiffness of the CC and LWC series were 20%

and 30% greater than those calculated in compliance with the Gamma method.

The TCC system exhibited 2.5 and 5 times higher live-load capacity and apparent

stiffness comparing to timber-only modules, respectively.

In terms of deflection, the Gamma method overestimated the experimental deflections at
both SLS and ULS by 23%-33% for CC series whilst the Gamma method deflection of
LWC series indicated a 10%-33% overestimation at SLS and 21%-26% underestimation

compared to the experimental deflections.

The experimental live-load capacity of TCC modules at SLS were approximately two
times the design live-load requirement of 4.53KN/m” which consisted of 3KN/m
distributed live-load and a 3.5KN concentrated live-load at mid-span. Hence, other
design criteria such as long-term deflection are highlighted as governing design criteria

of TCC. This information is useful for the model calibration and design guideline.

The application of LWC represents an innovative solution when combined with TCC
technology to further minimise the dead loads of structures. Such a system can be seen
as a favourable alternative for both the renovation of old timber floors and the
construction of new ones. Furthermore, experimental results of LWC series have a

positive contribution to improve reliable design codes.

Finally, a parametric study on the influence of different connections and concrete
properties discussed in Chapter 5 on design of TCC beams in terms of shear bond
coefficient and effective bending stiffness of composite section has been presented
where for the 8m TCC module the maximum shear bond coefficient was found to be
four times higher when fabricated with EPS LWC2000 SFS WI30 compared to CC

SPAX 145 which represented the minimum one.
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8 ANALYTICAL MODELS OF TCC CONNECTOR

8.1 INTRODUCTION

The literature highlights a significant lack of information on analytical closed-form
equations to predict the strength and stiffness of TCC connections to be used in the

design of timber composite beams.

There are only a few references in the literature for stiffness prediction of timber to
timber and TCC shear connections which include simplified models and also the models
based on the theory of beam on elastic foundation where Johansen yield theory and
Eurocode 5 are available to predict the strength of timber composite connections.
However, the equations are limited to vertically inserted fasteners and Eurocode 5 EN
(2004b) recommends that the strength and stiffness of unconventional connections
should be determined by push-out tests. In the case of TCC, the predicted stiffness can

be used as input parameter for the design of composite structure.

Previous investigations reported that the inclination of fastener significantly increases
the initial stiffness and ultimate strength of the TCC connections and floor, exploiting

the axial capacity of shear connections (Bejtka et al. 2002).

This Chapter consists of two separate Sections of strength and stiffness models of TCC
connections. Each Section first reviewed the methodology of available analytical
models for prediction of the strength or stiffness of vertically inserted single timber to
timber and TCC shear connections for example screw and nail. Then, the available
strength and stiffness models of vertically inserted fasteners were verified by

experimental data of single wood screw shear connection used in TCC specimens. Due
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to availability, lower cost, labour requirement and time for fabrication, the wood screw

was selected as the shear connection to verify the models.

In the strength models Section, a kinematic plastic collapse model adopted for strength
prediction of TCC connections utilising crossed screws inclined at various angles is
proposed. The Johansen yield theory has been extended to derive the strength model of

TCC connection with crossed screws which are loaded in tension and compression.

Finally, in the stiffness model Section, an analytical stiffness model of crossed screws is
presented. The model assumes the behaviour of an inclined screw as a beam on a two-
dimensional elastic foundation, and considers the timber as the elastic foundation
consisting of orthogonal springs with differing stiffness in the parallel to and transverse
to the grain directions. To compare the accuracy of the stiffness model, a relatively
simple model with fewer variables proposed by Tomasi et al. (2010) for inclined screws

in timber-timber connection was used and its results were verified by experimental data.

The experimental data of stiffness, strength and failure mode obtained from push-out
test of TCC connections with crossed (+30°, £45°, £60°) SFS VB and SPAX screws
utilising different concrete types (discussed in Chapter 5) were used to examine the
accuracy of the strength and stiffness models of TCC connections for their practical

application in the design of a TCC floor.

The methodology of the required experimental tests to characterise the input parameter

of the models and their results are presented in Appendix D.

8.2 STRENGTH MODEL OF TCC CONNECTION

In this Section, available strength models of vertical fastener in TCC are reviewed and
verified utilising experimental data. Moreover, an analytical strength model to predict
the strength of TCC connections utilising single and crossed screws inclined to the

timber grain is proposed.
8.2.1 Strength model of vertical fastener

European yield model (EYM) presumes a ductile failure for multiple fasteners timber
composite connections, provided that an adequate end distance, spacing, and member
thickness are employed (Smith et al. 2001). The accuracy of EYM is examined using

the experimental results. EYM simulates the fastener and timber by elastic perfectly
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plastic behaviour. Hence, the initial yield and fully plastic capacities of the composite

components coincide (Smith et al. 2001).

EYM only predicts the load carrying capacity of timber connections without any
prediction of the stiffness or displacement of connection during loading before failure

and at failure (Dias 2005; Mascia et al. 2009).

In EYM, some possible failure modes were postulated whilst the equations of
equilibrium were employed to find the location of plastic hinge. EYM proposed a limit
state load corresponding to each possible failure mode. Consequently, the failure mode
with the lowest estimated load governs the load carrying capacity of the connection
which is loaded monotonically up to failure in shear force parallel to the timber grain.
The dominant failure mode and yield load of the connection depend on the geometry of
the composite components, yield moment of fastener and embedding strength of the

composite materials (Patton-Mallory et al. 1997b).

Johansen (1949) proposed a minimum required end distance to diameter ratio (e/d) of 7
and 10 for pinned and bolted connections, respectively to reach the “yield load”. This
model is called the "yield theory" or "yield model" which implies the contribution of

yielding of fastener to load carrying capacity of the timber connections.

In the case of TCC connections where the concrete component is assumed to remain
rigid and undamaged, the possible failure modes of dowelled timber connections
proposed by Johansen’s theory are limited to the equations where screw crushing the
surrounding timber (Equation (8-1)) and the formation of single (Equation (8-2)) and
double plastic hinges (Equation (8-3)) in screw.

S (a):fh,l,k td (8-1)

AM
—Y’sz_l] (8-2)
fh,l,k d !

Ju (©= 2'3\/My,kah,l,kd (3-3)

where, fi, 1 x 1s the embedding strength of the timber components;

S (b):fh,l,k tdf 2+

d is the fastener diameter;
t is the timber thickness or the embedded length of fastener in timber;

M ri 1s the yield moment of the fastener;
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Although Eurocode 5 recommends push-out tests to calculate the serviceability stiffness
and load capacity of timber connections, Eurocode 5 Part 2 modified the EYM’s
equations to approximate the characteristic load capacity of the timber connection per
shear plane per fastener (Fyrx) as a minimum of six failure modes as shown in Figure

8-1 (EN 2004b; Heine et al. 2001; Johnsson 2004). The failure modes are:

St (a):fh,lk t,d (3-4)
ft-t (b):fh,z,k Z, d (8'5)
_ o d byq, Fare (g
S © oy [\/ﬂ+2ﬂ [1+t +( ) ]+ﬂ( ) ﬁ(l+tl)]+ 4 (3-6)
_ fhl,k 1 4ﬂ(2+ﬂ)My,Rk_ Fax,Rk 8_7
S @=10572 = \/2ﬂ(l+ﬂ) T A1+ (8-7)
fu@-toshud \/2ﬂ2(1+ﬂ) ﬁg:’i“f;” gl )
f.. =115 2B oM. f, d+Fa"—’Rk (8-9)
t-t 1+ﬁ y.RkJ h,1k 4
where,
fhl,k
= ik (8-10)
ﬂ fh,Zk

/nix are the characteristic embedding strength of the timber member 1;

d 1s 0.75 times the outer diameter of fastener;

tis the timber thickness or the embedded length of fastener in member i;
M, ri 1s the characteristic yield moment of fastener;

Faxri 1s the characteristic axial withdrawal capacity of the fastener;

Mode (a) Mode (b) Mode (c) Mode (d) Mode (e)

Figure 8-1 Six possible failure modes for timber-timber connections (Dias 2005)
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The possible failure modes of dowelled timber connections proposed by Eurocode 5 EN
(2004b) (Figure 8-1) include modes (a), (b) and (c) where the fastener crushes timber
components 1, 2 and both (Equations (8-4):(8-6)) and modes (d) and (e) correspond to
formation of a single plastic hinge in components 1 or 2 as given in Equations (8-7) and
(8-8) and finally mode (f) represents the formation of double plastic hinges, one in each

timber component (Equation (8-9)).

The second term in Equations (8-6):(8-9) represents the ‘rope effect’ which considers
the friction between the timber components. Hence, the rope effect is written as 0.25 of
the axial withdrawal strength of the connection where 0.25 represents the coefficient of
friction in a timber-timber composite. The rope effect is neglected in the failure modes

proposed by Johansen’s theory.

The characteristic axial withdrawal capacity of the fastener is determined using either
experimental test in compliance with the codes for example EN1382 (1999) or

analytical approximations proposed by Eurocode 5 EN (2004b) as:

Fax,Rk = fax,kdlefkd (8'1 1)
where,
fox =0.52d 71, p (8-12)

faxx 1s the characteristic withdrawal strength perpendicular to the grain whilst /c¢ is the
penetration length of the threaded part and &4 is the minimum of d/8 and 1.In the case of
TCC connection, the concrete component is assumed to remain rigid and undamaged.
Hence, the possible failure modes are limited to three cases of Figure 8-1 (a), (d) and (f)
as depicted in Figure 8-2. Failure mode (a) represents the screw crushing the
surrounding timber as a low ductile failure mode whereas failure modes (d) and (f)
illustrate the formation of single (at the interface of the timber and concrete) and double
plastic hinges (one at interface of the composite materials and one inside timber),

respectively and are ductile failure modes.

In the case of TCC, Eurocode 5 (EN 2004b) proposes a modification factor of 1.2 for
load capacity to consider the effect of concrete (Ceccotti et al. 2006a). The material
properties of timber affect the load carrying capacity of the timber composite
connections by the embedding strength of timber which is defined as the local

compressive capacity of timber (Gehri 2009).
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Figure 8-2 Failure modes of TCC connections (a) crushing of timber (mode (a)), (b)

formation of one plastic hinge (mode(d)) and (c) two plastic hinges in timber (mode(f))

The embedment strength of the timber and fastener, f;x is determined directly according
to available codes for example ASTM5764 (1997) and EN383 (2007). Alternatively,
analytical equations given by the literature predict the embedment strength of the
timber. Eurocode 5 predicts the characteristic embedment strength of a screw with pre-

drilled hole and the diameter up to 8mm embedded in the timber and LVL as:

f1x=0.082p, (1-0.01d) (8-13)

where, d.r is the effective diameter equal to 0.75 times the fastener diameter and py is

the characteristic mass per unit volume of timber in kg/m’.

In addition to the discussed failure modes proposed by European yield theory, the shear

failure of connection contributes to the failure of timber connections and should be

checked. The shear failure is approximated by Eurocode 4, part .1.1 EN (1994) as:
0.80,4

.fshear = (8-14)

v

where, oy is shear yield stress of the fastener and Y, is material safety factor. oy is

approximated as 0.6f, and Y, is assumed to be 1.25.

8.2.2 Comparison of analytical and experimental strength results

The experimental data carried out by Khorsandnia et al. (2012) is used for verification
of the models. The push out test consists of four TCC connection specimens utilising

single wood screw, LVL joist and conventional concrete slab. The push-out
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methodology and results were given in Chapters 5 and 10, respectively. The push-out

test was undertaken in compliance with EN26891 (1991).

Johansen’s Yield and Eurocode 5 EN (2004b) provides characteristic values of strength.
In order to compare the characteristic values of analytical strength models with
experimental strength, Ceccotti et al. (2006b) suggested calculating mean analytical
values by dividing the characteristic values by 0.7. Hence, in this Section, the mean
analytical strength values were calculated by dividing the characteristic values of
strength obtained from Johansen’s Yield and Eurocode 5 EN (2004b) by 0.7. The
comparisons of Johansen’s Yield and Eurocode 5 strength models (characteristic values

divided by 0.7) and the experimental data are listed in Table 8-1.

The strength of connection approximated by Johansen’s Yield and Eurocode 5 EN
(2004b) are multiplied by 1.2 to be adjusted for TCC. Theoretically, reaching failures
mode (f) with the formation of two plastic hinges is of interest as the most ductile

failure regarding the safety of timber Structures (Johansen 1949).

In some of experiments, the penetration depth of the connectors in both concrete and
timber added to slenderness of connectors which lead to the formation of two plastic
hinges — one inside the timber and the other near the interface between timber and
concrete in the concrete. Eurocode 5 EN (2004b) and Johansen strength models predict
the strength of TCC connection utilising the wood screw with a relatively high
underestimation errors of 32.1% and 21.1%, respectively and this agrees with previous
investigations such as Ceccotti et al. (2006b) where a significant underestimation error
of 42% between the strength model of Eurocode 5 and the push-out test of glued re-bar
connections was reported. Hence, this study recommends further investigation on

modification of the available strength models for TCC connections.

Table 8-1 Comparison of analytical and experimental results of single wood screw TCC

Single screw(kN) Johansen's theory(kN) Eurocode 5 (kN)

Failure mode (a) - 28.7 28.7
Failure mode (d) - 12.5 23.2
Failure mode (f) - 7.4 8.6
Screw Shear failure - 10.2 10.2
Experimental result 10.9 - -
Error (%) -32.1 21.1
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Figure 8-3 illustrates the experimental data and the failure modes versus embedding
depth of 100mm long wood screw in LVL in compliance with Eurocode 5 models.
Figure 8-4 indicates the experimental data and the failure modes based on Eurocode 5

versus diameter of a wood screw with 65mm embedding depth in hySPAN LVL.

X Exp.data wood screw
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Figure 8-3 Failure modes versus embedded depth of wood screw based on Eurocode 5
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Figure 8-4 Failure mode vs. diameter of wood screw based on Eurocode 5

These failure maps are in agreement with the dominant failure mode in the experimental

test as a combination of shear failure and the formation of plastic hinges in the screw.

Persaud et al. (2006) plotted a non-dimensional parameter of f/./M f, ,d against the

non-dimensional fastener penetration, #//M /f, ,d to show the failure map of

different failure modes proposed by Johansen theory as shown in Figure 8-5. At
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t/ M,/ f,qd =14, the governing failure mode changes from mode (a) to mode (d)

whilst at ¢/,/M/ f, ,d =4.9, the dominant failure mode changes to mode (f). Hence,

for a 100mm wood screw embedded in hySPAN LVL and conventional concrete the

optimum penetration depth in timber corresponding to ¢/ /M / f, ,d =4.9 is 41lmm.
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Figure 8-5 Failure modes vs. non-dimensional embedded depth of screw in compliance

with Johansen model

Similar non-dimensional parameters were plotted utilising failure modes obtained from
Eurocode 5 EN (2004b) which indicates slight differences particularly in modes (d) and
(f) compared to Johansen yield theory as depicted in Figure 8-6.
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Figure 8-6 Failure modes versus non-dimensional embedded depth of screw in

compliance with Eurocode 5Comparing the experimental data of single wood screw
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connections and the failure maps, the non-dimensional failure maps particularly, the one
using Eurocode 5 model agrees with the experimental strength and dominant failure
mode as a combination of shear failure and the formation of plastic hinges in the screw.
Further verification using more experimental data is required to make a comprehensive

statement.
8.2.3 Strength model of inclined fastener

In order to overcome the limitations of Eurocode 5 for predicting the strength of
inclined connections, a new model has been developed for predicting the strength of
inclined crossed screws in TCCs. The strength model of crossed inclined fastener used
in TCC connection consists of six failure modes which are derived based on some
modification to the European yield model taking into account the embedment strength
of the timber at an angle to the grain, the extra contribution of the withdrawal strength

of the screw and alternative tensile and shear failure modes in the screw.

The aforementioned model assumes an upper bound collapse load and the failure
strength is taken as the minimum of loads associated with the six failure modes. The
failure modes consider the yield of screw in tension or shear, and some combined
modes assume screw withdrawal, lateral crushing of the timber and the development of

plastic hinges in the screw embedded in timber.

In order to apply the kinematic plastic method using the principle of virtual work, the
presumed shape at collapse is postulated as part of the compatible displacement set
whilst the external and internal loads are considered as the equilibrium set. In order to
derive the equations, the kinematic plastic method of TCC connections assumes that the
work done by the external applied load is equated with the energy dissipated during
plastic deformation in either the screws, the timber or both. The external work done by
the external force, Wy is the multiplication of collapse load, R by the corresponding slip
at the interface of the concrete and timber, 4y, as shown in Equation (8-15) whilst the
internal energy W dissipated by each failure mode is the internal work equal to the
internal force times the localised displacement associated with each failure mode

(Symons et al. 2010b).

W.=RA,, (8-15)
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Equating the external work and internal dissipated energy, an upper bound on the
collapse load of each supposed failure mode is obtained. Therefore, the lowest collapse

load and the corresponding failure mode govern the behaviour of the connection.
We=W, (8-16)

The model assumes that the concrete remains undamaged whilst the screws and timber
behaviour is perfectly plastic. Hence, the model neglects the effect of concrete
properties. The model considers that one of crossed screws is inclined in the direction of
slip acting in tension shear whilst the second one resists compression and shear forces.
In addition, the model assumes that the screw does not fail in the concrete due to it

being rigidly embedded within.

The friction forces between the timber and concrete for crossed screws balance each
other. Hence, the friction forces are neglected in the case of crossed screws (Tomasi et
al. 2010). The material properties of screw and timber such as embedment strength of
timber, withdrawal and ultimate tensile strength of screw are required to predict the load

carrying capacity of the connection.

8.2.3.1 Modes (a) and (b) — lateral displacement of screw and withdrawal of screw
Mode (a) indicates the horizontal displacement of the screw which crushes the timber
without forming a plastic hinge (Figure 8-7a). The load carrying capacity in failure
mode (a) is governed by the embedding strength of the surrounding timber. Eurocode 5,
section 8.3 (EN 2004b) calculates the characteristic embedment strength of nails and

screws embedded in timber and LVL with predrilled holes by:

frn61=0.082, (1-0.01d) (8-17)

where, d is 0.75 of screw diameter. Hence, the internal dissipated energy is found as:

W=f, o diA,, sin @ (8-18)

lat

Again, equating the external work, Equation (8-15) and internal dissipated energy,

Equation (8-18), the load carrying capacity in failure mode (a) is obtained as:
f (@)=, disina (8-19)

where, d is 0.75 of the screw diameter, in mm. In the case of crossed screws, the right
hand side of Equation (8-19) is multiplied by 2 to take into account the embedding

failure of the second screw placed in compression.
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Mode (b) states the withdrawal failure of the threaded part of the screw from the timber
component without any sign of crushing in the timber as depicted in Figure 8-7b. In
mode b, the screw is withdrawn from the timber without developing any embedding
failure of the surrounded timber. Eurocode 5 EN (2004b) calculates the withdrawal

strength, f; o of a screw perpendicular to the timber grain by:
£0=0.0036p,° (8-20)

where, py is the characteristic mass per unit volume of timber, in kg/m?.

In addition, Eurocode 5 derives the withdrawal strength of a screw inserted at an angle

to the grain by:

fra o

“ 1.5cos’ @ +sin’ «

(8-21)

where, o is inclination angle of screw axis to the grain. Eurocode 5 determines

withdrawal load capacity of the inclined screw by introducing Equation (8-21) into:

Fo o ~(ml )", (8-22)

where, ¢ is the embedded length of the screw in the timber and effective length, /cfis # —
d and d is the outer diameter of the screw. Thus, the internal dissipated energy is as:
Wi=F oD (8-23)

where, 4, is the axial displacement of the fastener. Equating the external work,

Equation (8-15) and internal dissipated energy, Equation (8-23), the load-bearing

capacity in failure mode (b) is obtained as:

FﬁX o
’ (8-24)
cosa

f(b)=

It is noteworthy that the lateral and axial displacements are related together by:

A

axial

lat (8-25)
coSsao

The values of embedding and withdrawal stresses vary with the inclination angle of the
screw to the grain direction of the timber. At an angle of 90°, the embedding stress is
equal to the embedding stress parallel to the grain without any withdrawal stress, whilst
at an angle of 0°, the embedding stresses reaches zero with the maximum withdrawal

stress (Kavaliauskas et al. 2010).
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Figure 8-7 (a) Lateral displacement of screw and (b) screw withdrawn from timber

8.2.3.2 Modes (c) and (e) - tensile and shear failure of screw

The two failure modes (c) and (e) are presumed to only involve the fastener as tensile
and shear failure of the screw at the interface of timber and concrete, respectively and
depend on the tensile strength of the fastener. The tensile strength of the fastener is

calculated by:

flo=— (8-26)
CoS o

where, F, is the ultimate tensile capacity of the screw which is measured by ultimate
tensile test. Hence, the strength of the connection is governed by the tensile strength of
the screw as:

fumd’

dcosa

Sfle)= (8-27)

where, f, is the ultimate tensile strength of the screw.

The shear failure of the screw at timber-concrete interface is identified to be the second
failure mode which involves only the fastener. Lower inclination the angle of screw to
the grain, a, increases the cross-sectional area of the fastener at the timber-concrete
interface, 4, as proposed by:

77'612

4= (8-28)
dsma

Assuming that the shear yield stress of the screw is 0.6f,, the strength corresponding to

shear failure of the screw, mode (e) is calculated by:

0.6f, 7

f(©=0.6f,4, = (8-29)

4sina

In the case of crossed screws, a factor of two is used to take into account the shear

failure of two screws simultaneously.
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8.2.3.3 Modes (d) and (f)-single and double plastic hinges in screw

Considering the dowel effect in modes (d) and (f), mode (d) represents the formation of
a single plastic hinge at the timber-concrete interface (Figure 8-8a) whilst mode ()
exhibits double plastic hinges, one at the timber-concrete interface and one along the
portion of the screw embedded in the timber (Figure 8-8b). The free body diagram of

part of the screw is also shown in Figure 8-8.

=

(a) (b) /fh

Figure 8-8 (a) Single plastic hinge and (b) double plastic hinges of screw

Eurocode 5 section 8.3 EN (2004b) calculates the yield moment M, for round fasteners

produced from wire with a minimum tensile strength of 600N/mm? by:
_ 2.6
M, =03f.d (8-30)

where, d is the fastener diameter, in mm and £, is the tensile strength of the wire, in
N/mm?. The appropriate embedded length and distribution of the embedment stress
along the screw results in the formation of the plastic hinge at the timber-concrete
interface. This failure coincides with a rigid rotation of the fastener about some point
along the fastener which crushes the timber in front of the screw above the point of
rotation and behind the screw below the point of rotation as illustrated in Figure 8-8

(Kavaliauskas et al. 2007; Symons et al. 2010b).

Two equations proposed by Symons et al. (2010b) were adjusted to calculate failure
modes (d) and (f) associated with the formation of plastic hinges in crossed screws.
Symons et al. (2010b) derived these equations based on some modification to EYM in

the case of an inclined screw.

Satisfying the equilibrium of the moment about the timber-concrete interface, the

distance between the rotation point and the interface of materials, x is calculated using:
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2
M e (8-31)

fh,a 2

The lateral displacement of the tip of the screw 4y, is then calculated as the function of
lateral displacement and x as given in:

_Au-x)
tip X

A (8-32)

The internal energy which is dissipated by the embedment capacity of the timber,

withdrawal of the screw and rotation of the fastener is shown in:

W_ d . Alat d . Atip F A M . Alat 8 33
i Sma7+fh,a (t—x)sma7+ i T M, sinax —= (8-33)

ax,o
X

where, Eurocode 5 EN (2004b) determines the embedment strength of timber at an

angle, a to the grain direction, f,, by:

fa,O

= 8-34
** cos® a+ky,sin® o (8-34)
where, k9o is a modification factor calculated for LVL joist using:
kyy=1.3+0.015d (8-35)

The internal dissipated energy equation (Equation 8-33) is equated to the external work
done by the external force (Equation 8-15). Then, 4, is cancelled out and Ay, x and
4, are substituted by the Equations (8-25), (8-31) and (8-32) into the Equation (8-33).

Hence, the load carrying capacity in failure mode (f) is calculated by:

f(d)=f, dsina(2 j\:[y + % —1)+F,  cosa (8-36)

X,
h,a

The embedding strength of timber and yield moment of the fastener govern the load-
carrying capacity in modes (d) and (f) as the fastener displaces laterally and axially due
to withdrawal and embedment forces. In mode (f) the point of rotation defines the
second plastic hinge. The distance between the plastic hinges x is thus calculated in a

similar way to that explained in mode (d), using:
M

x= ¥ (8-37)
fh,a

162



The internal energy which is dissipated by the embedment of timber, withdrawal of the

screw and rotation of the plastic hinge is shown in Equation (8-38).

A A
W=f,.d sina% + Fy A i + M, sinag—% (8-38)

ax,o
X

The internal dissipated energy, Equation (8-38) is equated to the external work done by
the external force, Equation (8-15). Then, as stated in mode (d), 4, is cancelled out and
.o and x are substituted by Equations (8-25) and (8-37) into Equation (8-38). Hence,
the load carrying capacity of mode (f) is represented by:

f(f)=2sina,| fy M, d+F,, cosa (8-39)

In the case of crossed screws, a factor of two is used to take into account the formation
of plastic hinges in compressive screws for modes (d) and (f). Using the equations

above the failure load of six failure modes were calculated as listed in Table 8-3.
8.2.4 Comparison of analytical and experimental strength of inclined screws

The connection geometry and material properties used in the strength model are listed in

Table 8-2. The material properties of the TCC components were discussed in Chapter 4.

Table 8-2 Material properties of TCC connections used in the model

hort
Material properties of TCC connections SPAX  Long SFS SSFO S coach
embedment in timber, 7 (mm) at a=30°, 45°,60° 100,120,136120,142,152 100 95
diameter of screw, d (mm) 8.1 7.6 7.6 93
Measured embedment strength, f; 0 (kN)
based on ASTM5764 (1997) 462 46.4 464 458
Calculated withdrawal strength, f,0 (N/mm?)
’ 2. 2. 2. 2.
based on EN (2004b) 52.9 52.9 52.9 329
Calculated withdrawal load, F,o (kN)
’ . . 25.0 27.
based on EN (2004b) 350 38.3 30277
. 2
Measured tensile strength of screw, f, (N/mm®) 1167.9 1221 084 4612

based on EN1383 (1999)

Calculated yield moment of screw, M, (N.mm)
based on EN (2004b)

Measured mass per unit volume of LVL, py (kg/m’) 600
based on AS1080.3 (2000)

38172 33815 2725115074
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Table 8-3 Summary of push-out test results and predictions of different test series

crossed SPAX crossed long SFS | crossed Short SFS |  Single coach

Load

(E;) WI30 WI45 WI60| WI30 WI45 WI60|WI30 WI45 WI60WI30 WI45 WI60
Mode (a) | 28.1 47.6 66.1| 31.7 53.1 699|264 374 458|152 214 26.2
Mode (b)| 22.0 34.7 60.7 | 24.6 382 63.6[21.0 283 445|233 313 49.2
Mode (c) | 26.5 324 459| 234 28.7 40.6|18.9 23.1 32.7[223 27.3 38.6
Mode (¢) | 55.0 389 31.8| 48.7 344 28.1|39.2 277 226(232 164 134
Mode (d)| 44.9 54.6 59.1| 49.0 589 60.9[419 440 43.0|229 24 234
Mode(f) | 38.7 43.1 41.1| 42.1 459 41.6|36.2 352 31.1[193 18.5 159
governing

e ® © @Ol© © ©@©@© © ©@ @ @ ©
govlzzzlmg 220 324 31.8| 234 287 28.1(189 23.1 226|152 164 134
meanExp.

CC2400 40.7 383 354 40.1 332 338| - 210 - - 261 -
Dervedlae® © ©| © © © © ©
mode
Error (%)| -45.9 -15.4 -10.2| -41.6 -13.5 -16.7| - 10.0 - - =372 -
meanExp.
EPS2000 323 352 3231 349 308 253| - 17.3 - - - -
observed (c)or

mode |@ED © @ | e @ @] - @&O - | - - -
Error (%)| -31.9 -79 -1.5|-329 -6.8 11.1| - 335 - - - -

The push-out test results of 90 TCC connector specimens using crossed SFS VB and

SPAX screws inclined at an angle of 30°, 45° and 60° and single coach screws inclined

at 45° which connect LVL joists and conventional concrete and EPS LWC2000 slabs

were used to validate the analytical strength model of inclined screws. The push-out test

methodology and the experimental results were reported in Chapter 5.

Table 8-3 illustrates the experimental and analytical results of strength for the different

series. Failure modes observed in the push out test and dominant failure mode obtained

from the model are also tabulated in Table 8-3.

The failure map of different failure modes of the strength model and experimental load

capacity results of the CC and EPS LWC 2000 series utilising a single coach screw,
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crossed short SFS, long SFS and SPAX inclined at 30°, 45° and 60° are plotted in
Figures 8-9:8-12.

The influence of screw geometry (#/d) and effect of compressive screws in crossed
screws compared to single tensile screws can be seen in different failure maps of
crossed slender screws for example SPAX and SFS compared to coach screws or long

SFS compared to short SFS screws as depicted in Figures 8-9:8-12.

It is observed that the experimental values were placed close to the dominant failure
mode curves obtained from the analytical model. However, the experimental results
especially the CC series are higher than the dominant failure modes. This variation in
results could be due to the fact that the compression screw provides some resistance and
contributes to the load carrying capacity during the push out test where a tensile failure

of a screw in tension was identified as the dominant failure mode.

The predicted failure mode according to the model is tensile failure of a screw placed in
tension for most of the cases and hence, tensile failure governs the strength of inclined

TCC connections.

As seen in Chapter 5, a tensile failure of the tensile screw and the flexural deformation
of the compressive screw with timber crushing at the compressive screw were observed
as the dominant failure mode of the push out test in most of the test series and as
tabulated in Table 8-3. This reinforced the good agreement between the experimental

failure modes and the prediction.

However, the experimental results demonstrated different failure modes in the test series
such as single coach screw at 45° and crossed screws inclined at £60°. In most of these
cases, the analytical model indicated a shear failure as the dominant failure mode whilst
the observed failure in the experiment was tensile failure of the screw. This is attributed
to the fact that the difference between tensile and shear failure modes in the
experimental test of TCC connections with inclined screws is not obvious and in most

of the cases the observed failure mode could be a combination of both failure modes.

The model was able to predict the shear strength of the crossed screws inclined at +45°
and +60° accurately with a difference of 10-15% between the analytical and
experimental results. However, the model was not accurate in strength prediction of

crossed screws inclined at £30°.
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The analytical model underestimates the strength of TCC connections in most of the
cases and the differences between the experimental and analytical results of crossed
screws appear to follow a trend as an increasing of inclination angle to the grain results
in the higher accuracy of the strength model for prediction of both the CC and EPS
LWC series.

The underestimation is attributed to the fact that the analytical model has not taken into
account the contributions of the compressive screw in the load carrying capacity of the
tensile failure and the withdrawal of tensile screw (failure modes (c) and (b)). Hence,

the model is purely reliant on the tensile screw.

However, the load is distributed between the tensile and compression screws before
failure which enables the connection to carry more load. This is significantly
highlighted at angles of 30° in both SPAX and SFS screws, where the load carrying
capacity of the experimental test was noticeably higher than the analytical model as

listed in Table 8-3. The effect of concrete properties is neglected in the calculations.

In this investigation, the effect of different types of concrete for example Scoria light-
weight concrete, self-consolidating concrete and high-strength concrete on mechanical
properties of crossed screws inclined at only +45° were studied. Hence, further
verification tests utilising these concrete types inclined at various angles such as £30°,

+45° and +60° are essential to include the influence of concrete types on the model

calculations.
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Figure 8-9 Failure map and strength of inclined crossed SPAX screws
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8.3 STIFFNESS MODEL OF TCC CONNECTION

In this Section, available stiffness models of vertical and inclined fastener in TCC are

reviewed and verified utilising experimental data.

8.3.1 Stiffness models of vertically inserted fastener

Herein, different available analytical models for the serviceability stiffness of vertically
inserted timber composite connections such as simplified models and the models based
on Winkler theory are discussed. Their methodology and required input parameters are

also analysed.

The input parameters of the simplified models are limited to fastener diameter and mass
per unit volume or modulus of elasticity (MOE) of timber whilst in addition to
aforementioned parameters, the effect of the bearing behaviour of concrete and the

length of fastener are taken into account in the models based on the Winkler theory.

Lack of appropriate verification of the available models seems to be a major limitation
for their practical application in the design of a TCC floor. The available analytical

models of the foundation modulus of timber and concrete are also discussed.

8.3.1.1 Stiffness model: Eurocode 5 EN (2004b)

Eurocode 5 EN (2004b) proposes an empirical equation to predict the characteristic
serviceability stiffness, K of vertically inserted dowel-type fasteners such as dowels,
bolts without clearance, screws and nails without pre-drilling in timber-timber

connection.

In the case of TCC, a modification factor of two is taken into account to consider the

presence of a concrete slab instead of one of the timber components as:

K, =p," = (8-40)

where, pp, 1s the mean mass per unit volume of timber and d is the outer thread diameter
of the fastener as defined in EN14592 (2008). The stiffness is approximated based on
the fastener diameter and mass per unit volume of timber, and is valid for loading

parallel to the grain whilst the effect of length of fastener is neglected.
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8.3.1.2 Stiffness model: Zahn (1991)

Elsewhere, Zahn (1991) proposed a similar equation to the work proposed by Eurocode
5 EN (2004b) to approximate the serviceability stiffness of the single bolt timber-
timber connector which was adopted by NDS (1997) as:

K, =246d" (8-41)

Similar to the model proposed by Eurocode 5 EN (2004b), a modification factor of two
is adopted by the author to use the model for verification of the experimental data of

wood screws used in a TCCs.

8.3.1.3 Stiffness model: Turrini et al. (1983) and Ceccotti (1995a)
Based on the experimental works, Turrini et al. (1983) and Ceccotti (1995a) proposed
Equations (8-42) and (8-43), respectively to approximate the serviceability stiffness of

timber composite connections using diameter of fastener, d and MOE of timber, E;.
K, =0.08E.d (8-42)

K, =0.125E,d (8-43)

8.3.1.4 Stiffness model: Kuenzi (1955)

Previous investigations such as Hetényi (1946), Kuenzi (1955), Larsen (1975), Patton-
Mallory et al. (1997b) and Gelfi et al. (2002) employed generic solutions of an elastic
beam on an elastic foundation to approximate the elastic range of load-slip response and
stiffness of vertically inserted fastener for timber composite connection (Patton-Mallory

et al. 1997b). The beam on an elastic foundation under the acting external loads was

studied first by Winkler (1867).

The Winkler theory of a beam on an elastic foundation simulates a vertically inserted
fastener by a beam with flexural deforming whilst elastic foundations of distributed
springs model timber and/or concrete components resisting the deformation of fastener.
The Winkler theory states that the design values of timber composite connection with a
single fastener depends on several parameters such as the material properties of timber
and fastener. Moreover, the slip at interface of composite components, slip modulus,
internal forces and moments and the deformation profile of the fastener along with the

embedded length in timber associated with each stage of loading are approximated.
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Kuenzi (1955) first employed the Winkler theory to introduce a differential equation to
approximate the load carrying capacity and the elastic deformations of a single and
double shear planes timber-timber connection by modelling the nail as a linear-elastic

beam on an elastic foundation by:

4

EJ‘; Y 4 iy=0 (8-44)

4
X

where, k (k for timber, k. for concrete) is the foundation modulus of the underestimation
material whilst £ and 7 are the MOE and second moment of area for the fastener.

Equation (8-44) results in a general solution represented in:

y, (X)=(B,, cosix+B, sinAx)e” +(B, cosAx+B, sinix)e”  (8-45)

where,
k
P 8-46
“NaE 1 (8-46)
k
) =4 ——e 8-47
“V4E. I (8-47)

B; are constant coefficients based on the compatibility conditions.

Kuenzi (1955) assumed the stiffness of attached springs to be linear elastic. The reaction
forces act perpendicular to the fastener axis and opposing the deflection of the fastener.
Thus, there is compression in the surrounding timber and concrete in front of the
fastener. These forces distributed along the fastener are proportional at every point to

the deflection of the fastener at this point, y(x) multiply by the foundation modulus, & as:
P(x)=ky(x) (8-48)

Using compatibility conditions, Kuenzi (1955) approximated the slip at the interface of

the timber composite connection by:

(Jl'Jz )2

A=F[2(L+L, )-
2L 5 0

] (8-49)

where, Ly, Ly, J1, J», K| and K, are calculated by:

I - ﬁ[sinh/Lt1 cosh A,¢, —sin A;t, cos A,t

! 8-50
"k sinh? ¢, —sin® A, : (8-39)
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sinhA,z, cosh 4,2, —sin Az, cos At

2 8-51
sinh® A,¢, —sin® At, | ( )

Lzzﬁ[
k,

2 . 2 =2
sinh“A ¢, +sin” At
Jl :/ll [ . 221 1 . 2/,11 1] (8_52)
k, “sinh"A¢, —sin” A,

2 . 2 2
g, =2 i Aty dsin Aty ) (8-53)
k, sinh"At, —sin” A,

3 . .
K = 21_[s1nh21t1 'coszh/Ltl + s‘mzﬂqt1 cos /Ltl] (8-54)
k, sinh” A ¢, —sin” A¢,
3 . .
K, = }ui[smh/lzt2 ‘COS? At, + s‘1n2/12t2 cos A,t, ] (8-55)
k, sinh” 4,1, —sin” A,t,

where, ¢ 1s the embedded length of fastener in each component. The serviceability
stiffness of the timber composite connection is approximated as load capacity (F)

divided by slip at interface of composite materials (4) as shown in:

/i),

k=L opi,)-
Y K+K,

I (8-56)

In the case of TCC connection, the timber and concrete components are assumed to be a
Winkler foundation where elements of continuous beam displace perpendicular to the
axis of fastener parallel to the compressive force without shear interactions between the

adjacent elements.

The stiffness of the surrounded concrete and timber can be idealised by the springs
attached to the fastener embedded in timber and concrete. The deformed shape of the
fastener in timber and concrete is modelled by a continuous beam which is laid on the

springs over its length.

8.3.1.5 Stiffness model: Gelfi et al. (2002)

Based on the Winkler theory, Gelfi et al. (2002) proposes a theoretical approach to
predict serviceability stiffness of vertically inserted screws in TCC beams. In this
model, a timber plank interlayer simulates the upgrading of an old timber floor by
inserting the fastener into the timber plank as permanent formwork and casting a thin
concrete slab. The interlayer is simulated as a gap between composite components then

the transmitted loads are ignored as illustrated in Figure 8-13a and b.
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direction

Figure 8-13 Stiffness model of vertically inserted fastener in TCC (a) undeformed, (b)

deformed fastener and (c) internal forces of fastener

The material properties of concrete and timber are accounted by their foundation moduli
whilst the bending stiffness of fastener indicates its material properties (Dias et al.
2010a). The fastener is assumed to behave as a Winkler beam with unlimited length in

the concrete and timber.

The Winkler theory of the beam on elastic foundation assumes the following
assumptions for simulation of TCC connection (Gabr et al. 1995; McLain et al. 1983;

Patton-Mallory et al. 1997b):

* The behaviour of fastener is elastic perfectly plastic

» Winkler foundation (ignores shear strain)

* The connector fits tightly in the hole (no clearance)

* No friction between members or along the fastener

* Small displacement theory is valid

* The governing failure mode is crushing of timber beneath fastener (no splitting)

* Constant material properties through the thickness

The serviceability stiffness is calculated by the continuity of the flexural deformations

for the fastener as the ratio of shear force to slip at interface of materials (y;¢) in:

N (8-57)

The compatibility equations of the fastener are calculated using the flexibility method

approach assuming the timber and concrete components as elastic materials as:
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Do = SO + Do (8-58)

: 2l

0, 6,|M, 0,

where, Oy, is matrix of redundant and ¢, and g., represent the matrices of actual
displacements corresponding to the redundant and actual displacements corresponding
to the redundant action and due to the loads, respectively. The flexibility matrix, fy, size
(2x2) and its flexibility coefficient of yi1, yi2, 621 and 6, are determined from the

solution of the beam on elastic foundation formula whilst V| and M, indicate the internal

loads acting on the free end of the beam as depicted in Figure 8-13c.

Moreover, the rotation and deformation of the fastener at the very end distance from
interface are assumed to be zero. The flexibility coefficients of the flexibility matrix are
determined by summation of the displacements and rotations of the beam embedded in
the elastic foundation of concrete, timber and interlayer as given in Equations

(8-60):(8-63).

0,,=0 (8-60)
2 2 42> 41’ 3

y= ey 2h A (8-61)
k., k= k k, 3E 1,

207 247 4’ t?

0, = i S e S 8-62

21 = Vo kc k. kt 2E 1 ( )
42° 41’

0,, = b A, ! (8-63)
kc kt Es[s

Eliminating M, in Equation (8-59), the stiffness of connection is obtained from:

_ 12,2, E.I
3007 4 Ay +A) + 3042 (A +A)7 +3(E0,0)> (B +2) + (2, 1,)

(8-64)

S

where, ¢ is thickness of the interlayer.
8.3.2 Foundation modulus models

Herein, the available models to approximate the foundation moduli of timber and

concrete are reviewed.
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8.3.2.1 Foundation modulus model of timber: Kuenzi (1955)

Kuenzi (1955) approximates the foundation modulus of timber in parallel and

perpendicular to the grain directions using:

d
k=E,, 7 (8-65)
where, d is the diameter of the fastener, Z is the foundation depth, and E., is the
modulus of elasticity of timber in parallel and perpendicular directions whilst Z is a

constant and assumed to be about 25mm.

8.3.2.2 Foundation modulus model of concrete: Gelfi and Giuriani (1987)
There are few experimental data available for the foundation modulus of concrete. Gelfi

et al. (1987) estimates the foundation modulus of concrete, k. by:

k=—c (8-66)

where, E. is the MOE of the concrete and f is a factor as a function of the fastener’s

diameter to spacing ratio ranging between 2.5-3.3.

The foundation modulus of concrete is much stiffer than engineered wood whilst the
embedded head of screw in concrete component provides additional interlocking

(Symons et al. 2010a).
8.3.3 Comparison of models and experimental results

The experimental data carried out by Khorsandnia et al. (2012) is used for verification
of the models. The push out test consists of four TCC connection specimens utilising a
single wood screw, LVL joist and conventional concrete slab. The push-out

methodology, stiffness analysis and results were given in Chapters 5 and 10.

Different available models for serviceability stiffness of timber composite connections

connected with mechanical fastener were discussed.

Table 8-4 lists the connection geometry and material properties of a wood screw
connection used in TCC. A summary of the push-out test results and predictions of the
available stiffness models of TCC connections using wood screw is shown in Table 8-5.
The stiffness results of simplified models were calculated by dividing the characteristic

values by 0.7.
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Table 8-4 Summary of material properties of TCC connection with wood screw

Material properties of TCC connection Value
Outer thread diameter of screw, d (mm) 6.6
Shank diameter of screw, d (mm) 5.2
MOE of screw, Es (MPa) 210000
MOE of LVL, E(MPa) 13746
Measured mass per unit volume of LVL, py (kg/m®) 600
Embedment depth in timber, ¢; (mm) 65
Embedment depth in concrete, #, (mm) 35
Foundation modulus of LVL, & (MPa)" 384
Foundation modulus of concrete, k. (MPa)" 7160

"Obtained from Franke et al. (2011)
"Obtained from Dias et al. (2010b)

Table 8-5 Summary of experimental and analytical data of serviceability stiffness

Results Kser (KN/mm) Error (%)
Experiment (CoV=35.7) 12.3 -
Eurocode 5 EN (2004b) 8.4 -31.6

Zahn (1991) 8.3 -32.4
Turrini et al. (1983) 7.1 -42.2
Ceccotti (1995a) 11.1 -9.7
Kuenzi (1955) 4.5 -63.6
Gelfi et al. (2002) 4.5 -63.6

The simplified stiffness models that is Eurocode 5 EN (2004b), Turrini et al. (1983) and
Zahn (1991) underestimated the experimental data of wood screw with an error ranging
approximately 10-40% whereas the models based on Winkler theory that is Kuenzi
(1955) and Gelfi et al. (2002) calculated a much lower stiffness compared to that of the

experimental test with an error of approximately 60%.

The low foundation moduli of wood screw obtained from the experimental test as listed
in Table 8-4 is attributed to this high underestimation. However, if the foundation
modulus value calculated by the foundation modulus model of Kuenzi (1955) (Equation
(8-65)) is employed, a suitable agreement between experimental and analytical stiffness

results will be achieved. It is noted that the models based on Winkler theory are not
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suitable to calculate the stiffness of TCC connections utilising a screw with small
diameter. The accuracy in simplified stiffness models is different where Ceccotti
(1995a) indicates appropriate agreement with the experimental data whereas other

simplified models show notable difference between analytical and experimental data.

The under estimation error of simplified stiffness models is as expected and agrees with
literature. For example Ceccotti et al. (2006b) reported a high difference of 40% for

analytical and experimental serviceability stiffness of glued re-bar TCC connections.

The underestimation of simplified stiffness models is due to the fact that these models
only consider limited parameters such as fastener diameter and MOE of timber whereas,
the important parameters such as foundation moduli of timber, slenderness of fastener,

its embedding length and MOE are ignored.

The underestimated stiffness and strength lead to the larger resistance but brittle failure
of the composite beam whilst an accurate approximation of stiffness and strength by
push-out test or some modifications of the predictive models are crucial in order to have

a ductile design.

8.3.4 Stiffness of inclined screw based on Winkler theory

Herein, for TCC connection, the timber and concrete components are assumed to be a
Winkler foundation where elements of a continuous beam displaces vertically
perpendicular to the axis of the fastener and parallel to the compressive forces. The
stiffness and deformation of the fastener in the surrounding concrete and timber can be
idealised by a continuous beam which is attached to the springs over the entire length of
the fastener. Assuming the stiffness of attached springs to be linear elastic, Kuenzi
(1955) proposed Equation (8-44) to predict the slip modulus of the timber connection
whilst Foschi (1974) extended the stiffness of spring to non-linear range assuming an

ideal elastic—plastic steel for the fastener and smooth elastic—plastic for nail.

A large number of shear connections including bolts and screws indicate non-linear
responses even during the early stages of loading hence, the non-linear assumption

seems to be more applicable (Gabr et al. 1995; Patton-Mallory et al. 1997b).

The reaction forces act perpendicular to fastener axis and opposing the deflection of the
fastener. Thus, there is compression in the surrounding timber and concrete in front of
the fastener. These compressive forces that are distributed along the fastener are

proportional at every point to the deflection of the fastener at this point multiplied by
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Symons et al. (2010a) the constant & (foundation modulus expressed in kN/mm?) which
is calculated in compliance with different codes such as ASTM5764 (1997) and EN383
(2007).

Symons et al. (2010a) extends the model of vertical to the inclined fastener assuming a
two-dimensional elastic foundation by additional springs resisting vertical translation of

screws which is perpendicular to the grain direction as shown in Figure 8-14a and b.

The timber is considered as the elastic foundation consisting of orthogonal springs with
different stiffness in the parallel and transverse to the grain directions. The screw is
inclined at an angle of 6 to the vertical direction whilst the grain direction is horizontal.
The timber is assumed to be an elastic material whilst rigid concrete clamps the fastener
at the interface of timber and concrete. Hence the portion of screw embedded in timber
is only considered for the model. The shear force at the interface leads to a horizontal

slip at the interface of composite materials.

Figure 8-14c shows part of a screw of length of dx from a whole length of # embedded
in timber whilst y and v represent the transverse and axial displacements of the part in
the timber. The vertical and horizontal springs simulate the foundation moduli of timber
transverse and parallel to the grain direction impeding the vertical and horizontal
displacements of the screw. The foundation moduli of timber parallel and transverse to
the grain k, and k; account for the stiffness of the spring per unit length in the vertical
and horizontal directions. Axial force, shear force and bending moment are indicated by
means of the variables N, V' and M, respectively. The effect of friction between

composite components is neglected in calculation of the equilibrium of the screw.

. C " Ja 4 »> Concrete
Concrete Fvrier oncrete e N gmielrelle -
Timber FI ; Timber Timber M
= = Grain /G—/ N
Grain direction rain &

direction direction

dx

Figure 8-14 Stiffness model of (a) vertical and (b) inclined fastener TCC connection

with rigid behaviour of concrete and (c) internal forces in element of inclined fastener
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Foundation modulus of timber in Equation (8-44) can be given in the form of:

kZd—VL (8-67)
dy dx

Hence, Equation (8-44) is written as:

4
E]d y +d_V: (8-68)
dx* dx

The horizontal and vertical forces which act on the part of the screw are determined as
foundation moduli of timber multiplied by the associated resisting displacements as

indicated in:

Fp=k, 4,=k, dx cosO(y cos 0+ sind) (8-69)
Fi=k, 4=k, dx sin@ (v cos -y sinf) (8-70)

Satistfying the equations of equilibrium of the fastener, the shear and axial forces acting
on the part of screw are calculated in the form of a combination of horizontal and

vertical forces in the springs as given in:

dv ) ) )
N=EA£= F, cos0+F, sinf=k, dx cosf(y cosf+v sinf)sinf+ (8-71)
k, dx sinf (v cos@-y siné)) cosb

V=F, sinf — F, cos 0=k, dx cost(y cosO+v sinf)cos 6+ (8-72)

k, dx sm@ (v cos@-y sin@)sinf

The friction between composite components is neglected in the calculations. The

derivations of  shear and axial forces are determined by:
4
62—1/: - EI 6; i} =(y cosO+v sinb) k, cos’ O — (vcos B-y sinf) k, sin’ 0 (8-73)
x X
dN d*v . . .
d—=EA s =-[(ycosO+vsin0) k,+(vcosf-ysind) k ]sindcosd (8-74)
X X

The shear force at the interface of timber and concrete is given as a combination of axial

and shear forces acting on the part of screw at the interface by:
F=Nsin@—Vcos@ (8-75)

Symons et al. (2010a) proposed that in the case of a long screw with higher #/d ratio for
example 30, the axial deformation of the screw is important where the shear force for

most of the length of screw is zero. Hence, for a very long screw, Equation (8-72) is
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equal to zero and the relation between the axial and lateral displacement of the screw is

changed to:

. (1- ftand)tand

3 (8-76)
(1+ ptan” 0)

where, f is ratio of k/k,. Symons, Persaud and Stanislaus (2010a) stated that
substitution of Equation (8-76) in Equation (8-74) leads in the differential equation of:

d’v dv
yE—aT 3 (8-77)
dx (1+ ptan” 0)EA 030
k,ptand

Compatibility condition enforces that the axial deformation of the fastener at the very
end distance from the interface is zero. Hence, Equation (8-77) leads to Equation (8-78)

as the axial force acting on the screw at the interface of timber and concrete.

Y EAtanh ! (8-78)

\/(1 + pran’ OEA \/ (1+ pran’ O)EA
k,ptan@ k,ptand

N(x=0)=

Substitution of Equation (8-78) into Equation (8-75) gives the force at the interface.

Consequently the slip modulus of a long slender inclined screw as used in the TCC is

approximated by:
K= % - fA tanh( 3’ )sin?@  (8-79)
(1+ ptan” O)EA cos 0 (1+ ptan” O)EA cos
k,ftan@ k ,ptan@

It is noteworthy to state that a factor of two takes into account the contribution of the

second screw placed in tension in the stiffness of crossed screws TCC connections.
8.3.5 Comparison of models and experimental results

The push-out test results of 65 TCC connector specimens using crossed SFS VB and
SPAX screws inclined at an angle of 30°, 45° and 60° inserted in LVL joists and
conventional concrete or EPS LWC2000 slabs were used to validate the analytical
stiffness model of crossed screws. The material properties of SFS VB screw, LVL and
concrete were given in Chapter 4. Table 8-6 lists the input parameters of stiffness

models for SFS and SPAX screws embedded in hySPAN LVL.
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Table 8-6 Summary of mechanical properties of TCC connection used in the model

Material properties of TCC connections Value
embedment depth of SFS screw in timber # (mm) for =+30°,£45°, £60° 152, 142, 120
embedment depth of SPAX screw in timber ¢ (mm) for 6=+30°,+45°, £60° 136, 120, 100
Shank diameter of SFS screw, d (mm) 6.0
Shank diameter of SPAX screw, d (mm) 5.7
MOE of SFS and SPAX screws (N/mm?) 210000
Foundation modulus of LVL parallel to the grain (bolt dia 6mm) (N/mm?)’ 384.5
Foundation modulus of LVL transverse to the grain (bolt dia 6mm) (N/mm®)’ 129.0
Foundation modulus of LVL parallel to the grain (bolt dia 8mm) (N/mm?)” 4448
Foundation modulus of LVL transverse to the grain (bolt dia 8mm) (N/mm?)’ 193.1

* based on embedding test carried out by Franke et al. (2011)

A summary of the push-out test results and predictions of serviceability slip modulus of

crossed (£30°, £45° and £60°) SFS VB and SPAX screws is listed in Table 8-7.

Table 8-7 Experimental and analytical stiffness results of SFS and SPAX screws

Test series Me?ﬁﬁ/ﬁgﬁg&o"‘ ((:(?/O\)] Ana(l%(ylzli/cr?llmlgs,m E(‘;;f;r

CC SFS WI60 (6=30) 34.2 41.3% 43.5 27.1%

CC SFS WI45 (6-45) 28.8 51% 49.7 72.5%

CC SFS WI30 (6-=60) 36.8 10.1% 384 4.3%

CC SPAX WI60 (6=30) 29.7 17.9% 37.1 24.9%
CC SPAX WI45 (6-=45) 25.3 14.9% 45.1 78.3%
CC SPAX WI30 (6=60) 40.1 18.6% 33.3 -16.9%
EPS LWC SFS WI60 (6=30) 27.0 9.6% 43.5 61.1%
EPS LWC SFS WI45 (6=45) 43.0 22.5% 49.7 15.6%
EPS LWC SFS WI30 (6=60) 59.9 24% 38.4 -35.9%
EPS LWC SPAX WI60 (6=30) 38.1 49.8% 37.1 -2.6%
EPS LWC SPAX WI45 (6=45) 39.5 33.8% 45.1 14.2%
EPS LWC SPAX WI30 (6=60) 53.9 27% 333 -38.2%
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Figures 8-15:8-18 plot the analytical and experimental serviceability stiffness of CC and
EPS LWC series using crossed SFS and SPAX screws inclined at £30°, +45° and £60°.
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Figure 8-15 Analytical model vs. experimental results of CC SFS series
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Figure 8-16 Analytical model vs. experimental results of CC SPAX series
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Figure 8-17 Analytical model vs. experimental results of EPS LWC2000 SFS series
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Figure 8-18 Analytical model vs. experimental results of EPS LWC2000 SPAX series

The experimental serviceability stiffness was calculated in compliance with EN26891
(1991) as given in Chapter 5. The analytical model considers only axial deformation of

screw which agrees with the tensile failure of screw in tension as reported in Chapter 5.

The experimental test of the CC series quantified the serviceability slip modulus of the
different test series specimens representing less differences to the predicted value for
6=60° and 30° series ranging between -16.9-4% and 24.5-27.1%, respectively whilst a

maximum difference of 72.5-78.3% was observed for the stiffness of the ©=45° series.

The experimental test of EPS LWC exhibits a less difference to the predicted value for
O0=45° ranging between 14.2%-15.6% whereas a maximum difference of 61.1% was
observed for the stiffness of the SFS ©=30° series (Table 8-7). The medium difference
of 35.9%-38.2% was observed in 6=60° series.

Among different experimental series, the ©=60° series indicates the maximum
serviceability slip modulus of both the CC and EPS LWC series whereas the ©=30° and
6=45° series represent the minimum stiffness of the CC and EPS LWC series,

respectively (Table 8-7).

In the case of the conventional concrete series utilising inclined screws, the factor of
two is an upper limit and it was observed that the modification factor of two

overestimates the stiffness of some experimental test series.

In the case of the EPS light-weight concrete series utilising inclined screws, the

serviceability stiffness is 28-63% higher than similar conventional concrete series.
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It adds to the complexity of the verification and it leads to underestimation of the
experimental results in some series such as EPS LWC SFS WI30 and EPS LWC SPAX
WI30.

Hence, to derive a more precise model in future study, revision of the modification
factor utilising more experimental series is recommended. The load-slip response and

failure of the series were reported in Chapter 5.

8.3.6 Stiffness of inclined screw based on Tomasi et al. (2010)

Elsewhere, Tomasi et al. (2010) proposed an analytical model to predict stiffness of
single and crossed screws inclined at an angle to the grain of timber-timber

connections.

Two different forces of Fjx and F,x are defined to be the elastic forces acting
perpendicular and parallel to the axis of the fastener placed in tension and assuming a
linear-elastic behaviour of the screw at serviceability limit state(SLS), lateral and axial

forces are written in the form of displacements by:

F.=K 6, (8-80)

F_ =K

ax (|

(8-81)

where, K1 and K| are the stiffness of connector for lateral and withdrawal loadings and
oL and J || represents perpendicular and parallel components of slip. The slip at the

interface of composite components, ¢ of an undeformed fastener resolves into:

o L=6cosl (8-82)
6, =0sind (8-83)

For crossed screws inclined at an angle of +6 to the vertical direction, the equilibrium of
lateral load at SLS, Fi is written as the sum of the load-carrying contribution of the

tensile and compressive screws as:

F. =F

ser lat

cos@+F, sinf (8-84)

And consequently the stiffness is given by:

F
K _=—%=K cos’@+K, sin’ 6 (8-85)
ser 5 1 I
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K1 can be calculated using the analytical models of vertically inserted fastener as
discussed in Section 6.6 whilst German Institute for Building Technology approximates

K| by:

K =30td (8-86)

ser,ax,i

where ¢ is the embedment length, in mm, of the threaded part of the screw, and d is the

outer diameter of the screw thread, in mm (Bautechnik 2006).

8.3.7 Comparison of models and experimental results

A summary of the push-out test results and stiffness predictions based on the Tomasi et
al. (2010) model for crossed (£30°, £45° and £60°) SFS VB and SPAX screws utilising
CC and EPS LWC2000 is listed in Table 8-8.

Table 8-8 Experimental and analytical stiffness results of SFS and SPAX screws

Stiffness values 0=+30° O=%45° 0=+60°

K1 SFS(kN/mm) 10.3 10.3 10.3
K SFS(kN/mm) 36.9 34.5 29.2
K1 SPAX (KN/mm) 9.7 9.7 9.7

K| SPAX (kN/mm) 31.0 27.4 22.8
K SFS(N/mm) (analytical stiffness) 17.0 22.4 24.5
K04 CC SFS WI (experimental stiffness) 34.2 28.8 36.8
Error(%) -50.3 -22.1 -33.5
K04 EPS LWC2000 SFS WI 27.0 43.0 59.9
Error(%) -37.0 -47.8 -59.2
K SPAX (N/mm) (analytical stiffness) 15.0 18.5 19.5
K04 CC Spax WI (experimental stiffness) 29.7 253 40.1
Error(%) -49.4 -26.8 -51.3
Kso4 EPS LWC2000 SPAX WI 38.1 39.5 53.9
Error(%) -60.5 -53.0 -63.8
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The analytical stiffness of crossed SFS and SPAX screws underestimated the
experimental values of both the CC and EPS LWC2000 series exhibiting significant
differences ranging approximately 20-60%. The differences were less for the CC series

comparing to the EPS LWC series.

This model is proposed for stiffness prediction of inclined fasteners inserted in a timber-
timber connection. Hence, in a similar manner to the stiffness model of a vertically
inserted fastener given by Eurocode 5 EN (2004b), a modification factor can take into
account the effect of the presence of a rigid concrete slab in TCC compared to timber-
timber connections and adjust the underestimation of experimental values for TCC

connections.

However, it was observed that considering a modification factor of two overestimates
the stiffness of some experimental test series and it is concluded that a modification
factor of two is a bit strong. Hence, to derive a more precise model in future study,

revision of modification factor utilising more experimental series is recommended.

8.4 CONCLUSION

The literature indicates a significant lack of information on analytical closed-form
equations to predict the strength and stiffness of TCC connections to be used in the
design of timber composite beams. Inclination of the mechanical fasteners at various
angles in TCCs exploiting the axial capacity of screws increases the stiffness and
strength which depends on the inclination angle, geometry of the screw, tensile and

withdrawal strength of the screw and embedment strength of timber.

This Chapter consisted of two separate Sections of strength and stiffness models of TCC
connections. The methodology of available analytical models for prediction of the
strength and serviceability slip modulus of vertically inserted single timber to timber
and TCC shear connections for example screw and nail were separately reviewed in this
Chapter. The analytical results of the models were compared to the experimental results

of single vertically inserted wood screw shear connection used in TCC specimens.

Eurocode 5 EN (2004b) and Johansen strength models predict the strength of TCC
connection utilising vertical wood screw with a notable errors of 32.1% and 21.1%,

respectively whilst the stiffness models represent a wide range of errors.
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The simplified stiffness models such as Eurocode SEN (2004b), Turrini et al. (1983)
and Zahn (1991) underestimated the experimental data of vertically inserted wood
screw with an error ranging approximately 10-40% whereas the models based on
Winkler theory such as Kuenzi (1955) and Gelfi et al. (2002) were inaccurate and
calculated a much lower stiffness compared to that of the experimental test with an error
of approximately 60%. The reasons attributed to the inaccuracy of the stiffness models

were discussed.

This investigation recommends further investigation on the prediction of foundation
moduli of timber and concrete as the main input parameters of the models based on the
Winkler theory. It is noteworthy to state that the fewer required input parameters for the
simplified models of vertically inserted fasteners compared with those of the models
based on the Winkler theory makes them more practical for application in the design of
TCC floor. However, further examination of the simplified stiffness models of
vertically inserted fasteners using experimental data of different types of mechanical
fastener with various lengths and diameters is required to propose the models for the

design of a TCC floor.

An analytical strength model based on some adjustment to EYM to predict the strength
of TCC connections utilising single and crossed screws inclined to the timber grain is
proposed. The model is an upper bound plastic collapse model that assumes that the
behaviour of the timber and screw is perfectly plastic and the concrete remains
undamaged. The failure modes consider yield of the screw in tension and/or shear, and a
series of combined failure modes such as screw withdrawal, lateral crushing of the

timber and the development of plastic hinges in the screw.

This Chapter also presents a model for the stiffness of TCC connections using crossed
inclined screws. The Winkler theory of beam on elastic foundation proposed is extended
to derive the serviceability slip modulus of TCC connections with inclined screws
which are loaded in tension and compression. To compare the accuracy of the stiffness
model , a relatively simple model with fewer variables proposed by Tomasi et al. (2010)
for crossed screws inclined at timber-timber connection was explained and its results

were verified.

In the case of TCC, a modification factor needs to be introduced to Tomasi et al. (2010)
to take into account the effect of the presence of a rigid concrete slab in TCC compared

to timber-timber connections and adjust the underestimation of experimental values for
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TCC connections. However, it was observed that considering a modification factor of
two overestimates the stiffness of some experimental test series and it is concluded a
modification factor of two is a bit strong. Hence, to derive a more precise model
applicable for the TCCs, revision of modification factor utilising more experimental

series is recommended.

The experimental data of stiffness, strength and failure mode obtained from push-out
test of TCC connections with crossed (£30°,£45°, £60°) SFS VB and SPAX screws
utilising different concrete types are used to examine the accuracy of the strength and
stiffness models of TCC connections for their practical application in the design of a
TCC floor. It is concluded that the strength model is a realistic model for predicting the
failure mode and strength of inclined screws in TCC structures. This research suggests
the model is reliable and can be used for the design of a TCC floor with crossed inclined
screws. Comparing analytical and experimental results, the stiffness model based on
Winkler theory seems to be reasonably accurate in predicting the slip modulus of TCC
connections at SLS. This research suggests the model to facilitate the design of inclined

screw shear connections for TCC construction.
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9 FINITE ELEMENT MODELS OF TCC

9.1 INTRODUCTION

Some key results of finite element (FE) analysis of timber concrete composite

connections and beams from literature are first reviewed in this Chapter.

This Chapter also presents a non-linear three-dimensional FE model using flexible
contact element pairs to simulate the experimental tests of TCC connections reported in
Chapters 5 and 10 utilising the commercial FE analysis software ANSY'S, versions 14.5
and 15.0. A three-dimensional FE of timber concrete composite connection is capable of
predicting the effects of different parameters for example fastener slenderness ratio,
fastener spacing in multiple-fastener connection, non-linear orthotropic properties of the

timber composite and elasto-plastic behaviour of the fastener and concrete components.

Connections with single and multiple four wood screws with three different spacings of
50, 100 and 150mm and single medium size coach screw inclined at +45° to the
horizontal face were modelled. The modelling approach can be applied to TCC
connections other than simple screws only such as epoxy glue and epoxy glue

reinforced with normal coach screw.

Results from FE models were validated by experimental results of push-out test. The
push-out tests of TCC connectors were carried out in compliance with EN26891 (1991)

to evaluate their strength, stiffness and failure mode as reported in Chapters 5 and 10.

The accuracy of models is influenced by the quality of the input data such as material

properties, element type, boundary conditions and mesh size. An orthotropic behaviour
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was adopted to model the timber using Hill’s criterion which utilises different plasticity
stresses in three x, y and z directions of material whilst the von Mises yield criterion
associated with an isotropic work hardening was used to simulate a steel fastener. In
addition, the “concrete” model in the ANSYS material library was used to reproduce the

cracking associated with tensile stresses in concrete.

A model calibration was performed to set friction coefficients of materials contacts and
contact element parameters. The model calibration was carried out using the failure load
obtained from experimental tests. The model was validated comparing the load—slip
response, load capacity and their serviceability slip moduli, K. The calibrated FE

model can be used for parametric study of TCC connections and beams.

9.2 FINITE ELEMENT ANALYSIS OF TCC SYSTEMS

Anisotropic and inhomogeneity property of wood and different layouts of shear
connector used in TCC floors results in complex interaction of timber, concrete and
shear connection which indicates the concentrated stresses followed by different

patterns of crack growth in any of the timber and concrete components.

FE studies of TCC connections (in shear) and beams utilising mechanical fastener can
be classified into two main categories: (1) simplified 2-D and 3-D FEM using linear or
nonlinear spring elements at fastener location and (2) 3-D FEM of detailed modelling of

connector using 3-D solid elements (Oudjene et al. 2013).

The 2-D models of TCC connections and beams were employed to decrease the

computational time of analysis.

3-D FE modelling of detailed TCC connections can predict the strength, stiffness and
failure mode of different shear connections as input values for standard procedure to
design a partially composite TCC floor such as the Gamma method proposed by

Eurocode 5.

In addition, Moss (1997b) stated that a detailed analysis of a single fastener timber
connection is required to study the effect of the number of rows of fastener and its
slenderness ratios. The 3-D model is capable of investigating the influence of end
distance, aspect ratio and fastener yield strength in timber composite connections

(Patton-Mallory et al. 1997a).
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Modelling the stress calculations, failure mechanisms, strength and load-slip of a timber
composite requires non-linear material modelling and failure prediction of timber
composite components (Moses 2000; Patton-Mallory 1996). Crushing behaviour of
timber in compression leads to non-linear stress-strain behaviour in its three orthotropic
material directions (Patton-Mallory et al. 1997a). Stress concentrations of each normal
and shear stress of timber composite connections in the vicinity of the hole are evident

in the stress field of the three-dimensional model (Patton-Mallory et al. 1998a, 1998b).

Investigations on 3-D FE modelling of TCC connections connected by mechanical
fastener are limited to bolt with large diameter and glued steel plate connections
(Oudjene et al. 2013). Hence, a 3-D numerical analysis of TCC screw connections
facilitates parametric study on different types and geometry of screw, screw spacing,
materials and their effect on the load carrying capacity, stiffness and failure behaviour

of composite connections in an efficient time and cost compared to experiment.

9.3 FINITE ELEMENT ANALYSIS OF TCC SYSTEMS IN LITERATURE

This Section summarises some key results of FE analysis of timber concrete composites
from literature reviewed. TCC connections and beams under shear and flexural tests

have been simulated by available commercial packages such as ANSYS or ABAQUS.

Kuhlmann et al. (2004), Kuhlmann et al. (2006) and Kuhlmann et al. (2008)
investigated grooved connection in TCCs. The numerical simulation of groove
connections exhibited a good agreement with experimental failure mechanism but the
stiffness and the ultimate load capacity of the connector were overestimated by the
numerical results. Lack of softening in the timber material model probably led to this

deviation in load capacity (Kuhlmann et al. 2008; Kuhlmann et al. 2004).

Dias et al. (2007) used 3D non-linear FEM models to predict the mechanical properties
of dowel type fasteners. An isotropic model was employed to model steel and concrete
behaviours whilst the timber component was modelled utilising an orthotropic model.
In addition the interaction between materials was modelled by frictional contact
elements. Comparing the experimental and numerical results, it was concluded that the
initial stiffness and maximum load capacity were overestimated by the numerical
models. The assumption of a yielding strength equal to the embedding strength of

timber might cause the overestimation in load carrying capacity. Furthermore, the
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assumption of perfect linear elastic behaviour probably resulted in higher linear stiffness

(Dias et al. 2007).

Elsewhere, Lukaszewska (2009) implemented FEM to simulate experimental tests of
TCC beams utilising four connectors including a U-shaped steel plate welded to a long
punched metal, coach screwed into steel tubes, long punched metal plate and inserted
steel tubes as shown in Chapter 3 (Figure 3-1a). The results of nonlinear FE modelling
were very similar to the results of experimental tests. Hence, it was concluded that FE
models are useful to extend the experimental results of a composite floor with different

geometrical and mechanical properties (Lukaszewska et al. 2010).

Miotto et al. (2011) modelled a continuous perforated steel plate as a TCC connector
using ANSYS 10.0. A good agreement with the experimental tests was noted. The
numerical model failed in the concrete due to the compressive stress being reached.
However, this accuracy is most pertinent in the linear elastic range with the results
deviating once the materials become plastic. This was attributed to the assumptions

made in the numerical model to simplify the analysis.

94 MATHEMATICAL PROCEDURE
TCC connection is discretised with a number of elements and then the elements are
assembled at nodes. Different elements type and shape with boundary conditions are

utilised in the FE model. The finite element equation of variational principle related to

total potential energy (r) is given by:

FIJTedV—IuTZdS:O (9-1)
V

Sy

where, V' is a volume bounded by a surface, S with the traction vector # on a part of the
surface Sp whilst o, ¢ and u are stress, strain and displacement vectors, respectively

(Kim et al. 2007). The first order variation of Equation (9-1) results in:

5n=jaT58dV— j&f%dS:O (9-2)
V

Sp

Constitutive equation of ¢ = De and strain—displacement relation of ¢= Bu changes

Equation (9-1) to:

ou” { j BTDBdV}u —ou” jNEdS =0 (9-3)
v Sg
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where, N is the shape function matrix. Equation (9-3) is used as basic formulation of

finite element and can be written in the forms of:
J =Ku (9-4)
9.5 TEST SPECIMEN CONFIGURATION

Different types of TCC connection specimens used in experimental push-out test were
modelled and analysed utilising ANSYS versions 14.5 and 15.0. Table 9-1 lists the

geometry of TCC connection samples.

Table 9-1 Finite element used in FE modelling of the specimen (in mm)

No. of LVL (hySPAN project) Conventional concrete

Series fastener

Length width depth Length width depth
Single wood screw 1 550 48 200 550 300 75
4WS spaced at 50mm 4 450 48 200 450 200 75
4WS spaced at 100mm 4 600 48 200 600 200 75
4WS spaced at 150mm 4 750 48 200 750 200 75
Inclined coach screw 1 450 46 200 450 300 75
Epoxy glue 0 450 48 200 450 300 75
Epoxy glue and coach screw 1 450 48 200 450 300 75

9.6 ELEMENT TYPE

The linear and non-linear structural elements in ANSYS range from simple spars and
beams to complex layered shells and large strain solids. TCC connection models are
comprised of three different materials of timber, concrete and steel connected together
utilising contact surfaces. Therefore, the element types for each component of the TCC
connection model were defined using the most suitable elements available in the

ANSYS library.

The fastener, timber and concrete components were modelled using SOLID elements
whilst the contact between the fastener and the hole in the timber and concrete
components were simulated using contact elements as listed in Table 9-2. In this

Section, these element types are discussed.
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Table 9-2 Finite element used in FE modelling of the specimen

Type Material Finite element
1 Concrete Solid65
2 hySPAN project LVL Solid45
4 Steel Solid45
5 Target surface Target170
6 Contact surface Contact173

9.6.1 SOLIDA45

Timber and steel fastener were simulated utilising SOLID45 which is capable of
modelling plastic deformation, creep, large deflection and strain of solid elements.

Figure 9-1 depicts the geometry, node location, and coordinate system of SOLID45.

Element cocrdinate M
systerm (shown for
KEYORT4y= 1)

Tetrahedral Oplion -
not recommended

Surface Coordinste Systern

Figure 9-1 Geometric properties of SOLID45 Wood (ANSYS 2010)

The element consists of eight nodes with three degrees of freedom per node and allows
for the material’s plasticity and orthotropic behaviour. Orthotropic material directions

are defined corresponding to the element coordinate directions.
9.6.2 SOLID65

SOLIDG65 consists of eight nodes which include three degrees of freedom at each node
(Figure 9-2). The capability of SOLID65 in simulation of cracking in tension and
crushing in compression is beneficial to 3-D modelling of solids with or without rebar
reinforcement e.g. reinforced concrete and rocks. The concrete simulates the cracking
(in three orthogonal directions), crushing, plastic deformation and creep. The rebar can

model tension and compression , plastic deformation and creep (ANSYS 2010).
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Tetrahedral Option

Figure 9-2 Geometric properties of SOLID65 concrete (ANSYS 2010)TARGE170 and
CONTAL173

TARGE170 and CONTA173 were used for three-dimensional analysis of surface-to-
surface contact between concrete slab, timber joist and steel fastener. These elements
can simulate the existence of pressure or separation between the composite components

in the case of contact and no contact, respectively.

TARGE170 simulates various 3-D target surfaces for the associated contact elements
(CONTAL173). The contact elements are in contact with the target surface which is
discretised by a set of target segment elements (TARGE170). TARGE170 and
CONTAI173 are paired by a shared real constant set. The contact elements overlay the

solid element to consider the boundary of a deformable body as shown in Figure 9-3.

Surface-to-Surface
| \ J Contact Element

CONTA173 or CONTA174

Figure 9-3 Geometric properties of TARGA170 and CONTA173 (ANSYS 2010)
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CONTA173 placed on the surfaces of 3-D solid represents contact and sliding between
3-D target surfaces and a deformable surface. Figure 9-3 depicts the geometry, node

locations, and the coordinate system of TARGA170 and CONTA173 elements.

CONTA173 surface penetrates TARGE170 element on a specified target surface to
produce contact. Coulomb friction, shear stress friction, and user defined friction
utilising subroutine are possible to model. Moreover, CONTA173 enables separation of

bonded contact to model delamination.

9.7 CONSTITUTIVE RELATIONS AND MATERIAL PROPERTIES

Different material properties such as linear or non-linear, isotropic or orthotropic, and
constant or temperature dependent can be adapted to model material behaviour in
ANSYS. The material models of each component in the TCC specimen were defined
utilising material properties of composite components as reported in Chapter 4 ( Tables
4-3:4-6). In this Section, the constitutive relations and material properties of TCC

models are given.
9.7.1 Timber

Mechanical properties of wood are complex and this is attributed to the variable

behaviour with direction, time, temperature, moisture or loading rate (Mackerle 2005).

Wood is an anisotropic material and under appropriate conditions, is assumed to be an
orthotropic material in FEM which consists of three planes of symmetry defined by
longitudinal, radial and tangential directions. Wood contains natural defects in the form
of irregular grains and knots which lead to high variation in its material properties

(Mackerle 2005).

An orthotropic behaviour was adopted to model the timber using criterion reported by
Hill (1948) which is associated with an isotropic work hardening utilising different
plasticity stresses in three x, y and z directions of the material. Hill criterion is produced
utilising the von Mises yield criterion to consider the anisotropy of the material (Dias
2005). Each direction of an orthotropic material exhibits its own properties which are

different from the others in tension and compression.

Equations (9-5):(9-7) reported by Dias (2005) and Flores et al. (2007) were used to
calculate the plastic properties of the timber model in other directions rather than the

grain direction as listed in Table 9-4.
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The material properties of timber in the radial and tangential directions were assumed to
be identical. The tensile and compressive behaviours of timber were assumed to be

identical to reduce the number of different properties.

o, O,

x =22 -0.19 (9-5)
Gy o-)’
T = Ty = 0.38 0, (9-6)
5.=0.0380, 9-7)

The behaviour of timber is relatively plastic and can thus be reasonably approximated
by an elasto-plastic law with hardening whereas in tension it exhibits a brittle
behaviour. An elasto-plastic constitutive model was used to model the timber

component of TCC connections.

Figure 9-4 illustrates the bi-linear stress—strain diagram of timber in compression. The
initial slope of the stress—strain diagram represents the MOE of material in x, y and z
directions. The second slope of the stress—strain diagram after reaching yield stress, f;

indicates the tangent modulus.

The material properties of timber reported in Chapter 4 were adopted to obtain linear
orthotropic and plastic properties of the timber as listed in Tables 9-3 and 9-4,

respectively.

S

Sy

Ev Eu £

Figure 9-4 Constitutive model utilised for timber in compression
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Table 9-3 Linear orthotropic properties of the timber (LVL)

Elastic parameters Value
Elastic modulus in the tangential direction, £x(MPa) 1400
Elastic modulus in the longitudinal direction, E,(MPa) 14000
Elastic modulus in the radial direction, £,(MPa) 1400
Shear modulus in the xy plane, Gy, (MPa) 700
Shear modulus in the yz plane, Gy,(MPa) 700
Shear modulus in the xz plane, G,,(MPa) 700
Poisson’s ratio in the xy plane, vyy 0.013
Poisson’s ratio in the yz plane, vy, 0.013
Poisson’s ratio in the xz plane, vy, 0.23

Table 9-4 Plastic properties of the timber (LVL)

Elastic parameters Value(MPa)
Yield stresses (tensile and compressive) in the x direction, oy 10.2
Yield stresses (tensile and compressive) in the y direction, oy 534
Yield stresses (tensile and compressive) in the z direction, o, 10.2
Tangent moduli (tensile and compressive) in the x direction, Eqx 2.05
Tangent moduli (tensile and compressive) in the y direction, £, 140.0
Tangent moduli (tensile and compressive) in the z direction, £, 2.05
Shear yield stress in the xy plane, 7y, 20.3
Shear yield stress in the yz plane, zy, 2.03
Shear yield stress in the xz plane, 74, 20.3
Tangent modulus (shear) corresponding to the xy plane, Gtxy 12.0
Tangent modulus (shear) corresponding to the yz plane, Gtyz 0.012
Tangent modulus (shear) corresponding to the xz plane, Gtxz 12
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9.7.2 Steel

A linear-elastic isotropic material was assumed to model a steel fastener in numerical
simulations. A bi-linear curve with isotropic work hardening and von Mises yield

criterion was used to simulate steel shear connectors.

Figure 9-5 illustrates the bilinear stress—strain curve assumed. The isotropic behaviour

of steel fasteners was characterised utilising the values listed in Table 9-5.

>

Ey Eu &
Figure 9-5 Constitutive model utilised for steel fastener

Due to the complexity of screw geometry, the screw was modelled as a cylindrical rod
with frictional contact which was presumed to model the interaction of the threaded part
of the screw and timber. Rigid deformation of the screw in concrete and the

interlocking of its head were modelled by bonded contact between concrete and screw.

Table 9-5 Steel fastener ptoperties

Mean mechanical property Wood 17 screw ~ Medium coach Large coach
Modulus of Elasticity, £ (MPa) 210000 210000 210000
Yield stress, ¢ (MPa) 700 300 300
Tangent modulus, £t (MPa) 7600 5000 5000
Poisson’s ratio, U 0.3 0.3 0.3
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9.7.3 Concrete

A multi-linear constitutive model with isotropic hardening proposed by Eurocode 2 (EN

2004a) was used to model the concrete slab as given in:

2
o=, kn—n,for O<e<eg, (9-8)
1+(k—-2)n
where,
&
nzjfcm — (9_9)
cl
031
£,=0.71, "' <2.8 (9-10)
1.1E
k: cm gcl (9_1 1)
Jom

And fcm and E. , are mean compressive strength and MOE of concrete, respectively.

Figure 9-6 shows the constitutive model (in compression) adopted for a conventional

concrete slab of TCC connections.

The adopted model was similar to the graphs obtained from the uni-axial compressive

test of 100x200mm concrete cylinders as reported in Appendix A.

9] A
/ c,m —

0.4f e

f Il‘un

& Ecu £

Figure 9-6 Constitutive model utilised for conventional concrete
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The concrete model developed by Willam and Warnke (1975), available in the ANSYS

library was selected to model nonlinear behaviour of the concrete.

Based on the work carried out by Kotinda (2004), the values of 0.2 and 0.6 were used
for the shear transfer coefficient of open and closed cracks, respectively. Uniaxial

tensile cracking stress was approximated as 10% of the compressive strength of

concrete Kotinda (2004).

This model simulates the tensile cracking of concrete subjected to tensile stresses. The
crushing capability of concrete is ignored utilising a uniaxial crushing stress constant of
-1. Hence, exceeding the uniaxial tensile ultimate strength, f; leads to cracking of the
concrete (Miotto et al. 2012). There is no need to define some parameters of Table 9-6

as ANSYS can use its default values.

The material properties of conventional concrete such as MOE and uniaxial tensile
cracking stress, reported in Chapter 4 (Table 4-3) were used as input parameters of the
model. Table 9-6 lists the coefficients and strength input parameters of the concrete

model used in the simulations.

Table 9-6 Coefficients and strength properties of the concrete used in the model

Parameters Value
Mean modulus of elasticity, Emean 33239MPa
Poisson’s ratio, v 0.2
Shear transfer coefficient for an open crack 0.2
Shear transfer coefficient for a closed crack 0.6
Uniaxial tensile cracking stress, f; 3.39MPa
Uniaxial crushing stress, f. -1
Biaxial crushing stress, fcp 1.2 f.
Ambient hydrostatic stress state, o™y default
Biaxial crushing stress under the ambient hydrostatic stress state, f; 1.45 f.
Uniaxial crushing stress under the ambient hydrostatic stress state, f 1.75 f.
Stiffness multiplier for cracked tensile condition default
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9.8 FINITE ELEMENT MESH DEFINITION

Due to the slender screw hole inside the concrete and timber components in TCC
connections utilising screw connector, it was not possible to use mapped brick mesh.
Hence, in the case of complex geometry particularly in TCC connections utilising screw
connector, a free mesh was employed. Some adjustments in the shapes and dimensions
of the finite elements were carried out to consider the influence of the hole in the
geometry of connections. The mesh for each model is illustrated in the results and

discussion Section.

9.9 CONDITIONS OF SYMMETRY, SUPPORTS AND LOADING

The stability of the model during loading was obtained by considering two types of

boundary conditions (i) symmetry conditions and (ii) support, as shown in Figure 9-7.

In order to save computation time, the symmetry of TCC specimen was considered and
only half of the geometry of the specimen used in the experiment was modelled as

depicted in Figure 9-7a.

The nodes of the elements used consist of three degrees of freedom corresponding to the
translations in the x, y and z directions. The support conditions of experimental push-out
test were adopted in the numerical model as illustrated in Figure 9-7b. Hence, the
displacement constraint in the perpendicular to the grain direction was applied to the
nodes at the back of the concrete slab whilst the nodes at the bottom of the concrete slab

were fixed to all degrees of freedom which include translations in x, y and z directions.

ii
| >, i
! > >
:] o —
| e

(a) . >’ " (b)

a ; A

| | o YO

Figure 9-7 (a) Symmetry in plan and section and (b) support condition of TCC models
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9.10 CHARACTERISTICS OF CONTACT ELEMENT

ANSYS can analyse the most complex assemblies including nonlinear contact to
determine stresses, temperatures, displacements and contact pressure distributions on all
component and assembly designs by the most comprehensive set of solvers available
(Kim et al. 2007). ANSYS can model surface-to-surface contact and frictional sliding
using contact elements which use Lagrange multiplier, penalty function and direct

constraint approaches (ANSYS 2009; Kim et al. 2007).

The contact surfaces between timber, concrete and steel fastener were defined utilising
TARGEI180 and CONTA173 elements available in the ANSYS library. The stiffness
between target and contact surfaces was defined utilising different parameters including

contact stiffness factor (FKN, FKT) and allowable penetration (FTOLN)).

Normal contact stiffness, FKN controls the depth of penetration and the distance
between target and contact surfaces which has a considerable influence on convergence
of the model. The value entered for the parameter FKN, in this case, was equal to 1.0
(default ANSYS) for the models. The contact stiffness factor, FKN was found to affect
the initial stiffness of the load-slip response of the models. ANSYS automatically
defines tangential contact stiffness, FKT which depends upon the coefficient of friction
and the normal stiffness, FKN. Allowable penetration, FTOLN indicates the status of
the contact, open or closed. For example a contact with minimum penetration value is
considered closed. The value adopted for the FTOLN parameter was 0.1 (ANSYS

default) for most of the models.

A model calibration was carried out to set contact parameters such as friction coefficient
of the contact surfaces of timber joist—concrete slab, concrete slab-steel fastener and
timber joist-steel fastener. It was found that the frictional contact between the screw and
the timber in TCC models has no significant influence on the linear elastic behaviour
whereas, it has a considerable impact on the convergence of the FE models and its
nonlinear part of response and this finding agrees with previous research of timber-

timber connection such as Nishiyama et al. (2003).

Based on previous investigations such as Molina (2008) and Miotto (2009), the
coefficient of friction values between timber-concrete, timber-steel and steel-concrete
for most of the models were selected to be 0.1, 0.6 and 0.5, respectively which led to

convergence of the models and also a good agreement with experimental results.
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9.11 MODEL VERIFICATION

The model was validated comparing load-slip responses of experimental and numerical
results. Moreover strength, serviceability stiffness and failure mode of models were
verified utilising experimental results and observation as reported in Chapters 5 and 10

and Appendix B.

In order to capture the non-linear load-slip response of TCC connections, a
displacement was applied in place of the external load by load jack in the experiment.
The applied load was measured by summation of reaction forces in each node placed at
the bottom face of the concrete slab. The applied load was reported versus the
displacement at the interface of timber and concrete components close to the shear
connection. The geometry of the verified model can be modified for parametric study of
changes in end distance, edge distance, member thickness, screw diameter, screw length

and number of screws.

9.12 RESULTS AND DISCUSSION

The TCC connection models include single and multiple slender wood screws (WS) and
inclined medium size coach screws. The modelling approach can be applied to TCC
connections other than simple screws such as epoxy glue and epoxy glue with coach
screw connections. The load-slip response of each connection model was compared to
that of the experimental test. The deformation pattern provides information on the

location and amount of the maximum slip between composite components.

The stress pattern in timber as an orthotropic material is defined utilising six
components of stress such as normal stresses oy, gy, o, and shear ones oy, 0y, and o,.
In TCC connections models, the connection is only subjected to vertical force parallel to
the grain direction. Hence, the normal stress graphs, parallel to the grain direction were
plotted to provide information on the possible location of stress concentrations and

failures in the TCC connections.

The serviceability slip modulus, K representing the resistance to the relative
displacement between the timber joist and the concrete slab in push-out test was used to
verify the stiffness of the numerical model which is calculated by:
K = 04F_ .. (9-12)

s g

5(”40 _Ulo)
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where, Fen 1S the mean experimental strength and

vao and vjy are the slip

corresponding to 40% and 10% Fiyean of numerical load-slip response.

9.12.1 Single and multiple wood screws

The experimental tests of TCC connections series connected by single and four 100mm
long wood screws with screw spacing of 50, 100 and 150mm were selected to verify the
single and multiple screw models. The geometry of TCC connection specimens utilising

10. The mesh used in the

single and multiple wood screws are discussed in Chapter

FEM models of single and multiple screws are illustrated in Figures 9-8:9-11. Figures
9-8:9-11 compare the number of elements around each screw and between screws for

single and multiple screw series utilising four screws spaced at 50, 100 and 150mm,

respectively.
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Figure 9-9 Mesh of four wood screw model spaced at 50mm
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Figure 9-10 Mesh of four wood screw model spaced at 100mm
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Figure 9-11 Mesh of four wood screw model spaced at 150mm

Figures 9-12:9-15 plot the numerical and experimental load-slip responses of single and
multiple wood screw series. In the screw connection series, the screws were subjected to
direct shear force and bending moment resulted from embedding behaviour of timber
due to relative slip of composite members. The axial withdrawal force in screws is

caused by the frictional contact condition between timber-screw and concrete-screw.

The model was processed considering the materials’ nonlinear behaviour and the result
was in good agreement with experimental results, particularly in the elastic-linear
behaviour of materials. However, slight overestimations were observed in the post-
elastic regions of the numerical models compared to experimental responses as depicted
in Figures 9-12:9-15 where materials experience plastic deformation. This deviation
might be attributed to the fact of variation in parameters such as the screw geometry,
material properties of timber, screws and concrete influence the load-slip curve of the
TCC connection. Thus, slight inaccuracy in FE models and variation in experimental

properties influence load-slip response of numerical and experimental results.
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Load (kN)
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Figure 9-12 Experimental (black) and FEM (red) results of single wood screw test series

Load (kN)

0 1 2 3 4 Slip fmm) 6 7 8 9 10

Figure 9-13 Experimental (black) and FEM (red) results of 4 WS-50mm test series

7 8 9 10

0 1 2 3

4 Slip ?mm) 6
Figure 9-14 Experimental (black) and FEM (red) results of 4 WS-100mm test series
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Figure 9-15 Experimental (black) and FEM (red) results of 4 WS-150mm test series

The strength of the numerical model for single and multiple wood screw series confirms

a fairly good agreement with experimental results, shown by a difference of -3.5 to

20.2% between the experimental and numerical strength.

Figures 9-16:9-23 illustrate the numerical and experimental ultimate displacement and

normal stress in loading direction of single and multiple wood screw series. The stress

distribution within different types of TCC connections at the end of the simulation, that

is under ultimate vertical displacement are depicted in the stress diagrams. The ultimate

failure of numerical models in single and multiple wood screw series indicates a similar

failure pattern to experimental failure mode where a combination of crushing in timber

and concrete due to flexural deformation of the screws and formation of plastic hinges

in the screws were observed as illustrated in Figures 9-16:9-23.
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Figure 9-16 (a) FEM displacement in y direction and (b) failure of single wood screw
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Figure 9-17 Normal stress in y direction at last sub-step of single wood screw model
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Figure 9-18 (a) FEM displacement in y direction and (b) exp. failure of 4 WS 50mm
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Figure 9-19 Normal stress in y direction at last sub-step of 4 WS 50mm model
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Figure 9-20 (a) FEM displacement in y direction and (b) exp. failure of 4 WS 100mm
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Figure 9-21 Normal stress in y direction at last sub-step of 4 WS 100mm model
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Figure 9-22 (a) FEM displacement in y direction and (b) exp. failure of 4 WS 150mm
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Figure 9-23 Normal stress in y direction at last sub-step of 4 WS 150mm model

The stress concentration in the vicinity of the screw holes at the interface of timber and
concrete agrees with localised crushing of timber and concrete around the screws in the
experimental series. The LVL joists under the load jack experienced the highest
compressive stress parallel to the grain close to its average compressive strength

(53.4MPa) as plotted in Figures 9-16:9-23.

Figure 9-24 illustrates the contact condition such as far open (no contact), near contact,
sliding (no separation) and sticking (full contact) in the ultimate load step of different
series utilising single and four wood screws at 50, 100 and 150mm. The near contact
and far open contact between timber and concrete in numerical simulation agree with
experimental observations of contact surface at failure whilst a sticking contact between

concrete and screw condition shows the rigid motion of a screw clamped by concrete.

17 2014
19327300

Farlpen MearContact Sliding Sticking

Figure 9-24 Contact condition in (a)single and four screws at (b)50, (¢)100 and (d) 150
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9.12.2 Inclined coach screw

The model of a single coach screw inclined at 45° was verified by the experimental
results of CC coach at 45° series. The geometry of the coach screw and TCC connection
specimens are discussed in Chapter 4. The mesh used in the FE model of inclined coach
screw is illustrated in Figure 9-25. Figure 9-26 plots the numerical and experimental

load-slip responses of TCC connection utilising an inclined coach screw.
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Figure 9-25 Mesh of 45° inclined coach screw TCC connection model

Figure 9-26 illustrates a relatively good agreement between the numerical and
experimental results of the inclined coach screw series. However, slight underestimation
was observed in both linear and post-elastic regions of the FE model compared to the
experimental results (Figure 9-26). The numerical model of inclined coach screw TCC

connection has a similar strength compared to that of the experimental series.
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Figure 9-26 Experimental and FEM results of inclined coach screw test series
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Figures 9-27 and 9-28 illustrate the numerical and experimental ultimate displacement

and normal stress in loading direction of inclined coach TCC connection series.

The ultimate failure for numerical models of inclined coach screw as yielding of screw
in tension agrees with experimental failure where coach screws failed in a combination
of shear and tension at the TCC interface with no signs of a plastic hinge as shown in
Figure 9-27. The screw in numerical model undergoes high levels of stress at the
interface of timber and concrete reaching a 400-500MPa stress peak; hence its necking

and yielding is evident as depicted in Figure 9-27a.

The stress concentration in the vicinity of the screw hole at the interface of timber and
concrete agrees with localised crushing of timber and concrete around the screws in the

experimental series as shown in Figure 9-28.
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Figure 9-27 FEM displacement in x direction and (b) failure of inclined coach screw
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Figure 9-28 Normal stress in x direction at last sub-step of inclined coach screw model
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Figure 9-29 Contact condition of inclined coach TCC connection

Figure 9-29 illustrates the contact condition in ultimate load step of inclined coach TCC
connection series. The sliding condition of timber-concrete and timber-screw pairs and

also rigid bond of screw-concrete pairs follow the experimental observations.
9.12.3 Glue and glue in combination with normal coach screw

The modelling approach can be applied to connections other than simple screws only

for example epoxy glue and epoxy glue reinforced with normal coach screw.

The experimental test of epoxy glue with and without a vertical 12mm diameter coach

screw carried out by Shrestha et al. (2012) was selected to verify the model.

A set of ten connection samples comprised of a 450x200x45 LVL joist and a
450x300x75 concrete slab were tested to failure utilising push-out test. Five of the
specimens (epoxy glue series) had concrete slab and LVL joist bonded together using
epoxy glue only whilst for the remaining five specimens (epoxy glue with coach series),
a 12mm diameter and 200mm long coach screw were subsequently installed through a
pre-drilled hole in the concrete slab and into the joist following the application of the

epoxy glue as illustrated in Figure 9-30.

The mesh used in the FE model of epoxy glue and epoxy glue combined with coach
TCC connections are shown in Figure 9-31. The glued interface was modelled utilising

always bonded contact type.
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Figure 9-30 Geometry of epoxy glue TCC connection combined with coach screw
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Figure 9-31 Mesh of (a) glue TCC connection and (b) coach screw and glue models

Figures 9-32 and 9-33 plot the numerical and experimental load-slip of TCC connection

utilising epoxy glue and epoxy glue combined with coach screw, respectively.
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Figure 9-32 Experimental and FEM results of glued connection test series
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Figure 9-33 Experimental and FEM results of glued 12mm coach screws series

The numerical load-slip graphs were in good agreement with the elastic-linear part of
the experimental results for the load level up to 40kN and 70kN for epoxy glue only and
epoxy glue reinforced with coach screw, respectively as depicted in Figures 9-32 and
9-33. However, the models were not able to determine the non-linear post-elastic

regions and ultimate strength of the experimental test series.

The linear elastic behaviour of the connections was observed for a significant portion of
the load-slip curve. Hence, utilising the strengths of both materials, epoxy bonded
connections with and without coach screw are effective in obtaining significant
improvements in composite action between concrete and timber. By combining epoxy
glue with a anchor results showed increased strength and stiffness compared to the

epoxy glue alone series, but the only drawback was that the holes had to be pre-drilled.

The strength and stiffness results of epoxy glue series with and without coach screw
show that connections with high strength and stiffness, comparable to that of notch type
connections or continuous steel plate, were achieved by using epoxy glue for bonding
timber and concrete. By combining epoxy glue with a mechanical anchor, results

showed increased strength and stiffness compared to the epoxy glue only series.

Epoxy glue connections are advantageous and effective, especially for use in pre-
fabricated TCCs, where a pre-cast concrete slab can be bonded to a timber joist. Figures
9-34:9-37 illustrate the numerical and experimental ultimate displacement and normal
stress in the loading direction of TCC connection utilising epoxy glue only and epoxy

glue reinforced with coach screw.
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Figure 9-34 (a) FEM displacement in y direction and (b) exp. failure of epoxy glue
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Figure 9-37 Normal stress in y direction of epoxy glue combined with coach screw

Experimental failure modes for all connections with epoxy glue only (epoxy series)
were similar, characterised by sudden and brittle failure. The failure in all connections
was located either in concrete or in LVL. The chunks of concrete attached to the LVL
joist and LVL attached to concrete slab is depicted in Figure 9-34b. Considering a
53.4MPa average compressive strength parallel to the grain of the timber used in the
TCC connection model, it is concluded that the failure of numerical models occurred on
top of the timber joist in the place of the load jack where the compressive stress parallel

to the grain reached a value of 53.4MPa as illustrated in Figures 9-35 and 9-37.

The epoxy bonded connections with coach screw (epoxy glue with coach screw series)
facilitated in maintaining a good bond between timber and concrete as the experimental
failure mode was governed by the strength of the LVL joist. Adding coach screw to the
epoxy bonded connection delayed the failure of the connection, as well as avoiding
brittle failure of epoxy glued connections and the connections still had some load
carrying capacity following the peak load. The LVL joist failed in shear and split away
from the bond surface as depicted in Figure 9-36b. Similar to the epoxy glue connection
model, the epoxy bonded with coach screw model exhibited no failure in the bond
interface and the coach screw remained perfectly glued to the LVL joist. Slight stress
concentration around the screw at the interface of timber and concrete was observed in

the numerical model of epoxy glue with coach screw series as shown in Figure 9-37.
9.12.4 Stiffness verification of the numerical models

Table 9-7 compares the mean experimental and numerical slip modulus of the

connections that were modelled.
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Table 9-7 Comparison of experimental and numerical serviceability slip modulus

Experimental Numerical
Series Error (%)
Kier (kN/mm) CoV(%) Kger (KN/mm)

single wood screw 12.3 35.7 4.8 60.9
4WS spaced at 50mm 13.0 13.5 15.4 18.5
4WS spaced at 100mm 14.9 8.8 15.8 6.0
4WS spaced at 150mm 14.3 18.7 16.7 16.8

Inclined coach screw 31.1 11.5 26.5 -15.9
Epoxy glue 250.3 45.0 291.4 16.4

Epoxy glue and coach screw 346.3 29.0 218.7 -36.8

The comparison of numerical and experimental stiffness for the modelled TCC
connections exhibits a relatively good agreement between numerical and experimental
results. However, for two models of epoxy glue combined with coach screw and single
wood screw, there are relatively high differences between experimental and numerical
serviceability stiffness. This can be attributed to the high variation of the stiffness

results in these experimental series.

9.13 CONCLUSION

This Chapter presents a non-linear three-dimensional FE model using flexible contact
element pairs to simulate the experimental tests of TCC connections reported in

Chapters 5 and 10 utilising the software ANSY'S, versions 14.5 and 15.0.

The modelled connections included single and multiple four wood screws with three
different spacing of 50, 100 and 150mm. Moreover, a single medium size coach screw

inclined at +45° to the horizontal face was simulated.

The numerical results of FEM simulations of different connector types in terms of
strength, stiffness and failure behaviour were validated by experimental results obtained

from push-out test as explained in Chapters 5 and 10.

The comparison of the load-slip responses, stiffness and strength of single and multiple
wood screw models confirms that the numerical models are reasonably accurate to
simulate TCC connections, particularly in the elastic-linear behaviour of materials.

However, for two models of epoxy glue combined with coach screw and single wood
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screw, there are relatively high differences between experimental and numerical
serviceability stiffness. Moreover, minor overestimations were observed in the post-

elastic regions of numerical models compared to those of experimental responses.

The load-slip response of the medium size coach screw inclined at 45° demonstrates the
ability to simulate experimental response of inclined screws. However, slight
underestimation was seen in both linear and post-elastic regions of the FE model

compared to the experimental response.

The modelling approach can be applied to connections other than simple screws only
such as epoxy glue and epoxy glue reinforced with normal coach screw. The numerical
load-slip graphs of epoxy glue connections with and without coach screw were in good
agreement with the elastic-linear part of the experimental results obtained from
literature. However, the models were not able to determine the non-linear post-elastic

regions and ultimate strength of experimental test series.

The findings of the Chapter demonstrates that by using the numerical model, the
behaviour of TCC connections can be accurately modelled and can therefore be used for
parametric study of changes in end distance, edge distance, member thickness, screw

diameter, screw length and number of screws.
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10 EFFECT OF SCREW SPACING ON SHEAR
CONNECTIONS PROPERTIES

10.1 INTRODUCTION

In the case of multiple fastener timber composite connections, end and edge distances of
connections, spacing and number of fastener and different possible failure modes add to
the complexity of timber composite connections. The effect of fastener spacing, number
of fasteners, and end and edge distances of fasteners on mechanical properties of TCC

connections utilising multiple fasteners has not been yet well investigated.

The load capacity of multiple-fastener connections per fastener is less than that of single
fastener connections. The so-called ‘‘group effects’” of multiple fastener on the strength
of connections is discussed in various codes and standards by an effective number of
fastener, n.r smaller than the number of fastener, n. This Chapter represents the effective
number of fasteners in different codes and verifies the proposed effective number by the

experimental data of push-out test.

The experimental aspect of this Chapter consists of push-out tests on TCC connections
utilising single and multiple wood screws (WS) to study the effect of the screws spacing
on stiffness, strength, ductility and failure mode of TCC connections. Four different
types of specimens were fabricated using single and four wood screws (4WS) spaced at
50, 100 and 150mm. The strength and stiffness of the test series was analysed and the
results were compared to the available group effect models for timber-timber composite
connections for their practical application in the design of TCC. The failure modes

observed was also compared between the specimens.
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10.2 MULTIPLE-FASTENER CONNECTION

The mechanical properties of multiple fastener timber composite connections including
stiffness, strength, ductility, stress distribution and failure modes depend on various
parameters including wood species, fastener properties, geometry of composite
components, end and edge distances of connections, spacing and number of fasteners,
concrete properties if present, fastener/hole clearances, friction and loading

configuration (Gattesco et al. 2004; Santos et al. 2010).

The available analytical models of load carrying capacity of timber composite
connections for example the European yield model (EYM) evaluate the capacity of

single fastener connections as discussed in Chapter 8.

To study the mechanical properties of multiple fasteners timber composite connections
which are vertically inserted in a row parallel to the loading direction, the available

analytical models of single fastener need to be extended to the multiple fasteners.

Generally the failure modes of a multiple-fastener timber composite connection is

categorised into three categories of ductile, low ductile and brittle failures.

The low ductile failure is showed by plastic deformation for example the bearing failure
in timber beneath the fastener whilst the formation of plastic hinges in the fastener
represents the ductile failure. The brittle failures always occurs in the timber
components are such as net tension, group tear-out, plug shear and splitting which are

associated with rigid body motion of the fasteners (Figure 10-1) (Quenneville 2009).

N N |
111

T | 1 | T

(a) Embedment  (b) Plug shear  (c) Splitting  (d) Tension  (e) Group tear out

Figure 10-1 Failure modes for bolted connections (after Jorissen (1998))
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In contrast to the ductile failure which is studied in the literature, the brittle failure
modes are not well investigated. The ductile failure modes of timber connections are

discussed by Johansen (1949) and European yield model (EYM) as given in Chapter 8.

10.3 GROUP EFFECT OF THE MULTIPLE FASTENERS

In an optimal multiple connection, the load carrying capacity of the timber connection is
equal to the sum of the load carrying capacity of each single fastener. However, the
strength of multiple fasteners timber composite connections is generally not equal to the
strength of single fastener timber connection multiplied by the number of fastener due

to unequal load distribution among the fasteners (Gattesco et al. 2004).

Such reduction in load carrying capacity depends on different parameters such as
number of fasteners, fastener spacing, end and edge distances, dimensions of the
composite members, the material properties of wood species, the construction
tolerances, the load-slip characteristics of single fastener (Moss 1997a). Moreover,
splitting of timber and/or softening of timber following complicated stress distribution
around the fastener decrease the load carrying capacity of the multiple connections

compared to that of the single fastener timber connection (Jorissen 1998).

Previous investigations indicate that using an adequate spacing and consequently
longer connections, the reduction of load carrying capacity may be neglected. The
literature indicates that the fastener spacing has a significant influence on the load
carrying capacity of the fasteners whilst an adequate spacing minimises such negative
implication. In practical application, sometimes the shorter spacing and consequently
shorter connection is preferred which lowers the load carrying capacity, hence a larger

number of fasteners is required to compensate for it (Gehri 2009).

Smaller spacing may lead to splitting of timber. Hence, in the case of multiple fastener
connection, some codes such as Eurocode 5 propose minimum fastener dimensions,
spacing and edge and end distances to avoid overstressing of composite components

and to maximise the capacity of a fastener with a more ductile failure (Dias et al. 2011).

This reduction in load carrying capacity of multiple screw connections is stated in
different design codes e.g. Eurocode 5, DIN1052 (2004), CSA086-01 (2001) and NDS
(1997) by introducing a reduction factor as the effective number of fasteners, n.s which
is smaller than the number of fasteners, n. Hence, the effective load carrying capacity of

one row of fasteners which are loaded parallel to the grain is approximated by:
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(10-1)

where, Fruiiple 1s the load carrying capacity of the multiple fasteners where Fiingle
represents the characteristic load carrying capacity of a single fastener. In this Section,
different equations proposed by various codes for approximation of the effective

number of fasteners in multiple-fastener timber composite connections are introduced.

It is noted that the ductility of connection as a contributor to safety is not reflected in the

standards. The fastener spacing may influence the ductility of connection (Gehri 2009).

10.3.1 Eurocode 5

Based on the experimental investigation by Jorissen (1998), Eurocode 5 (EN 2004b)
approximates the effective number, n.s for dowel-type fasteners with the diameter d less

than 6mm for one row of fasteners which is loaded parallel to the grain as:

= min (10-2)

where, nerand n are the effective number of fasteners in the row and number of fasteners
in the row respectively where a; is the spacing of the fasteners. Moreover, Eurocode 5
approximates the load carrying capacity of dowel-type fasteners which are loaded

parallel to the grain with the outer thread diameter, d greater than or equal to 6mm by:

n,=min (10-3)

1 4 a,

13d

where, ner and n are the effective and actual number of fasteners in the row while a; is

the fastener spacing.
10.3.2 Germany code DIN1052 (2004)

DIN1052 (2004) proposes the same equation of Eurocode 5 but instead of 13d a value
of 10d is replaced as:

a, (10-4)
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where, noes and n are the effective number of fasteners in the row and number of

fasteners in the row respectively where a; is the fastener spacing.

10.3.3 Australian Standards AS1720.1 (2010)

AS1720.1 (2010) calculates the design capacity, Ny ; for lateral loading in a single shear

plane timber connection consisting of n screws by:
Ny =m0, (10-5)

where, @ is the capacity factor equal to 0.95 and » indicates the total number of screws
whilst O represents the characteristic capacity of screw given as a function of shank

diameter of fastener (O is 4kN for wood screw with shank diameter of 5.1mm).
10.3.4 Canadian Standard Association CSA086-01 (2001)

CSA086-01 (2001) estimates the effective number of fastener, n. in a row in

compliance with the experimental research carried out by Smith (1994) by:

nef:O.Q’Sﬂ(é)O.S (%)0.2 n0.7 (10'6)

where, # is the thickness of the timber member and the coefficient f is considered to be 1
for a single row of fastener whilst the values of 0.8 and 0.6 are proposed for two and

three rows of fasteners, respectively.
10.3.5 The National Design Specification for wood construction, US NDS (1997)

NDS (1997) gives an equation represented by Zahn (1991) to consider the group effect
of fasteners taking into account the deformability of timber and fastener, the stiffness of

fastener, modulus of elasticity and cross sectional area of timber and steel as:

1-m™ 1+
=) (10-7)
(I+rm” H(A+m)-1+m™" 1-m
where,
Etl Atl
. |E, A
r=min{ 212 10-8
EtZ At2 ( )
Etl Atl
m=u-vu’-1 (10-9)
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where, Ey, Au, En, Ap are MOE and the sectional area of main and side timber
members, respectively and K is the stiffness of the single fastener connection. It is noted
that n and a; represent the number and the spacing for fasteners. Zahn (1991)
approximates the stiffness of the single fastener timber-timber connections which was

adopted by Forest et al. (1997) by:
K=246 d" (10-11)

where, d is the outer thread diameter of the fastener. The linear elastic response is

assumed for composite connections.

Figure 10-2 plots graphs of the effective number of fastener given by different standards

associated with the material properties of different series utilising wood screw.

The effective number of fasteners depends on the number of fasteners which takes into
account uneven distribution of load along fasteners and the fastener spacing, a; which
considers the influence of spacing on the splitting strength of timber. The effect of
fastener spacing, a; on the load carrying capacity of timber composite connections is

neglected by increasing the spacing, a; to 13d or 14d as neebecomes 1.

—_
N

—
—

Eurocode 5 spacing 50mm

(=]

Eurocode 5 spacing 100mm
Eurocode 5 spacing 150mm
DIN 1052 spacing 50mm

DIN 1052 spacing 100mm

© - DIN 1052 spacing 150mm

=k - CSA 862001 spacing 50mm

n effective number of fastener

N W R LY 0 O

-4+ CSA 862001 spacing 100mm

—®=— CSA 86 2001 spacing 150mm

1 2 3 4 5 6 7 &8 9 10 11 12
n=number of fastener in load direction parallel to the grain

Figure 10-2 Effective number of fasteners proposed by different codes
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Strength in both single and multiple-fastener connections is obtained by sufficient
spacing, end and edge distances, as given by different codes. Table 10-1 tabulates the
minimum spacing, edge and end distances for screws given by different codes in terms

of the shank or outer thread diameter of fastener for timber composite connections.

Table 10-1 Minimum spacing and edge and end distances of screw (d is outer diameter)

Spacing or AS DIN

end/edge distance  1720.1:2010 Eurocode 5 1052:2004 CSA86:2001
a, , fastener spacing in
A Tow 10dpanis 5d 5d 4d
a, fastener spacing 34 4d 34 2d
between rows shanks
as End distanceina 4, max(7d,80) max(7d,80) max(7d,50)

row (loaded end)

as . End distance in a
row (unloaded end) 10dshanks max(4d,40) 3d _

4d for d<8mm

as;, Edge distance in a i
row (loaded edge) Sdshanks 4Omrr31§(}g§r;;rllgi<11110mm 3d

as ¢ Edge distance in a

row (unloaded edge) S5dshanks - 3d i

10.4 STIFFNESS OF MULTIPLE SCREW CONNECTION

There is a gap of knowledge in the literature to explain the effect of spacing on the
stiffness of the multiple-fastener timber connections. Moreover, no obvious trend is
observed in the experimental results to explain the effect of the number of screws on
stiffness of multiple-screw timber composite connections compared to single screw
connections. The stiffness of multiple-fastener connections is much lower than the

stiffness of the single fastener connection multiplied by the number of fasteners.

10.5 PUSH-OUT TEST

The push-out tests were undertaken on TCC samples connected by single and multiple
wood screws with different fastener spacing to determine load-slip, slip moduli, load
capacity, ductility and failure modes. A total of eighteen specimens including nine
samples of multiple-screw series, three per each series with different screw spacing of
50, 100 and 150mm were fabricated for the push-out tests. The results of multiple screw
series were compared to the similar single wood screw series reported by Khorsandnia

et al. (2012). The geometry of the different series is shown in Figures 10-3:10-6.
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Figure 10-3 Single WS specimen: (a) cross-section, (b) plan view (in mm)
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Figure 10-4 4WS spaced at 50mm specimen: (a) cross-section, (b) plan view (in mm)
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Figure 10-5 4WS spaced at 100mm specimen: (a) cross-section, (b) plan view (in mm)
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Figure 10-6 4WS spaced at 150mm specimen: (a) cross-section, (b) plan view (in mm)

Due to availability and lower cost, labour requirement and time for fabrication, wood

screw were selected as shear connections in the experiment.

As tabulated in Table 10-1, AS1720.1 (2010) proposes that the minimum screw spacing
in a row parallel to the loading is 10ds.x - Hence, a wood screw with the shank
diameter of 5.2 requires a minimum of 50mm spacing. The spacing should be more
than 50mm, thus three different spacings of 50, 100 and 150mm were selected to study

the effect of fastener spacing on the mechanical properties of TCC connections.

The testing machine limits the length of the LVL joist to be 850mm which can include a

maximum of four wood screws spaced at 150mm and it agrees with the literature such
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as Soltis et al. (1987) which reviews many other experimental investigations on the

effect of spacing in timber connections employing four screws.

Since this investigation aims only to study the effect of spacing on the mechanical
properties of TCC connections, other parameters such as timber joist, screw type and
concrete batch are considered to be identical in different test series. The conventional
concrete was used for the concrete slab. The material properties of hySPAN LVL and
wood screw and the mix design and fresh and hardened properties of concrete and were

reported in Chapter 4. The push-out test methodology was given in Chapter 5.

10.6 PUSH-OUT TEST RESULTS AND DISCUSSION

The load-slip responses of different series including single and four wood screw
connections with various spacing are depicted in Figure 10-7. The load-slip response of

each TCC series is separately graphed in Figure 10-16.

The pre-peak load-slip responses of the series were reasonably consistent and which
consisted of two distinct regions of a bilinear graph as depicted in Figure 10-7. The load
increased steadily in first part, then slowing without any significant drop up to the peak
load following which the connections lost most of their stiffness. Sample 4WS100-2,
however, showed an unusual high load. After reaching peak load, load gradually
reduced to around 50-60% Fiax, before a sudden failure in multiple screws series while

single screw series represents a sudden drop of load after the peak load.

45 —
. / —
40 4 Single WS // o\l i
35 - 4 WS-100 // /// \ \ \
4 WS-50 L5 =\ =
S 301 > ~Y<
5 77 VO
Z z ~— \\
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= 20 1 //// N
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Figure 10-7 Load-slip respons of different test series
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Stiffness and the 5™ percentile strength of the TCC connections were calculated in
compliance with EN26891 (1991) and AS1649 (2001), respectively. Comparing
different series, the influence of the screw spacing on mechanical properties of the TCC
connections were investigated whilst the mechanical properties of multiple screws series
were compared to those of single screw series to study the group effect of wood screws

in TCC specimens.

10.7 STRENGTH ANALYSIS

The values of maximum load carrying capacity, the 5t percentile strength (Qy) as well
as the mean, the standard deviation ¢ and coefficient of variation (CoV) of four
different test series are tabulated in Table 10-2. The 5™ percentiles of the lower
probability limit for strengths of the test series were determined in compliance with

Appendix B AS1649 (2001) as:

— [
Yspereent—Y ~ 1010 (1+;) (10-12)

where, o is standard deviation and ¢ is the value listed in standard texts for (n — 1)

degrees of freedom and a probability of 0.1.

As listed in Table 10-2 the reduction in the screw spacing accompanies the lowering of
the strength with higher value of slip at failure whilst four wood screws spaced at S0mm
and 100mm series represent a strength reduction of 9% and 7% compared to four wood
screws at 150mm series, respectively. However, increasing the screw spacing increases
the load capacity carried by each screw for the test series, the results of the student's t-
test showed that the differences of the load capacities for different multiple-fastener

series are not statistically significant.

Table 10-2 The load carrying capacity for different test series

Test series SII)\i(():.il’?lin Range(kN) Mean(kN) SthStzg\%;h O CoV(%)
single wood 9 9.4-12.2  10.9%4=43.6 10.5 09 7.9
SCrew
4WS-150 3 39.9-43.6 422 40.6 2 47
4WS-100 3 33.1-43.0  39.6 37.9 56 142
4WS-50 3 30.5-42.7 385 36.9 7 18.1
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The observed splitting of timber in 4WS 50mm series contributes to the strength

reduction of that series compared to other multiple screw series.

The relative capacities of each test series are presented graphically by means of a
strength ratio in Figure 10-8. Figure 10-9 illustrates the load carrying capacity per

screw-spacing of different series.

0.96

0.92

Strength ratio

0.88

0.84

0.8

Single WS 4 WS-150 4 WS-100 4 WS-50
Test series

Figure 10-8 Strength comparison for different test series
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Figure 10-9 Load carrying capacity per screw-spacing of the test series
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Table 10-3 Load carrying capacity per screw in the multiple fastener series

. Mean load Mear} load Aef Eury(l)i:fode Mef ) Nef
series NO. o hacity(kN) Csigggvlt(‘/kfﬁf)r Exp. data 5:2004 DPII09% C5A86:2001
Single crew 9 10.9*4=43.6 10.9 - - - -
4WS-150 3 42.2 10.5 3.87 4 4 3.86
4WS-100 2 39.6 9.9 3.63 4 4 3.56
4WS-50 3 38.5 9.6 3.53 2.77 3.24 3.10

Table 10-3 lists the load capacity per screw of the series and different ner given by the
codes and tests. Comparing different equations of the codes, CSA086-01 (2001)

indicates a good agreement with experimental data of wood screw TCC connections.

10.8 STIFFNESS AND DUCTILITY ANALYSIS

Three different slip moduli based on EN26891 (1991) and modified methods as
discussed in Chapter 5, are tabulated in Tables 10-4 and 10-5, respectively.

Table 10-4 Slip moduli of different series based on EN26891 (1991)

Slip moduli (kN/mm)
Series No Ks’0.4 Ku,()ﬁ Ku,().g
Range Ave o(CoV) Range Ave o(CoV) Range Ave o(CoV)

Single 4 69.17.6 123 44(35.7) 4472 54 1223) 1622 2 02(12.8)
Screw

AWS- 3 1130164 143 2.7(18.7) 5581 69 13(18.6) 5.1-64 5.7 0.7(12.3)
lsomm . - . . . . . - . . . . . - . . . .

AWS- 5 14158 149 1.3(8.8) 8.0-11.3 9.7 23(23.9) 62-7.6 6.9 1.0(14.5)
00 8 149 1.3(8.8) 8.0-11.3 9.7 2.3(23.9) 6.2-7.6 6.9 1.0(14.

WS- 3 11142 13 1.8(135) 5811 7.7 2.8(369) 5.1-58 54 03(5.2)
Somn . 8(13.5) 5. 7 2.8(36.9) 5.1-58 5.4 0.3(5.

Serviceability and ultimate Slip moduli of the series shows high variability. As listed in
Table 10-5, different slip moduli calculated in compliance with the modified method
represent a similar trend with optimised stiffness of multiple screw series spaced at
100mm. However, the EN26891 (1991) method is much more conservative than the

modified method with much lower values for serviceability and ultimate slip moduli.
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Table 10-5 Slip moduli of different series based on the modified method

Slip moduli (kN/mm)

Series No K570.4 Ku,0.6 Ku,().g

Range Ave o(CoV) Range Ave o(CoV) Range Ave o(CoV)

glcl;i: 4 32.5-62.4 45.0 12.9(66.9) 5.8-8.0 7.1 0.8(28.8) 1.7-2.7 2.2 0.4(17.8)
4WS- 3 23.6-32.0 31.5 7.7(24.4) 6.6-9.6 8.3 1.5(18.0) 5.7-7.0 6.3 0.6(10.1)
150mm
4WS-

2 27.9-84.6 61.8 30.0(48.5) 6.8-20.0 12.0 7.0(58.2) 5.5-9.8 7.3 2.2(30.0)
100mm
4WS-
50mm 3 29.5-38.0 34.2 4.3(12.7) 7.4-159 10.54.8(45.6) 6.3 0.3 0.3(5.7)

The stiffness of multiple screw connections is much lower than the stiffness of the
single screw connection multiplied by the number of screws and no proportional trend is
observed to explain the effect of the number of screw on stiffness of multiple screw

connections compared to single screw connections.

Comparing to the single screw series, the serviceability slip modulus of multiple screw
series calculated in compliance with EN26891 (1991) increased by 6%, 21% and 16%
for four wood screw series spaced at 50, 100 and 150mm respectively. The increase in
serviceability slip modulus is greatest with the multiple screw series with 100mm

spacing and it is least with the multiple screw series spaced at SOmm.

The same trend is observed in ultimate slip modulus (K, ) of different test series based
on EN26891 (1991) where ultimate slip modulus of multiple screw series increased by

42%, 80% and 28% compared to single screw series.

However, it was observed that an optimum spacing might maximise the stiffness of
multiple screw series and the spacing lower or higher than the optimised spacing
reduces serviceability and ultimate stiffness of multiple screw series; the results of the
student's t-test proved that the differences of the serviceability and ultimate slip moduli

for different series are not statistically significant.

The relative serviceability slip moduli (Ksp4, Kuoes and K, os) of each test series are

shown graphically in Figure 10-10.
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Figure 10-10 Serviceability and ultimate stiffness ratios based on EN26891 (1991)

Table 10-6 Ductility of the test series with different spacing

uy(mm)  uy(mm)  ug{mm) D, Dy
series

Ave(CoV) Ave(CoV) Ave(CoV) Range Ave(CoV) Range Ave(CoV)
Single
Screw 0.3(34.4) 7.9(23.7) 8.2(32.2) 15.7-47.1 33.4(41.1) 16.4-49.2 33.8(39.9)
4WS-

0.2(16.1) 8.9(13.1) 10.8(4.8) 45.8-78.558.4(30.1) 62.2-83.7 69.9(17.2)
150mm
4WS-

0.4(35.6) 7.9(18.1) 9.7(8.8) 27.6-41.7 34.6(20.4) 30.3-58.7 43.7(32.6)
100mm
4WS-
50mm 0.4(2.8) 8.7(10.8) 12.2(9.5) 18.6-23.921.0(12.8) 27.4-32.9 29.3(10.7)

Table 10-6 lists the ductility of the test series utilising different spacing calculated in

compliance with the definitions explained in Chapter 5.

Comparing the single and multiple screw spaced at 100 and 150mm series, the ductility
of the multiple screw series increased whereas the single screw has a higher ductility
rather than multiple screw spaced at 50mm. The reduction in the screw spacing

accompanies the lowering of the ductility as listed in Table 10-6.

The observed splitting of timber in 4WS50 series contributes to the ductility reduction

of that series compared to other multiple screw series.
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10.9 FAILURE MODE ANALYSIS

The failures of screws as well as angle of screws at the plane of connection and state of
concrete and timber around the connection were of interest. The possible failure modes
of different test series have been discussed before. Following the failure of the
specimens, they were removed from the test rig and were split to determine the failure
mode as illustrated in Figures 10-11:10-14. The failure of the multiple screw series was
due to a combination of plastic deformation and shear failure of screws and crushing

and splitting of LVL connections.

The failure mode in all series was initiated by some sign of crushing in the timber and
the concrete which was caused by bending of the screws. The plastic deformation of
screws is followed by the formation one or two plastic hinges developing in the screws
inside the timber and the concrete members whilst the ultimate failure of the connection
was governed by the shearing of the screws at the interface of timber and concrete as

depicted in Figures 10-11:10-14.

Shear failure of the screws at the interface of timber and concrete occurred in all the test
series at ultimate load. Specimen 4WS150-2, however, was an exception where the

screws were pulled out from the LVL joist.

Moreover, observation of the failed specimen revealed that the splitting of the LVL joist
in the four wood screw spaced at SO0mm series was an additional failure mode but the
same was not observed for screw spacing of 100 and 150mm as shown in Figures

10-11:10-14.

The ductility of the connection is provided by the crushing of timber around the screw,
the formation of a plastic hinge and yielding of the screw has a negligible effect on the

failure mode of the connection.

Figure 10-11 Opened specimens and failure mode of single wood screw
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Figure 10-12 Opened specimens and failure mode of four wood screws at 150mm

Plastic hinge in fastener
Sheared fastener

Unrotated end embedded part of fastene

Figure 10-14 Opened specimens and failure mode of four wood screws at 50mm

The series exhibited minor signs of concrete crushing with no visible concrete cracks
which indicates that the screw and timber were the weakest points of the sample where
the conventional concrete component resisted the embedding forces due to rotation of

the fastener at the interface of composite materials (Figure 10-15).

The reduction in the screw spacing accompanies the lowering of the crushing in

concrete as shown in Figure 10-15.
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Figure 10-15 Concrete crushing in different series

10.10 MATHEMATICAL EXPRESSION FOR THE LOAD-SLIP RESPONSE

The mathematical descriptive model of each connection series is proposed using the

load-slip response of the series and non-linear regression.

The load-slip responses of the series with wood screw (pre-peak and post-peak
responses) consist of three distinct parts where the post-peak part varies slightly in
single and multiple screws series. In all series, the load increased quite steadily, slowing
slightly before peak load is reached. Single screw indicates a sudden fall after reaching
the peak due to failure of screw whilst the load in multiple screw series gradually

reduced to around 30% F'ax Which is due to higher ductility of multiple screws.

The pre-peak and post-peak parts of the load-slip responses of different series are
considered for the mathematical expression. Due to variability of post-peak responses,
the mathematical expression of single wood screw only consists of pre-peak expression.
Richard—Abbott model given in Chan et al. (2000) with four parameters (a, b, ¢ and d)
is fitted into each series whilst v indicates slip at interface of composite materials as

shown in Equation (10-13). Post-peak linear expression consists of two parameters.

(a-b)|v]

[1+{

F=dv+b

F=

T+l

(a-b)vld}d (10-13)

c

High value of a represents the initial stiffness of the test series where low value of b

shows a gradual increase in the load corresponding to deformability of the fasteners and
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a large slip. The mathematical expression and its R* of each test series are proposed in

Equations (10-14):(10-17).

R? indicates the square of the sample correlation coefficient between the experimental

and mathematical data.

Single wood screw:

(96.8-0.3)| v =0.93) pre—peakresponse

F= 0507
[1+“(96.8-o.3)|u||' } (10-14)

9.6

Four wood screws with 50mm spacing:

F= (42.9-29)|v| T =0.98) pre—peak response
[+ (42.9-29)|v| I” (10-15)
13.9
F=-150+46.2,(R* =0.72) postpeak response

Four wood screws with 100mm spacing:

F= (1069-3.6)|v] - =0.96) pre—peakresponse
1571
" (106.9-3.6) | v (10-16)
| 129
F=-320+61.0,(R*> =0.55) postpeak response

Four wood screws with 150mm spacing:

F= (156.6-3.0)|v] - =0.99) pre—peakresponse
07 707
1+ (156.6-3.0) | v|| (10-17)
R
F=-270+59.5,(R*=0.73) postpeak response

Figure 10-16 indicates the mathematical expressions (red line) and load-slip responses

for different series, separately.
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Figure 10-16 Load-slip responses (black lines) and mathematical expression (red lines)

of (a) single WS, (b) 4WS at 50mm, (c) 4WS at 100mm and (d) 4WS at 150mm series

10.11 CONCLUSIONS

This Chapter first reviewed the effective number of fasteners in different codes and
verifies the proposed effective number by the experimental data of push-out test
obtained from push-out test of single and multiple wood screw TCC connections. The
comparison was only made for 100mm wood screw series comprised of single and four-
wood screw TCC connection spaced at 50, 100 and 150mm series and the effective
number of fasteners in different codes has not been verified for a larger number of

SCIrews.

The push-out test determined the mechanical properties of TCC specimens; these are
load carrying capacity, stiffness, ductility and failure modes which were used to

examine the accuracy of the available models. Moreover, the experimental results were
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used to study the effect of the screws spacing on stiffness, strength, ductility and failure

mode of TCC connections for their practical application in the design of a TCC floor.

Different equations and values of ns given by the design codes show the discrepancies
of the design codes. Hence, the necessity of further research on estimation of design

parameters of multiple fastener connections is highlighted.

The load-responses of different series of wood screw consist of three different parts
where the post peak part slightly varies in single and multiple screws series. The
strength of multiple screw TCC connections is lower than the strength of single screw
specimen multiplied by the number of screws due to unequal load distribution among
the fasteners. However, the reduction is greatest at lowest screw spacing, four wood
screw 50mm series whilst it is least with the multiple fastener series spaced at 150mm.
The results of the student's t-test showed that the differences of the load capacities for

different multiple-fastener series are not statistically significant.

Different slip moduli of each test series were calculated in compliance with EN26891
(1991) and modified method. The serviceability and ultimate slip moduli of multiple
fasteners series are higher than the single screw series. The increase in serviceability
and ultimate slip moduli is greatest with the multiple fastener series with 100mm
spacing and it is least with the multiple fastener series spaced at 5S0mm. However, it was
observed that an optimum spacing might maximise the stiffness of multiple screw series
and the spacing lower or higher than the optimised spacing reduces serviceability and
ultimate stiffness of multiple screw series; the results of the student's t-test showed that
the differences of the serviceability and ultimate slip moduli for different multiple-

fastener series are not statistically significant.

Moreover, no proportional trend is observed in the experimental stiffness results to
explain the effect of number of fasteners on stiffness of multiple-fastener timber
composite connections in comparison with the single fastener connections. For
example, serviceability stiffness of the four wood screwlO0Omm series is just 30%

higher than the single wood screw test series.

The observed failure modes of all series include some crushing in timber and concrete
which was caused by bending of the screws. The plastic deformation of the screws is
followed by the formation of one or two plastic hinges whilst the ultimate shear failure

of the screws at the interface of timber and concrete were observed in all the test series.
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Moreover, multiple screw series spaced at S0mm revealed splitting of the LVL joist as
the additional failure mode. The failure modes of the test series indicated a consistent
behaviour. Finally, the mathematical descriptive model of each test series was proposed

using the load-slip response of the connections and non-linear regression.

It was found that the screw spacing influences the strength, stiffness and failure of TCC
connections; however the results of the student's t-test showed that the differences of the
strength and stiffness results of different multiple-fastener series are not statistically

significant.
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11 CONCLUSIONS

11.1 CONCLUSIONS

The main focus of this PhD dissertation has been to study and quantify the behaviour of
different types of particular screw type connections and high performance concrete such
as light-weight concrete for application in medium to large span TCC floors of multi-
storey buildings. The following conclusions can be drawn from the experimental and

analytical results explored and analysed through this investigation.

11.1.1 Experimental part

1. The material properties of the composite components of TCCs including timber,
concrete and shear connectors have been measured as reported in Chapter 4. The
material properties were widely used in analytical and FE modelling of the TCC

connections and modules.

2. A parametric study on 170 TCC connection specimens divided into 33 different test
series utilising six different concrete types was undertaken in Chapter 5 to study the
mechanical properties of shear connector such as stiffness, strength, ductility and failure
mode. The experimental results of different screws (such as crossed SFS VB, crossed
SPAX and coach screws and two novel types of connector) utilising various concrete
types (conventional concrete, expanded polystyrene light-weight concrete, Scoria light-
weight concrete, self-consolidating concrete and high-strength concrete), inclination
angles (£30°, £45° and £60°) and with and without plywood interlayer between timber
and concrete were analysed. Hence, the effects of aforementioned parameters on

mechanical properties of TCC shear connections were investigated and the feasibility
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and effectiveness of these alternative solutions were evaluated to deliver

recommendations regarding the economy, functionality and constructability of these

alternative TCCs.

The mathematical expressions model of each series was also proposed using the

load-slip response of the connections and non-linear regression.

Based on the criteria discussed in Chapter 3 for example stiffness, strength and
ductility, two novel connector designs of L and U profile in combination with
three small SPAX screws were developed. The push-out test results of the L
connector indicated higher strength and stiffness. Overall, the L connector has a
relatively high strength and stiffness although alternative connectors such as
concrete notch or steel plate achieve higher values. The U connector has no
advantages over the L connector and due to its higher cost, it cannot be

recommended as a viable shear connector.

In terms of screw types, conventional concrete and EPS light-weight concrete
1600 and 2000 series showed that SFS VB screws exhibited a greater stiffness
compared to SPAX screws. However, Scoria LWC SPAX series represented
higher stiffness compared to similar SFS series. SPAX screws series indicated
higher strength than SFS VB screws whereas the ductility of SFS was higher
than the similar series of SPAX series. This research concludes that the use of
SPAX screws as a shear connector in TCC module represents sizable potential
compared to other slender screw connector such as SFS screw and should be

further investigated.

In terms of inclination angle of crossed SFS and SPAX screws, an angle of 30°
offers the greatest stiffness and strength compared to other series. Overall, these
results are very conclusive in finding that SFS VB and SPAX screws exhibited
almost identical serviceability and ultimate stiffness. However, angle of shear
connector significantly influenced the strength and stiffness. In terms of strength, a

strong relationship between strength and inclination angle was observed.

In terms of interlayer, comparison of different series utilising different types of
concrete and shear connections with and without plywood interlayer implies that
inclusion of an interlayer significantly reduced stiffness, strength and ductility of

the test series.
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e In terms of application of LWC, lower compressive strength and density of
Scoria LWC had minor impact on the connection strength. The CC and Scoria
LWC series represented greater strength than the EPS LWC 1600 and 2000
series with minor difference between Scoria LWC and CC series whereas EPS
LWC 1600 and 2000 series produced greater serviceability and ultimate slip
moduli compared to CC and Scoria LWC series. Failure in EPS LWC series was
much more ductile than similar series utilising CC with a greater deflection
following F.x before failure. Scoria LWC series represented higher ductility
compared to similar CC series which is beneficial in construction applications.
This research points to strong potential for use of moderate LWC in TCCs, with
limited effect on strength or behaviour whilst for very light-weight concretes,
low compressive strength, higher shrinkage and crushing behaviour of LWC
may limit their application in TCCs. Application of moderate LWC in TCC is a
favourable alternative for both the renovation of old timber floors and the

construction of new ones.

3. Based on the short-term four-point bending tests at serviceability (SLS) and ultimate
(ULS) limit states of five simply-supported TCC modules constructed from
conventional and light-weight concretes utilising +45° crossed SFS screws, the effect of
LWC on the flexural stiffness, strength at SLS and ULS was evaluated. The short-term
serviceability and collapse four-point bending tests of three LVL modules used in TCC

modules have been also studied.

e It was found that all the TCC modules exhibited more than 94% degree of

composite efficiency at SLS.

e The TCC system exhibited 2.5 and 5 times higher live-load capacity and

apparent stiffness compared to timber-only modules, respectively.

e The LWC showed a recovery of strength after the load in each jack decreased to
about 50kN following the yielding of a connector and after the peak load was
reached. Higher ductility of SFS screws in EPS LWC in shear compared to that
of CC series and ductile behaviour of EPS light-weight concrete lead to the
strength recovery of the LWC modules with the ability to sustain high plastic
deformation. The apparent and global stiffness of the LWC series were very

close to that of the CC series. Hence, the effect of LWC slab on stiffness of TCC
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modules is identified to be negligible compared to CC series. Hence, it is
concluded that EPS LWC is adequate for use in terms of general structural

performance in TCCs.

11.1.2 Analytical part

1. The Gamma method was used to obtain different analytical results including live-load

capacity, deflection and degree of composite action (DCA) and apparent stiffness of

full-composite, partially composite and non-composite TCC modules at ultimate (ULS)

and serviceability (SLS) limit states. The analytical results were also compared to the

similar results obtained from experimental tests.

The experimental live-load capacity at SLS was close to that of a full-composite
system in both CC and LWC series whilst the experimental live-load capacity at
ULS exhibited higher differences to that of a fully-composite system in CC and
LWC series. To propose a correction factor for design of TCC at SLS, the
increment correction factors of 22% and 13% can be proposed to the deflection
of CC and LWC series obtained from fully-composite TCC or alternatively,
18% and 16% reductions to the flexural stiffness, El. calculated by transformed

section method can be proposed for CC and LWC series, respectively.

The Gamma method underestimates the imposed live-load approximately 20%
at SLS (CC and LWC series) and ULS (CC series) whereas LWC series
highlights 27% overestimation at ULS. The experimental stiffness of the CC and
LWC series were 20% and 30% greater than those calculated in compliance with
the Gamma method. In terms of deflection, the Gamma method overestimated
the experimental deflections at both SLS and ULS by 23%-33% for CC series
whilst the Gamma method deflection of LWC series indicated a 10%-33%
overestimation at SLS and 21-26% underestimation compared to the

experimental deflections.

The experimental live-load capacity of TCC modules at SLS were
approximately two times the design live-load requirement of 4.53kN/m?
consisted of 3kN/m distributed live-load and a 3.5kN concentrated live-load at
mid-span. Hence, other design criteria such as long-term deflection are
highlighted as governing design criteria of TCC. This information is found to be

useful for the model calibration and design guideline.
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e Based on a parametric study on the influence of different connections and
concrete properties discussed in Chapter 5 on design of TCC beams in terms of
shear bond coefficient and effective bending stiffness, it was found that for the
8m TCC module the maximum shear bond coefficient was four times higher
when fabricated with EPS LWC2000 SFS WI30 compared to CC SPAX 145

which represented the minimum shear bond coefficient.

2. The analytical results of available stiffness and strength models of vertically inserted
screws were compared to the experimental results of the single wood screw TCC shear
connection. Eurocode 5 EN (2004b) and Johansen strength models predict the strength
of TCC connection utilising wood screw with a notable errors of 32.1% and 21.1%,
respectively whilst the stiffness models represent an error ranging approximately 10-
60%. For the simplified stiffness models such as Eurocode 5 EN (2004b), Turrini et al.
(1983) and Zahn (1991) underestimated the experimental data of wood screw with an
error ranging approximately 10-40% whereas the models based on Winkler theory such
as Kuenzi (1955) and Gelfi et al. (2002) were inaccurate and calculated a much lower
stiffness compared to that of the experimental test with an error of approximately 60%.

The reasons attributed to inaccuracy of the stiffness models were discussed.

e An analytical strength model based on some adjustment to the European yield
model (EYM) to predict the strength of TCC connections utilising single and
crossed screws inclined to the timber grain was proposed. The failure modes
considered were yield of the screw in tension and/or shear, and a series of
combined failure modes such as screw withdrawal, lateral crushing of the timber
and the development of plastic hinges in the screw. Comparing analytical and
experimental results of crossed SFS VB and SPAX screws at various inclination
angles to the vertical face, it was found that the strength model is a realistic
model for predicting the failure mode and strength of inclined screws in TCC
structures. This research suggests the model is reliable and can be used for the

design of a TCC floor with crossed inclined screws.

e A model for the stiffness of TCC connections using crossed inclined screws was
also presented. The Winkler theory of beam on elastic foundation was extended
to derive the stiffness of TCC connections with inclined screws which were
loaded in tension and compression. To compare the accuracy of the stiffness

model, a relatively simple model with fewer variables proposed by Tomasi et al.
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(2010) for crossed screws inclined at timber-timber connection was explained
and its results were verified. In the case of TCC, a modification factor needs to
be introduced to Tomasi et al. (2010) to take into account the effect of the
presence of a rigid concrete slab in TCC compared to timber-timber connections

and adjust the underestimation of experimental values for TCC connections.

It was concluded that the stiffness model of inclined screw based on Winkler
theory was reasonably accurate in predicting the stiffness of TCC connections at
SLS. This research suggests the model to facilitate the design of inclined screw

shear connections for TCC construction.

3. A non-linear three-dimensional FE model using flexible contact element pairs was
developed to simulate the experimental tests of TCC connections reported in Chapters 5
and 10 utilising the software ANSYS, versions 14.5 and 15.0. The modelled
connections were single and multiple four wood screws with three different spacings of
50, 100 and 150mm. Moreover, a single medium size coach screw inclined at +45° to

the horizontal face was simulated.

e The comparison of the numerical and experimental results for load-slip
responses, strength, stiffness and failure mode of single and multiple wood
screw models concluded that the numerical models were reasonably accurate to
simulate TCC connections, particularly in the elastic-linear behaviour of
materials. However, minor overestimations were observed in the post-elastic

regions of numerical models compared to those of experimental responses.

e The comparison of numerical and experimental load-slip response of medium
size coach screw inclined at 45° demonstrated the ability to simulate
experimental response of inclined screws. However, slight underestimation was
seen in both linear and post-elastic regions of the FE model compared to the

experimental response.

e The modelling approach can be applied to connections other than simple screws
only for example epoxy glue and epoxy glue reinforced with normal coach
screws. The numerical load-slip graphs of epoxy glue connections with and
without coach screws were in good agreement with the elastic-linear part of the

experimental results obtained from literature. However, the models were not
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able to determine the non-linear post-elastic regions and ultimate strength of the

experimental test series.

e The verified FE models can be used for parametric study of changes in end
distance, edge distance, member thickness, screw diameter, screw length and

number of screws.

4. The proposed effective number of fastener in different codes were verified by the
experimental data of push-out test obtained from push-out test of single and multiple
wood screw TCC connections. The experimental results of different series of wood
screw were also used to study the effect of the screws spacing on stiffness, strength,
ductility and failure mode of TCC connections for their practical application in the

design of a TCC floor.

e Different equations and values of effective number of screws (#nf) given by the
design codes show the discrepancies of the design codes for multiple fastener

TCC connections.

e The strength of multiple screw TCC connections is lower than the strength of
single screw specimen multiplied by the number of screw due to unequal load
distribution among the screws. The reduction is greatest at lowest screw spacing,
four wood screw 50mm series whilst it is least with the multiple screw series

spaced at 150mm.

e The serviceability and ultimate slip moduli of multiple screw series are higher
than the single screw series. The increase in serviceability and ultimate slip
moduli is greatest with the multiple screw series spaced at 100mm and it is least
with the multiple screw series spaced at 50mm. Hence, an optimum spacing
might maximise the stiffness of multiple screw series whilst spacing lower or
higher than that the optimised spacing might reduce serviceability and ultimate

slip moduli of multiple screw series.

e No proportional trend is observed in the experimental stiffness to explain the
effect of number of screws on stiffness of multiple-screw TCC connections in

comparison with the single screw connections.

e The mathematical expressions model of each series was also proposed using the

load-slip response of the connections and non-linear regression.
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e The results of the student's t-test showed that the differences of the load

capacities for different multiple-fastener series are not statistically significant.

11.2 RECOMMENDATIONS FOR FUTURE STUDY

As a result of undertaking this PhD study, a number of recommendations can be made

for further investigations on the timber concrete composite system:

e The use of SPAX screws as a shear connector in TCC module can be further
investigated as the presented results highlight sizable potential and suggest they

are a suitable and practical TCC shear connection.

e The L connector design can be further optimised and refined to achieve a better
result in terms of economy and mechanical behaviour compared to alternative

connectors such as concrete notch or a continuous steel plate.

e Further investigations on the influence of the interlayer on mechanical properties
of TCC connections and floors utilising various thicknesses of the interlayer,
connectors and inclination angles can provide design recommendations for its

practical applications in upgrading of old timber floors.

e Use of high performance concrete for example SCC can be further investigated
by additional push-out and four-point bending tests; this can determine their

influence on the stiffness, strength and failure of TCCs.

e the correction factors to transformed section and Gamma methods were obtained
from the experimental four-point bending tests carried out in this investigation;
thus, further experimental tests utilising different connections and concrete types

are recommended to calibrate these correction factors.

e The application of Scoria LWC in TCC modules should be further investigated
as the presented results highlight sizable potential. Investigation on further
reduction of the EPS LWC density (<2000kg/m’) in a TCC module can be
undertaken to study the effect of low compressive strength and higher shrinkage
of LWC on the structural behaviour of TCCs. The experimental results of LWC

series also contribute to improve reliable design code.

e Investigation on the prediction of foundation moduli of timber and concrete as
the main input parameters of the models based on Winkler theory can be carried

out. Moreover, investigation of the withdrawal and embedding capacities of
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TCC connections upon variation of the inclination angle can result in a more
reliable strength model. Further examination of the available stiffness and
strength models using a greater number of experimental data relating to different
types of mechanical fastener with various lengths and diameters can increase the

reliability of the models for the design of a TCC floor.

The verified FE models given in Chapter 9 can be used for parametric study of
changes in end distance, edge distance, member thickness, screw diameter,
screw length and number of screws. Moreover, the FE model of TCC modules
utilising different concretes and connectors can be put forward and be verified

using the four-point bending test results concluded from this investigation.

Different equations and values of effective number of screws (7.f) given by the
design codes show the discrepancies of the design codes. Hence, the necessity of
further research on estimation of design parameters of multiple screw TCC

connections is highlighted.
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Appendix A (Chapter 4)

A.1 CONCRETE

All coarse aggregates used in mix designs were sourced from Dunmore, NSW, which

include 10mm and 20mm crushed latite gravel whilst 50/50 blended fine/coarse sand

was sourced from Kurnell natural river sand. Scoria light-weight aggregates were

provided by Aerolite Quarries in Victoria. The grading of conventional and Scoria light-

weight aggregates were carried out in compliance with AS2758.1 (1998) specifications

and limits as depicted in Tables A-1 and A-2, respectively.

Table A-1 Particle distribution for coarse and fine aggregates

Sieve size Fine aggregate Coarse aggregate
10 mm(nominal size) 20 mm(nominal size)
Limits' Passing  Limits Passing  Limits  Passing
[mm] [7%] [7%] [70] [70] [7%0] [70]
26.50 - - - - 100 100
19.00 - - - - 85 to 100 95
13.20 - - 100 100 - 51
09.50 100 100 85 to 100 87 0to 20 14
06.70 - 100 - - - 6
04.75 90to 100 98 0to 20 11 0to5 4
02.36 60to 100 81 0to5 3 - 3
01.18 30to 100 65 0to2 2 0to?2 2
0.600 15t080 55 - - - -
0.300 5to 40 36 - - - -
0.150 0 to 25 8 - - - -
0.075 0 to 20 4 - - - -
Absorption [%]" 1.2 1.8 1.6
SSD density[kg/m?]"* 2650 2700 2710

"Limits defined in accordance with AS2758.1 (1998)
" Test performed in accordance with AS1141.5 (2000)
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Table A-2 Particle distribution for Scoria coarse and fine aggregates

Sieve size Fine aggregate Coarse aggregate
14 mm(nominal size)
Limits” Passing Limits Passing
[mm] [70] [70] [70] [70]
26.50 - - 100 100
19.00 - - 85 to 100 100
13.20 - - - 77
09.50 100 100 0 to 20 15
06.70 - 100 - 7
04.75 90 to 100 100 0to5 6
02.36 60 to 100 91 - 6
01.18 30 to 100 69 0to?2 -
0.600 15 to 80 46 - -
0.300 51040 35 - -
0.150 0to 25 9 - -
0.075 0 to 20 3 - 1
Absorption [%]" 12% 9
Uncompacted mass per unit 850 2710

volume of dry aggregate[kg/m?]’

"Limits defined in accordance with AS2758.1 (1998)
*, A Test performed in accordance with AS1141.5 (2000) and AS1141.4 (2000)

A maximum nominal size of 20mm aggregate was used in CC and HSC mixes whilst
maximum nominal size was reduced to 10mm for other mixes with the exception of
Scoria LWC mix which contained a nominal 14mm Scoria light-weight aggregate as its
maximum aggregate size. All aggregates were prepared to saturated surface dry

condition prior to mixing.

Shrinkage limited Portland cement and fly ash were used as the binder for some of the
concrete mixes. Drinkable grade tap water was added to all mixes after conditioning to
room temperature (23+2 °C). Furthermore, in order to improve the workability of the

mixes a high range water reducing admixture was employed.

Mix proportioning of the raw material ingredients was carried out by mass. The mixing
sequences were carried out in compliance with AS1012.5 (1999). The standard mixing
process proposed by Australian standard for conventional concrete was slightly
modified for LWC mixes due to the presence of the light-weight aggregate. Fresh

concrete was poured into moulds and compacted utilising an external vibrating table.
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The fresh properties of SCC including flowability, passing ability and filling ability of
the SCC mix were measured using different test methods such as slump-flow, J ring and

L box funnel as demonstrated in Figure A-1.

The slump flow test gives an indication on the flowability, passing ability and yield
stress of SCC. The test involves filling an Abram’s Cone with the SCC and placing it in
the centre of a slump flow board complying with ASTMC143 (2012). The Abram’s
Cone was lifted to a height of approximately 230mm in 3 Sec and allowed the concrete
to flow out onto the slump flow board in a circular shape. The slump flow diameter is
then measured as the diameter of the circle of concrete within two directions (d; / d>) as
shown in Figure A-la. The mix was required to reach a slump diameter of 680 mm and

the mix was determined to be in compliance after the slump flow test was completed.

The J Ring test was carried out to measure the passing ability of the SCC mix through
blockage. The J Ring test is very similar to the slump-flow test, the only difference
being the incorporation of the J Ring which is placed in the centre of the slump-flow
board and in which the Abram’s Cone sits inside. The Abram’s Cone is lifted to a height
of approximately 230mm over 3 Sec and the mix flows outwards through the
reinforcing bars on the J Ring. Slump-flow diameter is again measured along with the
time the mix takes to flow to its final testing position. The testing procedure for the J
Ring test is depicted in Figure A-1b. The concrete reached a diameter of 655mm in the J
Ring test with no bleeding or aggregate segregation. This was compared with the slump
flow test diameter of 680mm, creating a difference of 25mm. Appropriate passing
ability is indicated by a diameter difference of less than 25mm which means the SCC

mix was determined to have adequate passing ability.

The L box test assesses the flowability and passing ability of SCC where the concrete is
subjected to blockage by reinforcement (EFNARC 2005). The L box consists of a
vertical column connected to a long horizontal section, and the two are separated by a
gate and a set of rebar as shown in Figure A-1c. Each of the sections has approximately
the same volume; the test starts by closing the gate and then filling the vertical column
with SCC to the top. Once the column in filled the gate is opened and the concrete is

allowed to flow through the gate and the rebar to fill the horizontal section.
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The flowability is determined by the ratio of height of the concrete at the end of the
horizontal section to height of the concrete next to the vertical column. EFNARC
(2005) proposed that a mix with adequate flowability has a ratio of 0.8-1.0 or greater. In
the test, the ratio was approximately 0.94. Hence, the mix had adequate flowability. The
passing ability was also determined to be adequate by carrying out a visual inspection
which showed an even distribution of the aggregate around the rebar. Moreover, SCC
exhibits much higher workability as measured by flow instead of slump. The typical

value of the flow test is between 650mm-700mm.

Various specimens such as 100 and 150mm cylinders and MOR and shrinkage prisms
were cured based on AS1012.8.1 (2000). The specimens were removed at 1 day and
then were placed in lime-saturated water at a temperature of 20+2°C until the testing

date.

A.1.1 Testing methods

Uniaxial compression and splitting tensile tests were carried out on cylindrical
specimens of 100 x 200 mm in compliance with AS1012.9 (1999) and AS1012.10
(2000), respectively (Figure A-2 a and b).

Figure A-2 (a) Uniaxial compression, (b) indirect tensile and (c) four-point bending test
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Three cylindrical specimens were tested under force control in an 1800kN universal
testing machine with a load rate of 20+2MPa/min and 1.5+0.15MPa/min for
compressive and splitting tensile tests, respectively. Flexural tensile strength or modulus
of rupture (MOR) was measured utilising a four-point bending test on three 100 x 100 x
400mm prisms at a loading rate of 1+0.1MPa/min until fracture based on AS1012.11
(2000) as depicted in Figure A-2c. Static chord modulus of elasticity (MOE) test was
also obtained from three 150 x 300mm cylinders in accordance with AS1012.17 (1997).
The hardened material properties tests were carried out at 3, 7 and 28 days from pouring

the concrete.
A.1.2 Concrete results

The concrete matrixes of different concrete types obtained from indirect tensile test
were depicted in Figures A-3 and A-4. Compressive and indirect tensile strength
developments from 3 to 7 and 7 to 28 days of different concrete types are illustrated in
Figure A-5. The pre-peak compressive stress-strain graphs of the series at different ages

were plotted utilising the compression test as illustrated in Figure A-6.

Figure A-4 Concrete matrixes (a) CC and (b) HSC series
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It is noteworthy to mention that strain gauges used in the test were broken after
experiencing the peak load. As a result the pre-peak responses were obtained from the

compressive test.

Concrete represents a complex failure mode under different types of loading and this is
attributed to various sizes and shapes of the voids in the concrete matrix and also the

presence of micro cracks at the interfacial transition zones (Mehta & Monteiro 2005).

Comparing indirect tensile and compression tests, it was observed that higher energy is
needed to initiate and extend cracks in the concrete matrix in compression. Hence,

concrete failure under compression is less brittle compared to its failure in tension.

In the compressive test of EPS LWC1600 and 2000, no crack was initiated in the matrix
up to about 50% of compressive strength whilst in the presence of coarse aggregate in
the rest of mixes, a stable system of shear-bond cracks already was evident and their
size and length grew as the compressive load increased and initiated a failure surface at

an angle of approximately 20°- 30° from the vertical direction as shown in Figure A-7a,

bandc.

Observations of the compressive strength test exhibited major differences such as the
shape and angle of cracks in the test series under compression failure as depicted in

Figure A-7.

In concrete mixes utilising 20mm coarse aggregate such as high-strength and
conventional concretes (Figure A-7a and b) failure was brittle whereas EPS LWCs

showed much higher ductility with many cracks on the surface (Figure A-7d and e).

& y : D —— -.-».._’_\__._4.—‘
Figure A-7 Failure mode of (a) HSC, (b) CC, (c) Scoria LWC, (d)EPS LWC2000 and
(e) EPS LWC1600 in compression
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A.1.3 Drying shrinkage

The shrinkage of different concrete types was measured up to 112 drying days using
three samples of 75x75x280mm in compliance with AS1012.13 (1992) as depicted in
Figure A-8.

Figure A-8 (a) Shrinkage measurement and (b) shrinkage samples

Figures A-9:A-15 illustrate the shrinkage-age and weight-age graphs for different test
series to provide an indication of their suitability for use in TCCs where shrinkage is an
important consideration. The shrinkage results of high performance concrete series were

compared to those of conventional series as a reference.

A significant part of the shrinkage occurred in the first 50 days. The EPS LWC mixes
were repeated utilising shrinkage limited cement which resulted in 25% lower shrinkage

at 112 drying days compared to a similar series of conventional cement.
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‘=400
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Figure A-9 Shrinkage-drying ages diagram of CC and HSC test series
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HSC and CC samples displayed consistent 112-day shrinkage between the samples. The
early age shrinkage of the HSC series occurred during the first 7 days and exhibited the
highest shrinkage rate, reaching a value of 308.8ue. The short-term shrinkage up to 28
days continued to decrease the shrinkage rate, reaching a value of 506.7ue. The long-
term shrinkage between 28 and 56 days continued to decrease the shrinkage rate,
eventually reaching a 112 day shrinkage of 663u¢ as depicted in Figure A-10.The 56-
day shrinkage results of CC mix was lower than the maximum 56 day shrinkage of 1000
micro strain stated by AS1379 (2007).
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Figure A-10 Weight-drying ages diagram of CC and HSC test series

1000
900
800
700
m
3 600
-]
& 500
=<
€ 400
E ol
= )'( —— EPSLWC2000 1
“ 300 / —&— EPS LWC2000 2
200 —=— EPS LWC2000 3
—4— EPS LWC 1600 low shrinkage cement
100 J —m— EPS LWC 2000 I low shrinkage cement
0 —@®— EPS LWC 2000 2 low shrinkage cement

0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112
concrete age(drying days)

Figure A-11 Shrinkage-drying ages diagram of EPS LWC test series
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Figure A-12 Weight-drying ages diagram of EPS LWC test series

Two EPS LWC2000 samples with shrinkage limited cement mixes experienced
consistent 112-day shrinkage results and EPS LWC1600 samples utilising shrinkage
limited cement exhibited very similar shrinkage results which were slightly higher than

EPS LWC2000 with shrinkage limited cement results as shown in Figure A-11.

Similar to CC and SCC series, the EPS LWC 2000 and 1600 series represented the
highest rate of shrinkage during the early age period in the first 7 days, reaching values
of 244.3 and 279.93ue, respectively. Similarly, for both mixes the rate of shrinkage
decreased in the short-term, with EPS LWC2000 and 1600 with low shrinkage cement
series reaching values of 552.5 and 627.7ue at the end of 28 days.

The long-term shrinkage of the EPS LWC2000 and 1600 series with low shrinkage
cement highlighted a further decrease in shrinkage rate, eventually reaching 112 day
shrinkage results of 744 and 827.3ue, respectively. It is evident that EPS LWC2000
series exhibited about 20% and 30% higher drying shrinkage compared to CC series at
56 and 112 drying days, respectively. Higher shrinkage of EPS LWC compared to CC is

attributed to high cement content and lack of coarse aggregate.

However, EPS LWC experiences higher shrinkage than conventional concrete. There is
a significantly lower tendency for drying shrinkage cracks to form in EPS LWC. The
shrinkage stress of EPS LWC is approximately 25% to 50% lower than that of CC

series.
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Scoria samples exhibited lower drying shrinkage comparing to EPS LWC or SCC as
graphed in Figure A-13. The early age shrinkage of the Scoria series which occurred
during the first 7 days exhibited the highest shrinkage rate, reaching a value of 240ue.
The short-term shrinkage up to 28 days continued to decrease in shrinkage rate,
reaching a value of 598ue. The long-term shrinkage between 28 and 56 days continued

to decrease in shrinkage rate, eventually reaching a 112 day shrinkage of 836.e.

SCC experienced a relatively consistent 112-day shrinkage results. Similar to the CC
mix, the early age shrinkage displayed the highest rate of shrinkage reaching a value of
412.2ue. Similarly, the short-term shrinkage showed this decrease in shrinkage rate,
gaining a value of 1052.2ue at 28days. The long-term shrinkage showed a further
decreased shrinkage, eventually reaching a 112 day shrinkage of 1326u¢ (Figure A-14).

The HSC mix displayed the least amount of shrinkage with an average of 663u¢ after 56
days whilst the EPS LWC 1600 and 2000 series indicated slightly increased shrinkages
achieving 56-day shrinkage of 744 and 827.3ue, respectively. SCC samples experienced
much higher shrinkage rates than other concrete types, reaching an average of 1326u¢

after 112 days with 87% higher shrinkage at 112 days compared to similar CC series.

A.2 TIMBER (LVL)

In addition to the material tests carried out by the timber supplier or Zabihi and Gerber
(2012), quasi-static compressive tests parallel to the grain direction were carried out on
four hySPAN project LVL specimens of 220x193x45 in compliance with AS4357.0
(2005) and an axial compression load was applied to the specimens at a uniform loading
until failure occurred (Figure A-16). All the results are listed in Chapter 4. hySPAN
project LVL indicates a significant compressive strength, parallel to grain of 53.4MPa.
The relatively low CoV of 6.8% highlighted the consistency of the results. The test set

up and failure modes of the specimens are shown in Figure A-16.

Figure A-16 Test set-up and compressive failure of LVL loaded parallel to the grain
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Appendix B (Chapter 5)

B.1 PUSH-OUT TEST RESULTS: CONVENTIONAL CONCRETE

Two types of SFS VB and SPAX screws were tested to quantify the difference between
crossed screws connections at different angles with and without interlayer. Moreover,
two innovative connectors of L and U profiles in combination with three small SPAX

screws were designed and tested to identify alternative connection solutions in TCCs.

Tables B-1 and B-2 present the load capacity and ductility of the test series utilising
conventional concrete. Tables B-3 and B-4 list different slip moduli of the test series
obtained from EN26891 and the modified methods, respectively. Moreover, the mean,

standard deviation and coefficient of variation (CoV) of the test data were tabulated.

Table B-1 Load capacity of different series utilising conventional concrete

series No. Load capacity(kN)
Range Ave o CoV
SFSWI30 4  39.0-41.6 40.1 1.2 29
SFSWI45 5 31.7-358 332 1.6 4.8
SFSWI60 5 309-36.6 338 22 7.0
SFSI45 5 30.0-323 310 09 3.0
SSFSWI45 5  26.7-283 276 0.6 22
SSFSI145 5 19.5-232 21.0 1.8 8.8
SPAX WI30 5 373-43.0 407 23 5.6
SPAX WI45 5 35.6-39.8 383 1.8 4.8
SPAX WI60 5  329-37.8 354 2 5.6
SPAX 145 5 28.1-326 295 23 7.9
coach 45 5 253276 261 1.0 4.0
L+3 SPAX 5 52.6-59.8 546 3.0 5.5
U+3 SPAX 5 38.6-42.6 400 15 3.9
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Table B-2 Ductility of different test series utilising conventional concrete

uy(mm)  u,(mm)

ufmm)

D,

D¢

series

Ave(CoV) Ave(CoV) Ave(CoV) Range Ave(CoV) Range

Ave(CoV)

SFS WI30 0.7(33.2)
SFS WI45 0.5(29.6)
SFS WI60 0.4(33.0)
SFSI45 1.4(13.0)
SSFSWI45  0.7(15.0)
SSFSI45  1.521.5)

2.1(11.0)
2.2(9.0)
3.6(16.5)
1.9(9.4)
3.0(9.5)

1.9(20.5) 3.0(21.8)
3.2(7.3)
3.4(11.1)
4.9(15.8)
2.7(8.1)
3.5(11.7)

1.5-3.6
2.7-4.8
3.4-7.1
2.0-3.0
2433
1.5-2.7

2.8(35.7)
3.9(23.1)
5.2(27.1)
2.5(18.2)
2.8(13.4)
2.1(27.2)

3.2-5.0

4.1-7.8
5.0-11.3
2.6-4.4

3.1-4.5

2.0-3.6

4.4(19.0)
6.1(26.4)
7.9(30.0)
3.4(21.5)
4.0(14.0)
2.5(29.3)

SPAX WI30 0.7(25.2)
SPAX WI45 0.9(10.9)
SPAX WI60 0.8(16.5)
SPAX 145 1.9(22.6)

1.7(19.4)
2.4(8.2)
2.1(9.5)
4.4(55.8)

3.2(18.7)
3.9(8.9)
3.3(4.6)
5.2(18.5)

1.7-3.2
2.6-3.2
2.3-3.6
1.4-7.2

2.5(21.8)
2.8(8.7)
2.8(18.5)
2.8(90.7)

3.6-5.5
4.0-5.2
4.0-5.6
2.0-4.9

4.6(15.7)
4.4(10.1)
4.4(15.7)
2.9(39.9)

coach 45 0.4(24.8)
L+3 SPAX 0.3 (37.9)
U+3 SPAX 0.2(31.4)

2.9(29.7)
2.5(9.1)
5.3(14.1)

5.6(19.2)
2.8(9.8)

44-113 6.9(40.3)
52-15.4 9.0(43.4)
8.5(8.4) 28.8-62.538.5(35.6) 43.7-112

9.3-20.5
5.6-17.7

13.2(33.9)
10.1(45.6)
63.0(44.2)

Table B-3 Slip moduli of different series utilising CC based on EN26891

Slip moduli (kN/mm)

Series
K4

Ko

Kios

Range Ave CoV)

Range Ave dCoV)

Range Ave CoV)

SFSWI30
SFSWI45

33.7-40.336.8 3.7(10.1)
16.8-54.128.8 14.7(51)
SFSWI60 22.4-58.734.2 14(41.3)
SFSI45  13.7-17.815.2 1.5(10.1)
SSFSWI45 21.6-31.626.3 3.9(14.7)
SSFSI45  7.5-12.9 10.5 2.0(18.6)

30.7-38 34.5 3.7(10.6)

25.6-32.1 29.3 3.2(10.9)

18.1-43.526.610.1(38.0) 16.9-35.4 23.4 7.2(31)
22.1-39.329.1 6.2(21.5) 19.8-27.7 24.1 3.6(14.8)

14.0-16.8 15.4 1.1(7.0)
21.1-30.624.8 3.5(14.1)
8.1-11.6 10.6 1.5(14.3)

12.7-15.4 14.2 1.0(7.0)
18.7-25.5 21.8 2.4(11.1)
8.3-11.2 10.0 1.3(12.9)

SPAX WI3032.7-52.340.1 7.4(18.6)
SPAX WI4520.9-29.425.3 3.8(14.9)
SPAX W16026.5-39.129.7 5.3(17.9)
SPAX 145 10.6-14.012.0 1.2(10.3)

34.5-45.6 38.4 4.5(11.6)
22.1-28.825.5 2.5(9.9)
26.1-37.628.8 4.9(17)
11.4-13.312.6 0.8(6.0)

32.5-39.6 34.7 2.8(8.1)
20.2-25.6 22.8 2.0(8.8)
16.5-31.0 22.6 5.6(24.8)

112 11.2 2.5(22.3)

coach45  26.0-35.731.1 3.6(11.5)
L+3 SPAX 31.9-56.739.9 9.9(24.7)
U+3 SPAX 18.1-50.631.813.5(42.5)

28.1-35.530.8 3.1(10.0)
31.2-44.735.5 5.4(15.3)
20.6-31.325.0 4.1(16.5)

17.6-28.822.12 4.4(20.0)
26.0-34.1 29.1 3.2(11.1)
12.4-18.4 15.6 2.3(14.9)
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Table B-4 Slip moduli of different series utilising CC based on the modified method

Slip moduli (kN/mm)

Series
K04 Ko Ksos

Range Ave CoV) Range Ave qCoV) Range Ave dCoV)

SFSWI30 43.0-71.455.711.9(21.5) 35.4-53.043.7 7.4(17.0) 27.9-38.8 33.9 4.8(14.1)
SFSWI45 31.2-88.855.822.1(39.6) 27.1-39.336.711.3(30.8) 22.1-40.6 27.8 7.6(27.4)
SFSWI60 49.9-77.660.511.6(19.1) 34.7-44.640.4 3.9(9.6) 26.1-29.9 27.9 1.6(5.8)
SFSI45  21.7-28.224.2 2.4(10.0) 18.7-22.420.6 1.5(7.4) 15.3-18.4 172 1.2(6.9)
SSFSWI4535.3-52.144.4 7.7(17.3) 28.3-40.934.6 5.3(15.4) 22.6-30.4 26.9 3.3(12.1)
SSFSI45 14.1-20.517.6 2.4(13.4) 13.6-18.0 14.7 2.2(14.7) 11.2-15.0 12.6 1.7(13.5)

35{;3( 49.9-77.660.511.6(19.1) 34.7-44.640.4 3.9(9.6) 26.1-29.9 27.9 1.6(5.8)
SPAX
W4 52:4-80.762211.9(19.2) 36.6-52.242.8 6.1(14.2) 19.4-35.0 26.7 6.3(23.7)
SPAX
Wieo  459-55.150.0 4.2(84) 354-46.239.1 43(11.0) 19.4-35.0 26.7 63(23.7)

SPAX 145 18.9-31.022.5 4.8(21.8) 17.2-20.118.5 1.3(7.2) 8.0-17.0 14.3 3.6(25.5)

coach 45 63.3-93.176.912.0(15.7) 41.3-63.751.810.1(19.6) 20.7-39.4 28.5 7.5(26.3)
L+3 SPAX 82-134.4 105 20.6(19.6) 46.2-65.957.1 7.8(13.6) 32.6-40.6 38.0 3.2(8.5)

U+3

SPAX 88-135.8 113 19.8(17.5) 32.6-79.749.920.0(40.2) 14.3-26.2 20.3 4.7(23.0)

B.1.1 CC SFS VB screws series

The load-slip response and analytical model of conventional concrete series utilising
crossed short and long SFS VB screws at 30°, 45° and 60°, I and WI interlayer series
are plotted in Figure B-1. The mathematical descriptive models and sample correlation

coefficients, R* of CC series are given in Equations (B-1):(B-6).
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Figure B-1 Load-slip and aglalytical model of CC SFS series(a) WI30, (b) WI45, (c)
WI60, (d) 145, (e) short SF§ WI45, (f) short SFS 145 and (g) comparison of models

P=1573(™*" —e™**) [(R* =0.94) [SFS WI30] (B-1)
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P=864.5("" —e™%) (R*=0.92)  [SFS WI45] (B-2)

P=8734("" —e™*) ,(R* =0.99) [SFS WI160] (B-3)
P=1235(e"** —e**) ,(R* =0.97) [SFS 145] (B-4)
P=2871(e"" —e*") ,(R* =0.97) [SSFS WI45] (B-5)
P=2481(e™" —e™™) (R’ =0.83) [SSFS 145] (B-6)

Figures B-2:B-6 show the failure mode and opened specimens of different CC series.

Figure B-2 (a) failure of tensile screws and opened specimens of screws in (b) tension

and (c) compression in CC SFSWI30 series

Figure B-3 (a) failure of tensile screws and opened specimens of screws in (b) tension

and (c) compression in CC SFSWI45 series
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Figure B-4 (a) Failure of tensile screws and opened specimens of screws in (b) tension

and (c) compression in CC SFSWI60 series

Figure B-5 (a) Failure of tensile screws and opened specimens of screws in (b) tension

and (c) compression in CC SFSI45 series

Figure B-6 (a) Failure of tensile screws in CC short SFS samples 2:5 WI45 series (b)

bent screws with formation of plastic hinge in samplel CC short SFSWI45 series and

(c) bent screws with formation of plastic hinge for CC short SFSI45 series
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Figure B-7 Tensile failure of the screw placed in tension

Generally, in the case of tensile failure of screws, a loud distinct sound corresponding to
tensile failure of the screw in tension was heard as the screw failed. Moreover, no
embedding failure and plastic hinge was observed in the screw placed in tension. The
timber surrounding the tensile screws did not crush in any of the specimens. CC SFS
series exhibited a single peak at maximum load. There was no initial drop of load due to

a lesser amount of localised concrete failure at the connection.

CC SFS WI30 series represented a single failure mode as tensile failure of the screws
placed in tension (Figure B-2a). There was no timber crushing around the tensile screw
as depicted in Figure B-2b. CC SFS WI30 series represented a strength range of 39-
41.6kN, with an average of 40.1kN. The minimal strength dispersion with CoV of 2.9%

demonstrates consistent results.

The behaviour of the CC SFS 45 specimens (W1 and I series) was fairly consistent. CC
SFS WI45 series represented a strength range of 31.7-35.8kN with an average of

33.8kN. The minimal strength dispersion with CoV of 4.8% shows consistent results.

CC SFS WI45 series initially exhibited a linear behaviour and the load increased quite
steadily, slowing slightly before reaching the peak load at around 31.7-35.8kN and
when the load reached Fmax, the samples showed signs of a non-linear response.
Following the peak load, the load gradually reduced to approximately 75-90% Fpax
before a sudden tensile failure of screw occurred as depicted in Figure B-1b. CC SFS
WI45 series showed a small, localised failure in the concrete slab directly around the
shear connection. Small cracking was caused by the deformation of the screw at the
interface. In all specimens, failure was likely a tensile failure of the screw, with shear

contributing as shown in Figure B-3a. Necking was evident on failed screws, and
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screws failed at their narrowest point, located 20-30mm above the thread as shown in

Figure B-3b.

All specimens of CC SFS WI60 series failed by tensile failure of the screw placed in
tension as shown in Figure B-4a and b. There was some timber crushing in front of the
compressive screw on all samples due to deformation of screws (Figure B-4c). CC SFS
WI60 series represented a strength range of 30.9-36.6kN, with an average of 33.8kN.

The minimal strength dispersion with CoV of 7.0% demonstrates consistent results.

Application of an interlayer in CC SFS 145 series resulted in a similar behaviour to the
CC SFSWI45series. There was slightly higher deflection (3-4mm) before Fi.x which
resulted in lower ductility than the series without interlayer. A total deflection of 4.4 -

5.2mm was recorded across the specimens.

CC SFS 45 series represented a strength range of 30.0-32.3kN, with an average of
31.8kN. The minimal strength dispersion with CoV of 3.0% indicates consistent results.
However, there was some variation in the slip at Fiax results. Slip at Fi.x value varied
between 2.6-3.7mm and the average slip at Fpnax was 3.2mm with a CoV of
12.5%.Initially all five samples displayed linear behaviours and the samples behaviour
changed as the load reached Fi.x, experiencing a ductile response. After reaching Fiax,
the load reduced to approximately 80-90%F . highlighting a continuation of the
ductility of the connections, before a sudden and tensile failure occurred (Figure B-1d).
CC SFS 145 series demonstrated multiple modes of failure. Specimens 1, 3, 4 and 5
failed in tensile failure of screw in tension at its narrowest point suddenly after
Fiax(Figure B-5a) whilst sample 4 showed formation of a plastic hinge in both intact

SCrews.

The load-deflection behaviour of the CC SSFS WI45 series utilising short SFS screws
was similar to that of the specimens utilising long SFS screws. The Fy.x and the
corresponding slip values obtained were very consistent in this case with CoV values of
2.1% for Finax and 9.4% for slip at Fi.x. These specimens showed a slip of around 2mm
before a Fin.x of around 28kN was reached. After peaking, load decreased until a sudden

failure occurred at 2-3mm slip at around 90% Fiax as shown in Figure B-1e.

Failure in CC short SFS WI45 series with the exception of specimen 1 occurred in the
tensile screw and the point of failure was located just above the anchor on the concrete

side. Necking was also present at the point of failure (Figure B-6a), however not to the
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extent which was experienced in the long SFS screws. Specimen 1 experienced large
ultimate slip of Smm corresponding to a load of approximately 60% of Fi.x. A large
torsional twist due to the formation of a plastic hinge in the bent screw was observed in
specimen 1 (Figure B-6b). The observed failure modes agreed with the failure mode of

short SFS series reported by Van der Linden (1999).

The behaviour of the CC short SFS 145 series was slightly different from the CC short
SFS WI45specimens. The F.x values were relatively consistent with a CoV value of
8.8%, however they were less consistent than other CC SFS 45 series. Conversely, the
slip at Fi.x values were the most consistent out of all the specimens with a CoV value of
8.3%.These specimens experienced approximately 2.5-3.0mm slip at Fi,.x which was at
around 21kN. As the load decreased after Fiax, ultimate failure occurred at
approximately 75% Fmax with a slip value of around 4mm as depicted in Figure B-1f.
CC short SFS 145 series experienced large torsional twist which occurred as the
connectors had failed by plastic hinge in screw. Due to the inclusion of the interlayer,
the timber was more susceptible to crushing. The twisting occurred as there was
localised crushing of the timber in the interlayer and surrounding the compression

SCrew.

The decrease in the length of the SFS screws used in the connections led to 17% and
32% reduction in strength of CC short SFS WI45 and 145, respectively compared to that
of long SFS screw series. The failure observation agreed with Van der Linden (1999)
who reported the same failure mode in the presence of 19mm interlayer. In contrast,Van
der Linden (1999) reported that by increasing the interlayer thickness to 28mm, the
dominant failure mode changed to the withdrawal of short SFS screws. The decrease in
the length of the SFS screws reduced different slip moduli of shear connector
approximately 8% and 31% for CC short SFS WI45 and 145 compared to that of long

SFS series, respectively.

The ductility of long SFS series varied within 3.4-7.9. Increasing of the inclination
angle from 30° to 60° increased the ductility whereas inclusion of the interlayer led to
44% ductility reduction compared to similar series without interlayer. Short SFS

exhibited 40% lower ductility compared to the similar series of long SFS series.
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B.1.2 CC SPAX screws series

The load-slip response and analytical model of conventional concrete series utilising
crossed SPAX screws inclined at 30°, 45° and 60°, with and without interlayer series
are plotted in Figure B-8. The mathematical descriptive models and sample correlation

coefficients, R” of CC series are given in Equations (B-7):(B-10).
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Figure B-8 Load-slip of CC SPAX series(a) WI30, (b) WI45, (c) WI60, (d) 145 and (e)

comparison of analytical graphs

P=17717("" —e*®) (R* =0.89) [SPAX WI30] (B-7)
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P=990.5(™" —e™") ,(R* =0.98) [SPAX WI45] (B-8)
P=1496(e**" ) (R*=0.97) [SPAX WI60] (B-9)

P=7252("" —e"") (R*=0.93)  [SPAXI45] (B-10)

Figures B-9:B-12 show the failure mode and opened specimens of different CC series

utilising SPAX screws.

Figure B-9 (a) Intact screws and opened specimens of screws in (b) tension and (c)

compression in CC SPAX 30WI series

Figure B-10 (a) Failure of tensile screw and opened specimens of screws in (b) tension

and (c) compression in CC SPAX 45WI series
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Figure B-11 (a) Failure of tensile screw and opened specimens of screws in (b) tension

and (c) compression in CC SPAX 60WI series

Figure B-12 Intact screws for different specimens of CC SPAX 451 series

CC SPAX WI30 series demonstrated a single mode of failure. All specimens failed with
both screws intact (Figure B-9). In all samples crushing of timber in both the tension
and compression screws were observed (Figure B-9a and b). There was lateral
displacement of screw with formation of a plastic hinge in both screws. In this case the
load carrying capacity of the shear connector was governed by the embedding strength
of the surrounding timber and bending capacity of the screw. CC SPAX WI30
demonstrated strength range of 37.3-43.0kN, with an average value of 40.7kN. This is

minimal strength dispersion with CoV of 5.6%.

CC SPAX WI4S5 series had a strength range of 35.5-39.8kN, with an average of 38.3kN.
The minimal strength dispersion with CoV of 4.8% demonstrates consistent results. CC
SPAX WI45 series initially exhibited a linear behaviour, similar to the CC SFS WI45
series. As the load reached Fi.x, the samples showed signs of a non-linear response.
After reaching F,x the samples displayed ductile response by maintaining load until a
sudden tensile failure of screw in tension at approximately 70% Fpnax. On all samples,
the SPAX screw placed in tension failed in tension with no lateral movement as shown

in Figure B-10a and b.
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CC SPAX WI60 series demonstrated single failure mode. On all samples, the SPAX
screw placed in tension failed in tension with no lateral movement as depicted in Figure
B-11a and b. Slight crushing of timber was observed in front of the screw placed in
compression as shown in Figure B-11c. CC SPAX WI60 series represented a strength
range of 32.9-37.8kN, with an average of 35.4kN. The minimal strength dispersion with

CoV of 5.6% demonstrates consistent results.

CC SPAX I45 demonstrated considerable dispersion for average slip with quite
consistent Fi,x results as highlighted in the CoV results. CC SPAX 145 exhibited
multiple failure modes as three samples (2, 3 and 4) experienced a single peak failure
and both bent screws were intact with formation of plastic hinge whereas the other two
samples (1 and 5) reached Fax after experiencing far greater slip and failed in tensile

failure of screw placed in tension (Figure B-8d).

All samples experienced linear behaviours over the initial stages of the test. After
reaching Fix, all samples experienced a ductile response before failure. After reaching
Fiax the load reduced in a range of 54 - 97%F . before a sudden and complete failure

occurred (Figure B-8d).

CC SPAX I45 series represented a strength range of 26-31kN, with an average of
28.8kN. The minimal strength dispersion with CoV of 7.6% demonstrates consistent
results. A highly consistent stiffness result was observed as shown by the significantly
low CoV values. The strength of CC SPAX WI45 series was 15% higher than the
similar SFS series. However, SPAX I45 series produced 5% less strength than similar

SFS series.

In the case of tensile failure of the screw, the tensile failure mode occurred when the
load carrying capacity of the connection exceeded the tensile strength of the screw.
Hence, the strength of the TCC connection is highly dependent on the tensile capacity
of the screw. The necking of the screws was evident in the failed samples and the failure

of screws occurred at the narrowest point of the screw.

The ductility of SPAX series varied between 2.9 and 4.6. Increasing of the inclination
angle from 30° to 60° has a minor impact on ductility whereas inclusion of the

interlayer led to 35% reduction compared with the similar series without the interlayer.

286



B.1.3 L profile and U profile connection and inclined coach screws series

The load-slip responses and analytical model of CC L and U profiles and coach screws
inclined at 45°series are plotted in Figure B-13. The mathematical descriptive models
and sample correlation coefficients, R of CC series utilising L and U profiles and coach

screw 45 degree are given in Equations (B-11):(B-13).
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Figure B-13 Load-slip and analytical model of (a) CC L profile and 3 short SPAX
screws series, (b) CC U profile and 3 short SPAX screws series, (c) coach45 series and

(d) comparison of analytical graphs

P=323.6("* —e**) ,(R* =0.96) [L profile] (B-11)
P=1221(e**" —e*) ,(R* =0.90) [U profile] (B-12)
P=29.92("" —e™**) (R* =0.97) [coachd5] (B-13)
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The L series of connectors exhibited the highest average strength of 54.6kN which was
36.6% higher than the U series and 109% higher than the coach screw series. This was
anticipated as the L connector was the most rigid design being fabricated from a
structural section with a relatively high moment of inertia compared to the U connector,
and thus it was less susceptible to bending and deflection. Additionally, 3 small SPAX

screws used increased load capacity than a single coach screw.

All 5 L series specimens failed in a combined tensile and shear failure of the SPAX
screws. The failure surface had a very clean finish with very little necking evident

which resulted in a brittle failure mode due to the high carbon content of the screws.

There appeared to be no deformation to the L connector itself with no surface cracks or
other evident signs of stress to the steel. The LVL joist for all the L series specimens
showed no visible signs of crushing, with no splitting. The LVL surrounding the timber
remained undamaged highlighting that the SPAX screws did not experience an

embedment mode of failure as illustrated in Figure B-14b and c.

The concrete also remained undeformed with no localised failure (Figure B-14a). Two
opened LVL joists along the timber grain demonstrated that the SPAX screws remained
straight along the shank with no visible plastic hinges and signs of embedment as

depicted in Figure B-14.

Figure B-13 illustrates the brittle behaviour of the L connector compared to the U and
coach screw series which is evident from the abrupt termination of the load-slip diagram
of the L series. Whilst the L series connector has a high strength, the brittle behaviour is
highly undesirable as it provides very little warning to the occupants of the structure and

as a result may be termed as a catastrophic failure.

The L series connectors had the highest average serviceability and ultimate slip moduli.
Compared to the other connection designs in literature, the L connector exhibited a
relatively high serviceability slip modulus; however it does not achieve the same
stiffness values such as the perforated steel plate connector system tested by Miotto and
Dias (2011) and Miotto and Dias (2012) or concrete notches investigated by Yeoh
(2010). It is noteworthy that direct comparison of TCC connectors is not valid due to

different geometry, arrangement and material properties of the TCC specimens.
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Figure B-14 Failure of (a) head of screw in concrete (b) opened specimen and (c)tensile

and shear failure of the SPAX screws

The L profile series showed relatively reliable slip moduli, shown by low CoV of 10-
25%. L connectors were placed evenly along the length of the LVL joist. Hence, direct
shear force loading resulted in an eccentricity in the TCCs. Thus during the push out
test, the right LVDT should have demonstrated less slip, due to the restraint provided
from the unequal angle being embedded on that side. However a stiffness analysis of all
the load-slip diagrams from the L series comparing the readings between the left and the

right LVDT showed no trends for lower stiffness of the unrestrained side.

The strength of each SPAX screw in the L series was calculated as 18.2kN in shear
(54.6kN/3). Resolving the shear strength into two components, the component of the
shear force along the screw, 12.9kN is close to the tensile strength of the small SPAX

screw at 13.4kN, obtained from the uni-axial tensile tests as reported in Chapter 6.

The U series connector demonstrated the second highest strength with an average
strength of 40.0kN. The U connector demonstrated a 36.6% lower strength than the L
connector and 53.3% higher strength than the coach screw. It was anticipated that the U
connector would have a similar failure load to the L connector due to the use of the 3

SPAX screws to fix the U connector to the LVL.

Figure B-13b illustrates that the U connector failed in a very ductile manner with a
ductility of 63 and this is attributed to the plastic deformation of the thin wall thickness
of the U connector and thus, the SPAX screw head was allowed to be slowly pulled
through the bottom section of the U connector and remained firmly intact whilst the
steel in the U connector around the screws experienced a plastic deformation as

illustrated in Figure B-15a.

This result attributed to the fact that the U connectors were produced from low carbon
steel with a yield stress of 210MPa whilst the SPAX screws were made from high

carbon steel with an ultimate tensile stress of 1063MPa as reported in Chapter 6.
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Although the U connector did not achieve the same strength as the L connector, this
ductile behaviour is desirable. A slight plastic hinge of the SPAX screw was visible just
below the head with crushing of the LVL whilst the concrete slab remained undamaged
and this ductile failure was consistent for all 5 U specimens as shown in Figure B-15b.
Steel with a minimum yield stress of 491MPa is required to avoid plastic failure around

the screw perforation at the bottom section of the U connector.

Figure B-15 (a) Plastic deformation of the screw holes in the U connector, (b) opened

specimen and (c) screw head being pulled through the U connector and timber crushing

Additionally, both the U and L connector utilised 3 SPAX screws and thus under this
loading arrangement they exhibit similar behaviour. However, the serviceability slip
modulus of the U connector was close to that of the coach screws series. The ultimate
slip modulus was the lowest across all series which is explained by plastic deformation

of the U connector near the screw holes resulting in large slip behaviour.

Figure B-16¢ shows that the average strength of 26.1kN for the coach screw series is
resolved into two components and the tension component of the shear force is close to
the value achieved in the uni-axial tensile tests, 19.3kN as reported in Chapter 6. The
coach screw series exhibited the lowest serviceability slip modulus. However ultimate
slip modulus of the coach screw series indicated the second highest average slip
modulus. This is due to the coach screw connector exhibiting greater slip resistance
when loaded at 60%Fmax. Overall the slip moduli calculated are reliable, as shown by

the relatively low CoV varying on average between 10% and 25%.

Figure B-13c highlights that the coach screw failed in a ductile manner with a ductility
of 13, possibly because the coach screws were made from a mild carbon steel. It was
observed that the coach screws failed in a combination of shear and tension at the TCC
interface with no signs of a plastic hinge. The failure surface has a rougher pattern than
that observed in the SPAX screws and there are signs of ductile failure in the screw with

some areas of necking (Figure B-14b).
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Figure B-16 Tensile and shear failure in the coach screw

No splitting or embedment of the timber was observed (Figure B-14b) whilst the

concrete remained undamaged (Figure B-14a).

B.2 PUSH-OUT TEST RESULTS: EPS LIGHT-WEIGHT CONCRETE

Tables B-5 and B-6 present the load capacity and ductility of the EPS LWC test series.
Tables B-7 and B-8 list the load capacity and different slip moduli of the test series

obtained from EN26891 and modified methods, respectively. Moreover, the mean,

standard deviation and coefficient of variation (CoV) of the test data were tabulated.

Table B-5 Load capacity of different series utilising EPS LWC

series No. Load capacity(kN)
Range  Ave o CoV
SFSWI30 5 33.1-377 349 2.0 5.8
SFSWI45 10 26.5-347 308 23 7.5
SFSWI60 5 224278 253 2.0 7.8
SSFSWI45 5 13.5-21.0 17.3 2.7 15.4
SFSI45 5 244296 276 2.0 7.2
SPAX WI30 5 28.6-36.1 323 32 10.0
SPAX WI45 5 338369 352 13 3.6
SPAX WI60 5 31.6-335 323 0.7 2.2
SPAX 145 5 274320 293 1.8 6.3
SFSWI45EPS1600 5 22.7-26.8 249 2.0 8.1
SFSI45EPS1600 5 19.1-247 21.1 2.1 10.0
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Table B-6 Ductility of different test series utilising EPS LWC

uy(mm) uy(mm)  ufmm) Dy Dy

series
Ave(CoV) Ave(CoV) Ave(CoV) Range Ave(CoV) Range Ave(CoV)

SFSWI30  0.3(43.8) 1.9(77.1) 4.4(32.9) 2.6-8.3 5.4(45.7) 5.9-29.4 15.5(59.1)
SFSWI45  0.6(16.9) 2.8(35.9) 4.6(22.4) 2.9-82 5.1(40.2) 5.5-13.0 8.3(28.7)
SFSWI60  0.5(12.7) 5.4(17.5) 6.5(13.4) 8.1-11.6 9.7(13.3) 10.3-13.0 11.7(9.0)
SSFSWI45  0.3(19.9) 1.821.2) 3.3(35.2) 3.8-9.1 6.4(3L5) 3.8-17.4 11.7(42.5)
SFSI45 1.0(13.1) 2.4(18.7) 5.5(27.6) 2.0-2.6 2.4(11.1) 3.4-7.6 5.5(28.0)

SPAX WI30 0.4(23.6) 1.4(12.3) 24(11.3) 2.9-3.8 3.509.7) 3.3-6.9 5.9(24.9)
SPAX WI45 0.6(20.7) 2.4(18.7) 3.8(25.7) 3.1-4.6 4.1(152) 4.8-8.1 6.4(20.9)
SPAX WI60 0.7(8.5) 2.2(28.7) 3.4(12.6) 2.1-47 3.4(3L1) 4557 5.1(09.7)
SPAX 145  1.2(33.7) 3.7(10.9) 5.3(14.3) 2.0-42 3.3(29.9) 2.7-7.0 4.8(33.3)

SFSWI45
EpSigo0  07C2LO) 12216 6(0) 1618 17(3.9) 6.7-10.5 9.1(18.6)
SFSI45

EPS1600 1.1(16.2) 1.4(143)  6(0)  1.2-1.7 1.3(142) 4.6-6.5 5.6(15.6)

Table B-7 Slip moduli of series utilising EPS LWC based on EN26891

Slip moduli (kN/mm)

Series
K04 Ko Kios

Range Ave dCoV) Range Ave qCoV) Range Ave qCoV)

SFSWI30  46.5-73 59.914.4(24.0) 40.9-65.550.0 9.3(18.7) 14.3-51.7 36.9 138(37.5)
SFSWI45  30.6-62.043.0 9.7(22.5) 28.3-43.535.4 4.6(13.0) 18.1-33.9 28.4 4.5(15.7)
SFSWI60 23.6-29.827.0 2.6(9.6) 25.5-28.926.5 1.4(5.4) 7.2-25.4 19.6 8.0(40.7)
SSFSWI45 22.1-40.528.5 7.3(25.7) 19.8-41.530.1 7.7(25.6) 15.1-33.8 21.2 7.6(35.9)
SFSI45 18.5-24.821.0 2.6(12.6) 16.8-23.019.4 2.4(12.2) 15.4-20.9 17.5 2.1(11.8)

SPAX WI3041.1-77.253.914.5(27.0) 36.5-64.148.910.1(20.6) 33.4-50.7 42.1 6.6(15.7)
SPAX WI4527.9-61.239.513.4(33.8) 25.9-54.835.611.5(32.3) 24.6-40.8 30.6 6.6(21.7)
SPAX WI16031.0-69.738.118.9(49.8) 19.2-35.628.2 5.9(20.8) 18.6-25.7 24.0 3.0(12.6)
SPAX 145 13.4-19.516.2 2.2(13.4) 13.7-19.316.4 2.1(12.6) 12.9-17.0 14.4 1.8(12.2)

SFSWI45

EPS1600 28.3-34.531.6 3.1(9.9) 25.5-30.328.2 2.4(8.7) 23.2-27.1 25.5 2.0(8.0)
SES143 13.6-24.718.2 4.1(22.3) 13.8-21.717.3 2.9(16.9) 13.8-19.5 16.4 2.3(13.8)
EPS1600 e aEe : Ome LD 2 . 0-19. 4 2. .
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Table B-8 Slip moduli of series utilising EPS LWC based on modified method

Slip moduli (kN/mm)
K04 K06 Ksos
Range Ave dCoV) Range Ave dCoV) Range Ave CoV)
SFSWI30  57-121.1 87.930.1(34.3) 45.8-81.861.115.5(25.3) 14.7-58.642.017.8(42.3)
SFSWI45 48.1-86.960.111.1(18.4) 36.4-56.442.6 5.9(13.9) 18.1-40.032.0 5.9()18.3
SFSWI60 47.5-80.063.212.2(19.2) 37.9-48.642.3 4.1(9.7) 7.8-36.2 25.812.2(47.2)
SSFSWI45 23.2-84.064.524.7(38.4) 28.1-56.047.015.5(33.1) 16.7-40.125.8 9.4(36.6)
SFSI45 20.4-27.924.9 2.8(11.4) 17.9-24.721.5 2.4(11.3) 16.0-21.918.7 2.1(11.3)
SPAX WI30 55-100.2 82.417.4(21.1) 43.0-70.762.411.0(17.7) 37.2-54.548.9 6.9(14.1)
SPAX WI45 61.8-146 89.433.0(36.9) 47.3-69.054.5 8.6(15.7) 33.3-42.338.0 4.1(10.7)
SPAX WI16031.0-85.457.624.4(42.4) 25.0-43.235.3 8.4(23.7) 20.7-32.327.9 5.2(18.8)
SPAX 145 24.8-51.735.5 9.9(27.8) 19.9-33.525.8 5.0(19.3) 16.6-23.018.9 2.8(14.6)

Series

SFSWI45

belgoy  33:6-44937564(172) 283348310 34(11.0) 24.9-29.727.1 2409.1)
SESIAS ) 6282254 2.4(93) 193237211 1.7(7.8) 16.7-21.219.0 1.7(9.1)
EPS1600

B.2.1 EPS LWC 2000 SFS VB screws series

The load-slip response and analytical model of EPS LWC series utilising SFS screws
with and without plywood interlayer are plotted in Figure B-17. The mathematical
descriptive models and sample correlation coefficients, R* of EPS LWC2000 series

utilising crossed SFS screws are given in Equations (B-14):(B-18).
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Figure B-17 Load-slip and analytical model of LWC2000 EPS SFS series (a) WI30, (b)
WI45, (c) WI60, (d) WI45 short SFS, (e) 145 and (f) comparison of analytical graphs
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—e*) (R* =0.87) [SSFSWI45] (B-17)
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P=30.6(e""* —e*) ,(R* =0.88) [SFSI45] (B-18)

Figures B-18:B-22 show the failure mode and opened specimens of different EPS
LWC2000 series utilising SFS screws.

- . .

Figure B-18 (a) Intact screws and opened specimens of screws in (b) tension and (c)

compression in EPS LWC 2000 SFS WI30 series

Figure B-19 (a) Failure of tensile screw and opened specimens of screws in (b) tension

and (c) compression in EPS LWC 2000 SFSWI45 series

Figure B-20 (a) Failure of tensile screws and opened specimens of screws in (b) tension

and (c) compression in EPS LWC 2000SFSWI60 series
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Figure B-21 (a) Intact screws and opened specimens of screws in (b) tension and (c)

compression in EPS LWC 2000short SFS WI45 series

Figure B-22 (a) Failure of tensile screw and opened specimens of screws in (b) tension

and (c) compression in EPS LWC 2000 SFS 145 series

Generally, in the case of tensile failure of screws, a loud distinct sound corresponding to
tensile failure of the screw in tension was heard as the screw failed. Moreover, no
embedding failure and plastic hinge was observed in the screw placed in tension. The

timber surrounding the tensile screws did not crush in any of the specimens.

EPS LWC SFS WI30 series demonstrated multiple failure modes. For specimens 1 and
2, the tensile screw failed, and for the remaining specimens the screws were intact. EPS
LWC SFS WI30 series exhibited localised concrete failure around the shear connection
due to deformation of the screws at the interface (Figure B-18a). Sample 3 experienced
a lower Fay; the tensile screw was slightly protruding from the side of the LVL. With
the exception of specimen 3, all samples exhibited maximum loads of 33.1-37.7kN with

CoV of 5.8% which represents minimal dispersion and demonstrates consistent results.

EPS LWC SFS WI45 series represented a single failure mode as tensile failure of the
screws placed in tension. There was some localised concrete failure and localised timber

failure around the compressive screw due to the tensile and compressive screw
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deformation which cracks the surface of the concrete (Figure B-19). There was no
timber crushing around the tensile screw as depicted in Figure B-19. The tensile screw
failed when the load carrying capacity of TCC sample exceeded the tensile strength of
the SFS screw. In this case, the strength of TCC sample is dependent on the tensile

capacity of the screw.

The behaviour of this series was split as some samples exhibited a single peak
behaviour similar to the CC SFS WI45 series. The other samples exhibited a dual peak
behaviour, with the first peak followed by a small drop before load increased again and
then ultimate failure. In these cases, an initial localised failure in the concrete at the
connection is likely to have caused the first drop, before the ultimate failure of the
screws. Failure in all cases was more ductile than similar series utilising CC series, with
a greater deflection following Fax before failure. EPS LWC2000 SFS WI45 series
represented a strength range of 26.5-34.7kN, with an average of 30.8kN. The minimal

strength dispersion with CoV of 7.5% demonstrates consistent results.

All specimens of EPS LWC2000 SFS WI60 series failed by tensile failure of screw
placed in tension. There was some localised failure of concrete around the tensile screw
on all samples due to deformation of screws. EPS LWC2000 SFS WI60 series
demonstrated a strength range of 22.4-27.8kN, with an average of 25.3kN. The minimal

strength dispersion with CoV of 7.8% demonstrates consistent results.

All specimens of EPS LWC2000 short SFS WI45 failed by plastic hinge in compression
screw. There was torsional twist experienced on all specimens. This has occurred as
there was localised crushing/deformation of the timber surrounding the compression
screw. This behaviour shortened the length of the compression screw in the vertical
plane, increasing its length in the horizontal plane causing the specimen to twist. There
was no concrete failure experienced with localised failure of the timber in both the
tension and compression screws. This has occurred as the screw has not entered the

timber as deeply, and is not as secure in the timber. This type of failure is very ductile.

EPS LWC2000 short SFS WI45 series demonstrated a strength range of 13.5-21.0kN,
with an average of 17.3kN with CoV 0f15.4% which demonstrated lower consistency of
the results. The lower consistency of these results is attributed to a mechanical machine

error with test specimen 2 which was pre-loaded to 18kN before testing.
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EPS LWC2000 SFS 145 series demonstrated a strength range of 24.4-29.6kN, with an
average of 27.6kN with CoV of 7.2% which demonstrated consistent results. Specimen
5 exhibited a sudden failure, with both screws failing. Four of the samples 1-4 of EPS
LWC2000 SES 145 exhibited a similar dual peak pattern to some EPS LWC2000
SFSWI45 specimens. This coincided with slip between the concrete and plywood
interlayer of around 2-5mm, and some detachment between layers. This was likely to be
due to localised failure of the concrete at the connection which allowed the deformation
of the screws. This coincided with slip between the concrete and interlayer of around 2-

Smm, and some detachment between layers.

Typical behaviour of LWC short SFS observed by Jorge, Lopes and Cruz (2011)
included an initial peaking of load, which was generally followed by some recovery of
load, and in many cases a later maximum load. This was attributed to local crushing of

the concrete due to the low compressive strength of light-weight aggregate.

However, Jorge, Lopes and Cruz (2011) noted that the mortar matrix in LWC is
stronger than in CC and this may result in a higher anchor strength after the initial
crushing of aggregate, leading to the recovery of load level after an initial drop. Similar
behaviour was observed in the EPS LWC2000 SFS series of the tests in this study,,

likely for these same reasons.

EPS LWC series exhibited highest ductility among the test series. The ductility of long
SES series varied between 5.5-11.7. The EPS LWC2000 SFS series exhibited no
obvious trend between inclination angle and ductility whilst inclusion of interlayer led

to 35% ductility reduction compared to similar series without interlayer.

Short SFS led to an increasing of 40% compared to similar series utilising long SFS

series.
B.2.2 EPS LWC 2000 SPAX screws series

The load-slip responses of LWC EPS2000 SPAX screws at different angles with and
without interlayer series are plotted in Figure B-23. The mathematical descriptive
models and the sample correlation coefficients, R* of EPS LWC2000 series utilising
crossed SPAX screws are given in Equations (B-19):(B-22).
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Figures B-24:B-27 show the failure mode and opened specimens of different EPS
LWC2000 series utilising SPAX screws.

Figure B-24 (a) Intact screws and opened specimens of screws in (b) tension and (c)

compression in EPS LWC2000 SPAX WI30 series

Figure B-25 (a) Tensile failure and opened specimens of screws in (b) tension and (c)

compression in EPS LWC2000 SPAX WI45 series

Figure B-26 (a) Tensile failure and opened specimens of screws in (b) tension and (c)

compression in EPS LWC2000 SPAX WI60 series
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Figure B-27(a) Intact screws and opened specimens of screws in (b) tension and (c)

compression in EPSLWC2000 SPAX 145 series

EPS LWC SPAX WI30 series demonstrated a single mode of failure. All specimens
failed with both screws intact (Figure B-24a). In all samples localised failure of concrete
around the shear connector as well as localised crushing of timber in both the tension

and compression screws were observed (Figure B-24b and c).

There was lateral displacement of screws with formation of a plastic hinge in the screw
placed in compression. In this case the load carrying capacity of the shear connector
was governed by the embedding strength of the surrounding timber and bending
capacity of the screw. EPS LWC 2000 SPAX WI30 series represented a strength range
of 28.6-36.1kN, with an average of 32.3kN. The minimal strength dispersion with CoV

of 10.0% demonstrates relatively consistent results.

EPS LWC2000 SPAX WI45 series demonstrated multiple modes of failure. All
specimens 1-4 failed in tensile failure of screw placed in tension, however specimen 5

had both bent screws intact with formation of a plastic hinge (Figure B-25a).

There was some localised failure of concrete and timber around the shear connectors
and it is attributed to deformation of the tensile and compression screw in concrete and
deformation of compressive screw in timber. EPS LWC2000 SPAX WI45 series
represented a strength range of 33.8-36.9kN, with an average of 35.2kN. The minimal

strength dispersion with CoV of 3.6% demonstrates consistent results.

EPS LWC2000 SPAX WI60 series demonstrated multiple modes of failure. Specimens
1, 2, 3 and 5 failed in tensile failure of screw, however specimen 4 experienced large
localised concrete failure and the screws were both intact with no localised failure of the

timber (Figure B-26a).

301



Poor compaction of connection area in specimen 4 might be the reason for large concrete
failure as no other specimens failed in this manner. For all specimens some localised
failure of concrete around the shear connectors was observed and it is attributed to the
deformation of tensile and compression screw in concrete before failure whilst there
was some crushing in front of compressive screw in timber. EPS LWC2000 SPAX
WI60 series represented a strength range of 31.6-33.5kN, with an average of 32.3kN.

The minimal strength dispersion with CoV of 2.2% demonstrates consistent results.

EPS LWC SPAX 145 series demonstrated multiple modes of failure. Specimens 1, 2, 3
and 5 failed with screws intact and specimen 4 failed in tensile failure of screw. For
specimens 1, 2, 3, and 5 there was very large torsional twist observed. This has occurred
as the shear connectors have failed as plastic hinge in screw. Because of the presence of

an interlayer made of plywood, the timber is more susceptible to crushing.

The twisting occurred as there was localised crushing of the timber in the interlayer and
surrounding the compression screw as displayed in Figure B-27a. This behaviour
shortened the length of the compression screw in the vertical plane, increasing its length
in the horizontal plane (parallel to the interface) causing the specimen to twist. The

failure coincides with the rotation of the fastener about some point along the screw.

EPS LWC SPAX 145 series represented a strength range of 27.4-32.0kN, with an
average of 29.3kN. The minimal strength dispersion with CoV of 6.3% demonstrates
consistent results. The presence of interlayer significantly reduced the stiffness of the
EPS LWC2000 SPAX 45 series. EPS SPAX series 145 experienced 59% and 53% lower

serviceability and ultimate slip moduli compared to the results with the interlayer series.

It is noted that tensile failure of screw in tension occurred when the load carrying
capacity of the joint exceeded the tensile strength of the SPAX screw and the strength of

the specimen depends on the tensile capacity of the screw.

The ductility of SPAX series varied between 4.8-6.4. The EPS LWC2000 SPAX series
exhibited no obvious trend between inclination angle and ductility whilst inclusion of

interlayer led to 25% ductility reduction compared to similar series without interlayer.
B.2.3 LWC-EPS1600 SFS VB screw series

The load-slip responses of LWC EPS1600 SFS45 with and without interlayer are
plotted in Figure B-28.
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Figure B-28 Load-slip and analytical model of EPS LWC1600 SFS (a) WI45, (b) 145

and (c) comparison of analytical graphs

The mathematical descriptive model and the sample correlation coefficient, R of EPS
LWCI1600 series utilising crossed SPAX screws are given in Equations (B-23) and
(B-24).

P=23.6(""" —e**") ,(R* =0.80) [EPS1600SFSWI45] (B-23)

P=16.36(e*"" —e"*") ,(R* =0.74) [EPS1600SFSWI45] (B-24)

The LWCI1600 SFS series also showed single peak behaviour, but not a complete
failure as observed in the CC series. The initial failure was caused again by localised
concrete failure; however it was also accompanied by the failure of the compression
screw, leading to a more significant reduction in load where load was not significantly

recovered before final failure as depicted in Figure B-29.
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Figure B-29 Failure of compressive screws in EPS LWC1600 SFS45 test series

Fiax for the EPS LWC 1600 SFSWI45 was reduced compared to similar series utilising
EPS LWC2000. EPS LWC 1600 SFSW1I45series also behaved and failed in a different
manner to previous EPS LWC2000 series with ultimate failure of screw in compression.
These samples reached a peak, and then the load had a relatively sudden decline before
plateauing at around 60-80% of Fnax. Localised concrete failure at the connection

allowed additional deformation of the screws whilst the load remained constant.

Similar to the EPS LWC2000 series, a reduction in the compressive strength of the
concrete allowed the localised failure of the concrete around the SFS screws. In these
specimens, due to a further reduced compressive strength compared to the EPS
LWC2000 concrete, the localised failure of the concrete led to the deformation of the
compressive screw, which allowed it to become perpendicular to the direction of
loading. Hence, the compressive screws were subjected to only shear force, and the
screws failed under this increased shear force relative to the cross-section (or reduced

section relative to the direction of shear) as schematically shown in Figure B-29.

The subsequent plateauing of the force was the result of continued tension in the tensile
screw; however slip became large as loading continued (15-30mm). This behaviour

demonstrates the value of the compression screw in resisting the shear force.

The increase in slip of these specimens, while maintaining a relatively constant load
was due to the continued tension in the tensile screw until the compressive screw

eventually reached shear failure.
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Figure B-30 (a) Failure of compressive screw and opened specimens of screws in (b)

tension and (c) compression in LWC EPS1600 SFS 145 series

The EPS LWC1600145 series behaved similarly to the EPS LWC1600WI45 series,
though with reduced load capacity. Initial failure was due to shear failure of the

compressive screw in most samples as depicted in Figure B-30.

Samples with EPS LWC2000 and EPS LWC1600 concrete showed 20-25% and 40-
60% less slip at Fi,x were observed EPS LWC2000 and EPS LWC1600 SFS series
experienced respectively than similar samples constructed from CC series. Lower
strength samples failed at lower loads and hence it was expected the slip at failure
would be lower. Load-slip graphs show a relatively linear relationship up to the
maximum load as depicted in Figures B-17, B-23 and B-28. The reductions in slip are
greater than the reductions in failure load and hence, EPS LWC series experienced

higher stiffness at different load level rather than that of the HSC, CC and SCC series.

It is also worth noting that low strength samples, EPS LWC1600 series experienced
significant slip after initial failure, while the connection was at partial capacity before

total failure.

B.3 PUSH-OUT TEST RESULTS: SCORIA LIGHT-WEIGHT CONCRETE
The load-slip response and analytical model of LWC Scoria series utilising SFS VB and
SPAX crossed screws at +45° with and without interlayer series are plotted in Figure

B-31. The mathematical descriptive models and sample correlation coefficients, R* of

Scoria LWC test series are given in Equations (B-25):(B-28).
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Tables B-9 and B-10 present the load capacity and ductility of the test series utilising
Scoria LWC. Tables B-11 and B-12 list the load capacity and different slip moduli of
the test series obtained from EN26891 and the modified methods, respectively.
Moreover, the mean, standard deviation and coefficient of variation (CoV) of the series

were listed.

Table B-9 Load capacity of different series utilising Scoria LWC

series No. Load capacity(kN)
Range  Ave o CoV
SFSWI45 5 315339 332 1.0 2.9
SFSI45 5 297342 316 19 6.1
SPAX WI45 5 35.6-382 371 13 3.5
SPAX 145 5 259-333 308 29 9.5

Table B-10 Ductility of different test series utilising Scoria LWC

uy(mm)  wuy(mm)  ugf(mm) D, Dy

series
Ave(CoV) Ave(CoV) Ave(CoV) Range Ave(CoV) Range Ave(CoV)

SFSWI45  1.0(21.2) 3.0(12.0) 4.6(6.4) 2.6-3.8 3.0(17.3) 3.8-5.5 4.6(15.9)
SFSI45 1.011.3) 3.5(13.5) 3.9(7.2) 3.7-4.4 3.4(17.8) 3.6-4.7 3.9(16.2)
SPAX WI45 1.0(16.5) 2.5(11.6) 4.2(15.8) 1.7-3.2 2.5(23.8) 2.9-52 4.2(23.6)
SPAX 145  1.4(4.1) 2.6(18.1) 4.1(58) 1.3-2.2 1.9(18.9) 2.53.1 2.9(9.0)

Table B-11 Slip moduli of series utilising Scoria LWC based on EN26891

Slip moduli (kN/mm)

Series
K04 K06 K03

Range Ave dCoV) Range Ave dCoV) Range Ave dCoV)

SFSWI45 18.4-23.419.8 2.0(10.2) 19.3-22.520.4 1.3(6.4) 17.3-19.1 18.1 0.8(4.5)
SFSI45 14.2-16.815.7 1.2(7.6) 13.1-18.315.8 1.9(12.1) 10.3-14.2 13.0 1.7(12.7)
SPAX WI4520.1-26.723.9 2.7(11.3) 21.4-27.324.1 2.3(9.5) 19.7-25.522.1 2.3(10.4)
SPAX 145 15.0-17.916.2 1.2(7.5) 15.8-26.318.8 4.2(22.5) 15.0-23.1 17.6 3.2(18.0)
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Table B-12 Slip moduli of series utilising Scoria LWC based on the modified method

Slip moduli (kN/mm)

Series
K4 Ko Ksos

Range Ave CoV) Range Ave dCoV) Range Ave CoV)

SFSWI45 41.5-68.252.411.2(21.5) 30.7-40.635.5 3.6(10.2) 22.9-30.7 25.5 3.1(12.1)
SFSI45 21.6-33.026.5 4.1(15.5) 16.1-30.522.2 5.5(24.9) 11.6-18.4 15.8 2.8(17.9)
SPAX WI4552.9-68.259.6 6.6(11.2) 36.2-48.941.1 5.0(12.3) 28.7-36.1 30.7 3.1(10.1)
SPAX 45 13.6-27.923.1 5.5(23.9) 20.9-25.622.6 2.0(8.9) 18.3-23.6 20.2 2.0(10.2)

Figures B-32:B-34 show the failure mode and opened specimens of different Scoria
LWC series utilising SFS and SPAX screws. Scoria LWC SFS WI and I series revealed
consistent strength and stiffness, however not so consistent for slip at Fi,x and ductility
as shown by the CoV values. Similar to the CC series, the Scoria LWCSFS WI series
initially exhibited a linear behaviour and load increased quite steadily, slowing slightly
before reaching the peak load at 31.5-33.9kN whilst as the load reached Fmax, the
samples showed a non-linear response. Following the peak load, the load gradually
reduced to about 80% Fi,.x before a sudden tensile failure of screw as shown in Figure

B-31a.

Figure B-32 (a) Localised concrete crushing in Scoria LWC, (b) tensile failure of tensile

screw and (c) opened specimens of screws in tension in LWC SFS WI45 series

Figure B-33 (a) Failure of tensile screw (b) tensile failure of screw Scoria LWC SFS 145
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Figure B-34 (a) Intact screws, LWC Scoria SPAX WI45 series (b) intact screws, Scoria
LWC SPAX 145 series and (c) failure of tensile screw in Scoria LWC SPAX 145 series

Scoria LWC SFS WI45 series indicated signs of small, localised failure in the concrete
around the shear connections. Such cracking was caused by the deformation of the
screw at the interface as depicted in Figure B-32a. All specimens experienced a tensile
failure of the screw placed in tension, with shear contributing as shown in Figure B-32.
Necking was evident on failed screws, and screws failed at their narrowest point,
located 20-30mm above the thread and embedded in concrete as shown in Figure
B-32b. The average slip at Fmaxresults of the series is 2.6mm with a CoV of 15.9%. The

results show a minor difference, which adds to the consistency of the results.

Similar to LWC SFS WI45 series, samples of LWC SFS 145 series initially experienced
a linear behaviour, and then changed to a non-linear response as the load moved
towards Fiax. After reaching Fi.x, samples displayed ductile responses, until a sudden
tensile failure was encountered. There were some fluctuations and wave type pattern in
in the load-slip response of the three samples. This pattern was achieved by pieces of
aggregate caught in the testing rig, causing fluctuations to occur as the aggregate

withstood load until it broke and fell as depicted in Figure B-31b.

Necking of the screws in tension was evident and the failure of each screw occurred at
its narrowest point (Figure B-33). Scoria LWC SFSI45 series showed signs of small,
localised failure in the concrete around the shear connections. Scoria LWC SFSI45
series indicated the lowest stiffness among Scoria series result with approximately 20%

reduction compared to similar series without interlayer.

Scoria LWC SPAX WIA45 series demonstrated multiple modes of failure. The initial part
of response displayed a linear behaviour followed by a ductile response as the load

reached Fi.x. After reaching Fp.y, specimens 1 and 5 experienced tensile failure of
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screw in tension, failing at approximately 75%F .. However specimens 2,3 and 4
maintained the load up until 50%F,.x with higher slip values and both bent screws were
intact which formed a plastic hinge (Figure B-31c¢). There was some localised failure of
concrete and timber around the shear connectors and this is attributed to the deformation

of screws in concrete and timber as displayed in Figure B-34a.

Scoria LWC SPAX WI45 series represented a strength range of 35.6-38.2kN with an
average of 37.1kN. The minimal strength dispersion with CoV of 3.5% indicates

consistent results. Scoria LWC SPAX WI45 series exhibited an average of slip at Fix
of 2.3mm with CoV of 6.5%.

Similar to Scoria LWC SPAX WI45 series, Scoria LWC SPAX 145 series demonstrated
multiple failure modes with a linear behaviour upon reaching F.x. After reaching Fix
the nonlinear ductile behaviour was continued until a sudden tensile failure occurred at
approximately 75% Fiax in samples 1, 3 and 4. In contrast, samples 2 and 5 experienced
a more ductile behaviour with formation of plastic hinge in screw as they continued to
hold load up until approximately 37- 67% Fuax as depicted in Figure B-31d. A very

large torsional twist was observed in these samples.

Scoria LWC SPAX 145 series represented a strength of ranging 25.9-33.3kN, with an
average of 30.9kN. The minimal strength dispersion with CoV of 9.5% demonstrates
relatively consistent results. The average slip at Fin,x of LWC Scoria SPAX 145 series
was 2.4mm with a CoV of 33.6%.

Comparison of Scoria SFS and SPAX series implies that the SPAX series had a Fi,x of
37.0kN, 11.3% greater than the similar SFS series. However, comparing CC SFS45 and
SPAX 45 series, CC SPAX 145 produced the lowest Fin,x overall. Similar to CC series,
Scoria LWC SPAX 45 presents the lowest strength of the Scoria series. Serviceability
and ultimate stiffness of Scoria LWC WI and I series were less than similar CC series.

Scoria LWC series showed a higher non-linear response than the CC series.

The presence of interlayer was shown to affect the strength of Scoria LWC SPAX 45
series much more severely than Scoria LWC SFS45 samples, as shown by the large

differences of 17% compared to 5%.

The average slip results at Fp,x indicated that the presence of the interlayer had a
significant effect on the CC SFS45 and CC SPAX 45 series, demonstrated by a high
difference 35— 42% higher slip. Therefore, the average slip at Fiax is significantly
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influenced by the interlayer. However, the Scoria LWC series presented marginal
differences, Scoria LWC WI series had less slip at Fp.x whilst maintaining a

comparable average Fax.

The presence of the interlayer reduced the stiffness of Scoria LWC SPAX 45 series.
Scoria SPAX series 145 experienced 32% and 22% lower serviceability and ultimate

slip moduli compared to with interlayer series.

Scoria LWC test series showed that the shear connector has made a difference and
Scoria LWC SPAX 45 series has outperformed Scoria LWC SFS 45 by on average
4.7% in terms of strength where the highest strength was experienced by Scoria LWC
SPAX WI45 with a value of 37kN. The SPAX screw has a slightly larger diameter,
8.1mm compared to 7.6mm and Smm at the bottom section of the SFS screw. This
larger diameter and different material properties of steel in SPAX screw compared to

SFS VB screw accounts for its greater axial strength and yield moment.

Scoria LWC SPAX WI45 series indicated serviceability and ultimate stiftness of 20.7%
and 18.1% greater than Scoria LWC SFSWI4S5 series, and Scoria LWC SPAX [45series
exhibited serviceability and ultimate stiffness of 3.2% and 19% higher than Scoria LWC
SES 145 series. Scoria SPAX WI45 series exhibited the most effective connection with
highest serviceability and ultimate stiffness. This is evident as Scoria LWC SPAX WI45
series indicated the lowest average slip at Fiax, 8-13% lower than SFS WI45 (Table
B-10), and the highest average Fp,x, 11-15% more than SFS WI45 (Table B-9). Hence,

SPAX screws can be identified as a potential practical alternative for TCC construction.

The ductility of Scoria LWC varied within 2.9-4.6. The Scoria LWC SFS series
exhibited 10%-35% higher ductility compared to that of SPAX series whilst inclusion
of interlayer in SFS and SPAX series led to 15% and 30% lower ductility, respectively.

B.4 PUSH-OUT TEST RESULTS: HIGH STRENGTH CONCRETE
The load-slip responses of high-strength concrete, HSC series utilising SFS VB and
SPAX screws inclined at 45° with and without interlayer are plotted in Figure B-35. The

mathematical descriptive models and sample correlation coefficients, R* of HSC series

are given in Equations (B-29):(B-31).
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Figure B-35 Load-slip and analytical model of high strength concrete series(a) SFS
WI45, (b) SES 145, (c) SPAX WI45 and (d) comparison of analytical graphs
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Tables B-13 and B-14 present the load capacity and ductility of the test series utilising
high-strength concrete. Tables B-15 and B-16 list the load capacity and different slip
moduli of the test series obtained from EN26891 and the modified methods,

respectively. Moreover, the mean, standard deviation and coefficient of variation (CoV)

of the test data were tabulated.

Table B-13 Load capacity of different series utilising high strength concrete
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series Load capacity(kN)

No.
Range  Ave o CoV
SFSWI45 5 31.2-353 334 15 4.5
SFSI45 5 283304 295 1.0 3.4
SPAXWI45 5 29.2-359 341 28 8.1

Table B-14 Ductility of different test series utilising high-strength concrete

uy(mm) uy(mm) ufmm) Dy Dy

Ave(CoV) Ave(CoV) Ave(CoV) Range Ave(CoV) Range Ave(CoV)
SFSWI45 0.8(13.5) 2.0(9.9) 3.3(69) 24-28 2.7(6.0) 3.8-48 4.4(8.6)
SFSI45 0.9(22.3) 2.7(10.1) 3.2(7.8) 2.5-3.4 2.9(13.7) 2.9-4.1 3.6(15.7)

SPAX
WI45

series

0.6(23.7) 2.6(14.4) 52(27.3) 3.9-50 42(31.8) 3.9-8.9 8.5(38.0)

Table B-15 Slip moduli of series utilising high strength concrete based on EN26891

Slip moduli (kN/mm)

Series K04 Ko Ksos

Range Ave CoV) Range Ave dCoV) Range Ave dCoV)
SFSWI45 24.4-42.630.7 7.0(22.8) 24.5-36.528.6 4.7(16.5) 22.2-30.3 25.1 3.3(13.0)
SFSI45 16.6-22.919.7 2.9(14.9) 16.7-22.619.4 2.5(13.1) 15.2-19.9 17.2 2.0(10.0)
SPAXWI4529.5-62.547.116.6(35.2) 30.3-48.037.3 8.2(21.9) 23.4-33.0 27.4 4.8(17.6)

Table B-16 Slip moduli of high strength concrete series based on the modified method

Slip moduli (kN/mm)

Series
K04 K6 K03

Range Ave CoV) Range Ave CoV) Range Ave dCoV)

SFSWI45  57.7-77.268.0 7.6(11.1) 39.2-49.443.9 4.4(10.0) 29.1-36.0 32.6 2.9(9.0)
SFSI45 26.5-34.130.3 3.5(11.5) 22.2-28.925.1 2.8(11.0) 18.3-23.2 20.3 1.9(9.4)
SPAX WI45 55.6-140 98.735.5(35.9) 33.2-55.946.2 9.4(20.4) 24.1-33.2 30.5 4.3(14.2)

Figures B-36:B-38 show the failure mode and opened specimens of different HSC
series utilising SFS and SPAX screws.
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Figure B-36 (a) Failure of tensile screw and opened specimens of screws in (b) tension

and (c) compression in HSC SFS WI45 series

Figure B-37 (a) Failure of tensile screw and opened specimens of screws in (b) tension

and (c) compression in HSC SFS 145 series

Figure B-38 (a) Intact screws and opened specimens of screws in (b) tension and (c)

compression in HSC SPAX WI45 series

Opened specimen indicated that the composites failed due to a tensile failure in the
screw, with plastic deformation of screw placed in compression and localised damage in
surrounding concrete. Necking was evident in the tension screw in all test series, further

highlighting a tensile failure after undergoing plastic deformation. HSC series exhibited
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higher serviceability and ultimate slip moduli compared to CC series whereas a similar

trend was not observed in strength.

The ductility of HSC series varied within 3.6-8.6. The HSC SPAX series exhibited
approximately two times higher ductility compared to that of SFS series whilst

inclusion of interlayer in SFS series led to 20% ductility reduction.
B.5 PUSH-OUT TEST RESULTS: SELF-CONSOLIDATING CONCRETE
The load-slip of SCC series utilising SFS screws at 45° with and without interlayer are

plotted in Figure B-39. The mathematical descriptive model and the sample correlation

coefficient, R* of SCC series are given in Equations (B-32) and (B-33).
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Figure B-39 Load-slip and analytical model of SCC SFS series(a) WI45, (b) 145 and (¢)

comparison of analytical graphs

P=7253("* —e"*™) ,(R* =0.95) [SFSWI45] (B-32)

P=861.7(¢"*" —e**) ,(R* =0.98) [SFSI45] (B-33)

315



Tables B-17 and B-18 present the load capacity and ductility of the test series utilising
SCC, respectively. Tables B-19 and B-20 list the load different slip moduli of the test
series obtained from EN26891 and the modified methods, respectively. Moreover, the
mean, the standard deviation and coefficient of variation (CoV) of the test data were

tabulated.

Table B-17 Load capacity of different series utilising self-consolidating concrete

series Load capacity(kN)

No.

Range Ave o CoV
SFSWI45 5 332-362 346 1.6 4.7
SFSI45 5 28.4-304 295 0.7 2.5

Table B-18 Ductility of different test series utilising SCC

uy(mm) uy(mm) ufmm) D, Ds

series
Ave(CoV) Ave(CoV) Ave(CoV) Range Ave(CoV) Range Ave(CoV)

SFSWI45 1.1(14.8) 3.1(5.6) 4.4(4.1) 2.5-3.0 2.7(9.4) 33-43 3.8(12.7)
SFSI45  1.4(26.0) 4.2(19.0) 5.7(14.6) 2.6-3.3 3.08.7) 3.4-4.9 4.1(14.0)

Table B-19 Slip moduli of series utilising SCC based on EN26891

Slip moduli (kN/mm)

Series
K4 Ko Ksos

Range Ave dCoV) Range Ave dCoV) Range Ave CoV)
SFSWI45 21.5-24.422.7 1.5(6.7) 17.5-19.719.0 1.2(6.4) 16.4-17.6 17.1 0.6(3.5)

SFSI45  9.7-15.5 12.6 2.2(17.3) 9.8-14.8 12.5 2.0(15.7) 9.2-12.9 11.2 1.4(12.5)

Table B-20 Slip moduli of series utilising utilising SCC based on the modified method

Series Slip moduli (kN/mm)
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K4 Ko Ksos

Range Ave dCoV) Range Ave dqCoV) Range Ave dCoV)

SFSWI45 43.4-48.145.9 2.3(5.1) 25.0-28.926.7 2(7.5) 20.3-21.9 21.1 0.8(3.9)
SFSI45  21.8-27.523.7 2.3(9.8) 16.2-20.418.0 1.8(9.8) 12.9-15.8 14.1 1.1(8.1)

Application of an interlayer in SCC series increased the slip at Fnax about 51%.
Comparing CC and SCC series, application of SCC decreases the strength about 4% and
6% in the specimens without and with interlayer, respectively. Application of SCC
instead of CC in WI series reduced different slip moduli including K; 4, Ky06and Ky

about 20%, 40% and 30%, respectively.

As demonstrated in Figure B-39, the behaviour of the SCC specimens (WI and I series)
was fairly consistent. The load increased quite steadily, slowing slightly before peaking.
Most of the specimens reaching a maximum load of around 30-35kN and the load
gradually reduced to around 80-90% Fi.x before a sudden failure occurred. This means
that the connector failed due to a tensile failure of the screw in all cases, with shear
being a contributor. Necking was evident in the tension screw in all cases, further
highlighting a tensile failure after undergoing plastic deformation. A total slip of 2.8 -
4.2mm was measured across the specimens. Furthermore, the screws failed at their
narrowest point, located 10-20mm above the thread and embedded in the concrete.

Figures B-40 and B-41 show the failure and opened samples of different SCC series.

Figure B-40 (a) Failure of tensile screw and opened specimens of screws in (b) tension

and (c) compression in SCC SFS WI45 series
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Figure B-41 (a) Failure of tensile screw and opened specimens of screws in (b) tension

and (c) compression in SCC SFS 145 series

A reductions ranging from 20%-27% were observed in slip moduli of SCC I series
rather than CC I series. Inclusion of an interlayer led to a significant reduction in slip
modulus of CC and SCC test series (ranging from 35-47%). Moreover, the inclusion of
an interlayer reduced the load capacity of CC and SCC test series about 7% and 15%,

respectively.

B.6 PUSH-OUT TEST

Once the TCC was loaded in the steel frame, it was then placed directly underneath the
hydraulic jack of the testing machine. It was crucial that the alignment was correct, so

that the applied shear force was acting directly on the shear connection.

A timber screw was drilled into the LVL joist-end to limit splitting along the LVL joist-
end due to excessive load. The loading plate and top of timber joist were contacted

tightly before commencing the test.

Two light-weight metal brackets were mounted on the concrete or interlayer (where
present) using double sided adhesive tape. The contact tip of the LVDT rested against
the surface of the metal bracket and as the timber joist displaced relative to the concrete,

the contact tip moved and thus the slip was measured by the LVDT.

For the first TCC specimen of each series, the maximum load was approximated and
this value was used to carry out the loading procedure. After the first TCC specimen
test, the recorded maximum load value was used to determine the loading procedure for
subsequent specimens within that series. It also must be noted, that the testing machine
had to be manually controlled during the application of the load in some of the test
series (all test series except EPS LWC 2000 series) and as a result, a slight deviation

from the idealised loading procedure was present in those series.
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Appendix C (Chapter 6)

C.1 SERVICEABILITY TESTS OF TIMBER-ONLY MODULES

The load-deflection at third and mid-spans responses of timber-only modules, linear

regressions and R* values are plotted in Figures C-1:C-5.
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Figure C-1 Serviceability load-deflection response for timber modulel used in CC1
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Figure C-2 Serviceability load-deflection response of timber module2 used in CC2
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Figure C-3 Serviceability load-deflection response of timber module3 used in CC3
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Figure C-4 Serviceability load-deflection response of timber module4 used in LWC1
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Figure C-5 Serviceability load-deflection response of timber module5 in LWC2
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R? indicates how strongly the beams behave linearly. The results are all very close to 1

highlighting that the beams have performed linearly under the service loads.

C.2 SERVICEABILITY TESTS OF TCC MODULES

The load-deflection responses at third and mid-spans, linear regression and R* values for
TCC modules subjected to serviceability load are plotted in Figures C-6:C-10. The
curve fitting should cover a minimum range of 20 % of data (for example, between 10%
and 30 % or between 20 % and 40 % of SR). The stiffness results for module CC1 are
noticeably lower than that of modules CC2 and CC3 due to this being the first beam that

was exposed to the testing procedure.
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Figure C-6 Serviceability load-deflection response of TCC CC1 module
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Figure C-7 Serviceability load-deflection response of TCC CC2 module
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Figure C-8 Serviceability load-deflection response of TCC CC3 module
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Figure C-9 Serviceability load-deflection response of TCC LWC1 module
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Figure C-10 Serviceability load-deflection response of TCC LWC2 module

322



C.3 ULS TEST OF TCC MODULES

C.3.1 Slip at shear connections and beam-ends of TCC modules

Throughout the ultimate load tests, it was noted that a relative displacement was evident
between the concrete slab and LVL flanges. The slip was evident at both ends. Slip

readings reported in this chapter follow the sign convention illustrated in Figure C-11.

positive slip positive slip

Figure C-11 Sign convention for slip measurement

The slips between the concrete and the LVL joists at the supports and the first three
pairs of screws placed at symmetric locations of the two beam-ends were monitored as
plotted in Figures C-12 and C-13. Slip at interface of LVL bottom flange and LVL webs
at supports were also measured in timber modules as shown in Figures C-14 and C-15.
It is noted that relative slips between the slab and timber joist due to self-weight, creep
and shrinkage was neglected. The slip due to shrinkage is in the opposite direction to
the one the composite module experiences under self-weight or external bending load.
Hence, for a beam subjected to shrinkage, shear connections had to recover the slip due

to shrinkage before contributing to the load carrying (Al-deen, Ranzi & Vrcelj 2011).

The slip at different load levels of SLS, ULS and 0.8F.x was shown. All load—slip
responses exhibited a high initial stiffness - which softened at higher load levels. Due to
the contribution of different parameters such as non-linear load-slip response of shear
connection in non-linear behaviour of TCC modules, this curve softened at higher loads.
Comparing CC and LWC series, LWC series experienced higher slip at interface of
timber webs and flange. The maximum slip at interface of concrete and timber observed
at peak load were 1.8mm for CC1, 2.3mm for CC2 and 2.5mm for CC3 whilst LWC1
and LWC2 indicated 1.5mm and 4mm slips at the interface of composite materials,
respectively. The slip for CC exhibited symmetric initial deformations at the two beam

ends whereas LWC series showed slightly higher slip on one side of the beam.
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Figure C-12 Slip at interface of timber and concrete ang/oad in each jack for CC series
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Figure C-14 Slip of LVL bottom flange and LVL web and load for CC series
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Figure C-16 Slip at first pair of gbnnection from beam-ends in LWC series
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first and second pairs of connections eMyibited slightly higher initial stiffness. The sli

values observed near the peak loads re similar for the three samples. Slip

measurements of LWCI1 along the beam gth for first three pairs of screw
corresponding to different load levels are shown in Kjgure C-19. This provides a better
overview of the development of the relative movementN\NQetween slab and joist. It was
observed that the magnitude of the slip between concrete and LVL was proportional to
the distance from the beam-end and the largest slip among the masured ones occurred

at the inner connectors nearest to the point load. Some of the LVDTMat the left part of
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the beam measured the slip greater than the expected trend observed in the right part of

the modules.

3.5 x € (0.2Fmax
M 0.4Fmax
3 0.6Fmax
25 X 0.8Fmax
E K Fmax
E 2| x
i
7 1.5
1 XX XEx
X
0.5 !XX A
,_9m "y

0 1000 2000 3000 4000 5000 6000 7000 8000
Span (mm)

Figure C-19 Slip measurement along the beam length at different load level for LWC1

C.3.2 Strain gauge data analysis of TCC modules

Strains of timber-only and TCC modules at mid-span cross-sections were recorded by
strain gauges and data taker during the serviceability and ultimate experiments as shown

in Figures C-20:C-26.

The strain gauges were located on the top and underside of the concrete slab and on the
top, middle and underside of the LVL webs and top and underside of LVL bottom
flange as illustrated in Chapter 5.
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Strain (pstrain)

Figure C-20 Strain reading measured at the top of concrete slabs
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Figure C-23 Strain reading measured at the mid-height of LVL webs
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Appendix D (Chapter 8)

D.1 EXPERIMENTAL TESTS USED IN ANALYTICAL MODELS

The experimental tests used in the analytical model of stiffness and strength (Chapter 6)
consisted of embedment test carried out by Franke and Quenneville (2011), uni-axial
tensile and yield moment tests to characterise the input parameter of the models. This

Appendix reviews the methodology of the experimental tests and their results.
D.1.1 Uni-axial tensile test

The characteristic tensile capacity of screws, fux (head pull-off or shank tensile capacity)
is calculated by testing in compliance with EN1383 (1999) using a steel plate to replace
the head side timber member as shown in Figure D-1. The steel plate must have a
sufficient thickness to induce either a pull-off failure of the head, or a tensile failure of
the shank. Different screws used as connectors in TCCs were tested in a uni-axial
tensile test to determine their ultimate tensile strengths using a S00kN universal testing
machine. The setup of the uni-axial tensile test procedure involved feeding each screw
shank through a perforated plate. The diameter of the hole in the plate was selected
relative in size to the head of the screw. Thus the head of the screws were restrained
using a thick steel plate and the threaded shank of the screw was fixed into a threaded
clamp. A constant loading rate of 0.1kN/Sec was applied throughout the testing.

Figure D-1 Uni-axial tensile test set-up of (a) medium coach, (b) long SFS VB, (c) short
SFS VB, (d) SPAX, (e) small SPAX screws and (f) typel7 wood screws used in TCCs
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Figure D-2 Tensile failure of (a)medium coach, (b)long SFS, (c)short SFS, (d) SPAX,
(e)small SPAX screws and(f)pull-off failure of typel7 wood screw used in TCCs

Figure D-2 illustrates the failure patterns of the screws used in the experiment. The
failure modes included tensile failure of the threaded part (Figure D-2a, b, ¢, d and ¢) or
a pull-off failure of the head (Figure D-2f).

It is concluded that the tensile failure of threaded part governs the failure of all screw
types with the exception of wood screws which experienced a pull-off failure of the
head at the interface between the head of screw and the smooth shank. Table D-1 lists

the tensile strength and CoV and standard deviation of screw test series.

Table D-1 Tensile strength of the screws

Seriers No. Fy(N) (ﬁlrrfle) fu*O\I/mmz) c CoV(%)
coach 3 193243 41.9 461.2 26.9 5.8
Long SFS 3 20268.6 16.6 1221 19.8 1.6
short SFS 3 163344 16.6 984 8.6 0.9
Long SPAX 3 22890.8 19.6 1167.9 6.3 0.4
small SPAX 3 134014 12.6 1063.6 6.4 0.6
Wood 17 3 17064.7 18.1 942.8 43.6 4.6

* . .
core diameter of screw was used for calculation of f,
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Lower ultimate tensile strength of coach screw compared to the other screws with
visible necking at the interface between the smooth shank and thread (Figure D-2a)
exhibited a ductile failure whilst other screws exhibited a relatively brittle failure with
no visible necking and this is consistent with high carbon steel composition of the

screws. The low CoV of the series shows the consistent quality of the screws.
D.1.2 Embedding test

The embedment or dowel-bearing strength and foundation modulus of timber for dowel-
type fasteners can be determined using different standards such as ASTMS5764 (1997)
and EN383 (2007).

To minimise the bending of fastener in the embedding tests, specific specimen
geometries and loading conditions are proposed in the standards. Herein, the
experimental data of embedment test carried out by Franke and Quenneville (2011) on
the same LVL product (hySPAN Radiata pine LVL) as used in this investigation was
adopted to calculate the foundation moduli of 6 and 8mm diameter screw embedded
parallel and transverse to the grain of LVL. The experimental embedment test in Franke
and Quenneville (2011) was accomplished in compliance with ASTMS5764 (1997)
utilising a half-hole testing as indicated in Figure D-3.

ASTMS5764 (1997) specifies the dimension of specimens to be 38mm or 2d as minimum
thickness and 50mm or 4d as maximum width where d is fastener diameter. Moreover, a
constant loading rate of 1.0mm/min is proposed which leads to achieving the maximum
force within 1 to 10min. The yield loads were measured using the 5%-offset method.
The embedment strength of specimens was determined in compliance with ASTM5764

(1997) by dividing the yield load by the thickness of timber specimens and fastener

diameter.
F i F
. _-Moving crosshead _ Y
——Loading Plate
[
B
K/ Timber specimen
LVDT
__-Stationary crosshead .

Figure D-3 Test configuration half-hole test in accordance with ASTM5764 (1997)
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The applied load versus the relative deformation of specimen measured by linear
variable differential transducers (LVDTs) was plotted. The initial slope of the load-

deformation curve indicates the foundation modulus of fastener in timber k¢ using:

04F,,,

k= (D-1)

4
— (D —0
3( 04 —Vo1)

where, vy, and vgs are deformation measurements at 0.1 and 0.4 of F.x  The
embedment stress-deformation of 6 and 8mm diameter screw embedded parallel to the

grain of LVL are shown in Figure D-4.

The foundation moduli of screw parallel and transverse to the grain, k, and k; were
calculated utilising the stress-displacement graphs reported in Franke and Quenneville

(2011).
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Figure D-4 Embedding stress-deformation of 6 and 8mm dowels (Franke & Quenneville

2011)
D.1.3 Characteristic yield moment

The characteristic yield moment of the screw is essential to estimate the failure modes
associated with flexural deformation of screw and formation of plastic hinges in the

load capacity models proposed by Johansen’s theory and Eurocode 5 EN (2004).

The plastic capacity of fastener or characteristic yield moment (Mygx) can be
determined by either four-point bending experimental tests in compliance with EN409

(2009), or alternatively, by the means of analytical equations using characteristic
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ultimate strength of the fastener as given by the codes such as EN (2004) and DIN1052
(2004) as:

M, . =03f,d** (D-2)

y.Rk

where, d 1s 0.75 times the diameter of screw and f, is characteristic ultimate strength of
fastener. This study compares characteristic yield moment of 100mm wood screws
determined by both methods. Three wood screws were tested in tension to determine

their ultimate tensile strength.

The four point bending test was carried out in compliance with EN409 (2009) to
measure characteristic yield moment of normal wood screws as shown in Figure D-5.
EN409 (2009) limits the bend angle of screw, & to a maximum value of 45/d"” degrees
where d is the fastener diameter in mm. The dimensions /; and /53 (Figure D-5) need to
be at least 2 times of the fastener diameter, d. The free length of the dowel type fastener,
[, varies between d and 3d. The characteristic value for the yield moment, M, gy is
determined by:

M, = max{?? (D-3)

3%3

where, dimensions /;, [, /3 and forces F; and F, are shown in Figure D-5. The ultimate
loads and tensile strength of wood screw were used in the characteristic yield moment
calculations. The experimental results of the characteristic yield moment in accordance
with EN409 (2009) are listed in Table D-2. The analytical characteristic yield moment
proposed by Eurocode 5 model (Equation (D-2)) are also compared to the experimental

results as tabulated in Table D-2.

Figure D-5 Test configuration of four point bending test and bent screw
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Table D-2 Characteristic yield moment of normal wood screw

Specimen F(N) [1 and I3 (mm) (Ii\{ fﬁ}{r;) ](‘éyﬁ];];(ggzng
specimen 1 567.5 15 17025 -
specimen 2 637.5 15 19125 -
specimen 3 587.5 15 17640 -

Mean 597.5 17930 18093.2
> 36.1 1079.6

CoV(%) 6 6

% Error(%) 0.9
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