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Abstract

Windstorms cause most of the damage to houses, worldwide. The roof is subjected to the
largest wind loads and is usually the most vulnerable part of the house. However, data on the
transfer of wind loads within the roof structure is scarce. Such data is required for the
application of structural reliability analysis and for development of building codes. The
fluctuating nature and variable distribution of wind loads, combined with the change from linear
to non-linear structural behaviour as the loads increase, can pose challenges for calculating
structural response. This is also required for developing the performance based design of
structures and for understanding wind load transfer within the roof structure and the effect of
progressive failure on the sharing and redistribution of loads. Most vulnerability models do not
accurately incorporate the structural behaviour of the houses during windstorms, which may
produce unreliable estimates of damage. These vulnerability models have mainly focused on the

wind loads acting on the connection tributary area and the strength of the connections.

This research study analysed the transmission of wind loads within a commonly used roof
structural system of contemporary houses obtained from a survey in the cyclonic region of
Australia. The distribution of wind pressure on the roof of such a typical house was determined
using a wind tunnel model. The wind loads on selected roof fixings were further analysed to
obtain the wind load data in terms of probabilistic parameters. The strength capacities of the
roofing connection were also determined in terms of probabilistic parameters using available
test data. The structural response of a roof was studied by testing sub-assemblies of the roof
applying point and line loads and measuring the reactions at batten-to-truss connections and the
deflections at selected locations in a range of conditions and damage states to simulated loads.
The results were also compared with analytical solutions. The variation of reactions with
increasing load was discussed in terms of a reaction coefficient. The coefficients were assessed
for loads in the linear and non-linear states of roofing components/connections. The study
integrated the wind loading and structural information on transfer of wind load effects through

the structure to determine the loads and vulnerability of batten-to-truss connections. These
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outputs were compared with the results obtained from conventional methods for calculating

load on connections and vulnerability assessments.

The study found that loads on the batten-to-truss connection of these contemporary houses are
influenced by the flexibility of the battens and cladding, and the directional stiffness
characteristics of the cladding, as is the redistribution of batten-to-truss connection loads
following failure of the cladding fastener and batten-to-truss connections. As a result estimates
based on application of pressures to connection tributary area, which is the normal design
practice, can lead to underestimation of the connection loads. The study shows that a larger
tributary area should be considered to obtain the batten-to-truss connection loads on these
structural systems. Furthermore, the study shows that estimates of the vulnerability of a batten-
to-truss connection based on the incorporation of load distribution effects in the reliability
analysis are greater than those obtained from the methods used in current practice. Hence, the
study suggests that load sharing effects must be incorporated when determining the
vulnerability of connections. The vulnerability estimates on cladding fixings and truss-to-wall
connections were also determined and the results show that the cladding fixings are the most

vulnerable and then batten-to-truss connections and truss-to-wall connections respectively.

A main outcome of the thesis is the establishment of an improved procedure for analysing the
variation of the connection loads with time taking account of the spatial and temporal variation
in wind pressures and the structural response characteristics of the roof system, which is a
necessary first step in the assessment of their vulnerability. These outcomes make a significant
contribution to understanding the wind loading distribution and developing vulnerability
functions for houses to windstorms. The results can also be used to assess the system reliability
for a well defined limit state and hence can contribute significantly to performance based
evaluation of masonry block houses in cyclonic regions. The results could also be used as a
basis to study adaptation measures and for the development of software models for assessing

building vulnerability to windstorms.
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1 INTRODUCTION

1.1 Background

Residential housing is the largest single asset for many people, and overall forms a very large
proportion of the social investment in the community. These houses need to be protected
against hazards with the potential to cause large scale disasters. Windstorms are generally
recognized as the natural hazard that causes most of the damage to buildings in Australia.
Windstorms can broadly be classified according to their meteorological parameters as, tropical
cyclones, thunderstorms, tornados and gales. Thunderstorms and tornados are short-lived local
events with their influence affecting distances of tens of kilometres. Cyclones generally impact
coastal regions in the tropics, and can extend hundreds of kilometres, therefore having the
potential to cause widespread damage. Windstorms such as Cyclone Tracy (Walker (1975)),
Cyclone Winifred (Reardon et al. (1986)), Cyclone Larry (Henderson et al. (2006)), Cyclone
Yasi (Boughton et al. (2011)) and Brisbane Thunderstorm (Leitch et al. (2010)) have caused
significant damage to the structures in Australia. Figures 1.1 and 1.2 show damaged houses
from such events. There has been a significant reduction in the level of damage to houses in

recent times due to the improvements in design and construction of domestic/residential houses

(Boughton et al. (2011)).

Figure 1.1: Damaged house from Brisbane Figure 1.2: Building damage in Cyclone
thunderstorm (Leitch et al. (2010)) Larry (Henderson et al. (2006))
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However, increasing concentration of population and the potential effects of climate change on
the frequency and magnitude of windstorms may result in an increased risk to housing. If the
nature of the disaster risks is to be fully understood and cost effective measures taken to
mitigate them, it is important to have a better understanding of the structural response of houses

to wind loading.

Full scale and wind tunnel model studies on houses reveal that the roof is subjected to large
wind loads and post-damage surveys show that the roofing components are the most vulnerable
part of a house to windstorms. Damage surveys (Walker (1975)) and full scale test data from
the Cyclone Testing Station (Boughton and Reardon (1982, 1983, 1984)) have shown that the
typical modes of roofing failure of houses to wind loading are associated with the strength
capacity of the joints between components being exceeded. There are a range of house types in
Australia with differences in size, shape, potential openings in envelope, cladding, roof shape
and pitch, method of construction, structural system and age. The resistance of a house structure
to wind loading depends on the effect of these features on the wind loads experienced and the
strength of its components and connections. The roof of these houses consists of roof cladding,
battens and roof trusses/rafters. The roof cladding is usually metal sheeting or roof tiles that are
fixed to timber or metal “top hat” battens. The trusses or rafters are usually timber in residential

construction.

The assessment of the vulnerability of these houses to windstorms requires knowledge of the
loads and component strength and uncertainties associated with load actions and building
response. The vulnerability in this research is defined as the susceptibility of structural failure to
wind loads, and failure is defined as the state where the structure is unable to resist the applied
load. These uncertainties are due to the variability of factors that are inherent to wind loads and
component resistance, and inadequate knowledge resulting in incorrect assumptions and
analysis methods. These uncertainties can be accounted for, when analysing a structural system

by specifying the load action and building response in probabilistic terms. An important
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component of this process is to obtain an accurate representation of the wind load transmitted

through the structure of a house.

Contemporary houses in cyclonic regions of Australia are typically built on a concrete slab on
ground with masonry block walls, timber roof trusses, metal top hat battens and corrugated
metal roof claddings. These houses have predominantly either gable or hip roofs or a
combination of these. Figure 1.3 shows a masonry block house with a metal clad gable end roof

and Figure 1.4 shows a schematic diagram of a typical masonry block house.

The approach wind flow generates spatially and temporally varying pressure on the roof. These
loads depend on the approach wind direction and also the terrain and topographic features.
There have been many studies of wind pressures on roofs covering a large range of roof types,
of which the studies by Holmes (1981), Reardon and Holmes (1981) and Meecham et al. (1991)
are typical examples. The design wind loads on the roof given in Standards (AS/NZS 1170.2
(2011), ASCE 7-10 (2010)) are generally based on a conservative interpretation of results from
such studies and are dependent on the geometry of the building. The spatial and temporal
variation of wind load and the transfer of these loads to the roof structure must be determined in

order to assess their vulnerability.

Figure 1.3: Completed Masonry Block house
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Figure 1.4: Schematic diagram of a Masonry Block House

Wind loads acting on the roof cladding are transferred via the supporting structure and the walls
to the foundation. The roof cladding-to-batten connection, batten-to-truss connection, and truss-
to-wall connection, are the critical parts of the load transfer path in these houses. The
vulnerability assessment of these houses depends on the strength of these connections. Houses
are complex structures with many load sharing components, making it difficult to quantify the
resistance of each component especially as the availability of full scale data is limited. The
loads applied to a house are shared by the structural and non-structural elements in a complex
manner. Increasing wind speeds will result in progressive failures and possible changes to the
load sharing and reactions in connections. Full scale testing provides a means of assessing the
loading response and also determining the coefficients or factors for the load effects of interest.
Full scale tests on complete houses, such as those by Boughton and Reardon (1982, 1983, 1984)
provide quantitative data on the load sharing and interdependency between components and

connections with increasing load. However, such studies have focused on the cumulative
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performance of the structure and did not measure the reactions/loads of individual connections
which are needed to determine the load redistribution and progressive failure. Therefore, more
detailed descriptions of structural components and connections including their behaviour with
increasing wind loads and quantitative analysis of load distributions are required in order to
predict the overall response of roofing components during wind events. This is also required for

developing performance based design of structures.

The vulnerability of houses to wind loads can be studied using the reliability method that is
incorporated in design standards for structural design (Walker (2011)). Henderson and Ginger
(2007) studied the vulnerability of high-set 1960°s house with low pitch gable roof built in
Northern Australia to wind speeds experienced in tropical cyclones by using reliability
concepts. Studies by Rosowsky and Ellingwood (2002), Ellingwood et al. (2004), Pinelli et al.
(2004), Lee and Rosowsky (2005), and Li and Ellingwood (2006) have assessed the
vulnerability of residential construction in the US to wind loading using reliability methods and
probability techniques. Engineering vulnerability models estimate the damage caused by wind
loads of varying intensity by applying structural engineering techniques and statistical methods.
The reliability theories incorporating probability theories and Monte Carlo simulation

techniques are incorporated in these engineering models to assess the vulnerability.

However, most of the vulnerability models do not accurately incorporate the structural response
of the house during windstorms, and hence may produce unreliable estimates of the damage.
Typically these studies have focused on the wind load acting on the local tributary area and the
strength of the connections. The determination of the vulnerability of roofs to wind loads
requires a combination of the distribution of wind loads on a common roof structure, the
connection strengths and the response of the actual roof structure to loads including load
sharing and redistribution that results from progressive failure under wind loads. Such data
inputs to the engineering models form an important part in determining the building

vulnerability.
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1.2 Obijectives

The main objective of this thesis is to determine the transmission of wind loads through roofing
components, including the effect of local failures, and the impact on the overall structural
performance of the roof system. Specifically, the distribution of applied loads and associated
structural response of a batten-to-truss connection from contemporary houses built in cyclonic

region of Australia is investigated.

These objectives are met by;

I.  Determining a common roof system and the structural components used in

contemporary houses built in cyclonic region of Australia and their strengths.

Il.  Deriving the spatial and temporal variation of wind loads acting on the roof of a

common contemporary house as a function of wind direction.

Ill.  Studying the effect of load sharing and interdependency between components and
progressive failure by conducting a series of tests on selected subassemblies of the roof

system, and using structural analysis.

IV.  Determining the load distribution on selected connections using measured wind loading
distributions and structural response, and then comparing the results with conventional

methods of analysis.

V.  Using reliability methods to estimate failure of roofing components under wind loads

and assessing the vulnerability of components on various regions of the roof.

1.3 Thesis outline

Chapter 2 reviews work carried out around the world in this research area and identifies the

methods for gaining required information. The damage to houses from windstorms, wind load
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on low rise houses and studies on vulnerability of houses to windstorms are discussed. The
damage prediction models currently being used and developed and full scale house /sub

assembly tests associated with low rise construction are also described.

Chapter 3 describes the structural system including roofing components and connections of a
common masonry block house based on a survey, and presents the capacities of the roof
connections in terms of probabilistic parameters. The current design practices associated with
the design of residential construction to wind loads and the theories used in this study to assess

the vulnerability of roofing connections to windstorms are also discussed.

Chapter 4 presents the wind loads over the roof of the common masonry block house obtained
from a wind tunnel model study. The distribution of the wind loads and variability of these
loads in probabilistic terms over selected part of the roof with the wind approach direction, are

also presented.

Chapter 5 presents a series of tests on full scale roof subassembly systems subjected to a range
of loads and comparisons with analytical results. The progressive failure, load sharing and

interdependency between components with increasing load are also studied.

Chapter 6 combines the wind load measured on the wind tunnel model and the full scale roof
structure response to determine the distribution of load in the roof system of contemporary
houses. Vulnerability curves are derived for roofing connections on selected parts using the
reliability method and probability theories. The load-response results are also incorporated in

the analysis.

Chapter 7 summarizes the main findings and conclusions. It also contains the discussion on
results, their significance, limitations, possible ways of generating the results for more

widespread application, and suggestions for future research.
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2 LITERATURE REVIEW

Windstorms are responsible for most of the damage to houses from natural hazards, in many
parts of the world. However, studies on the transmission of wind load within the roof required
for quantifying the damage have been limited. Such studies provide a means of quantifying the
performance of a type of house, linking it to reliability methods applied in building codes and
standards. This Chapter reviews the research carried out around the world in this area and

identifies methods for gaining required information.

2.1 International studies on residential construction subjected to windstorms

Windstorms such as Hurricane Hugo, Andrew, Iniki and Opal caused damages to the residential
houses constructed in the US resulting in significant insurance payouts. Pielke and Pielke
(1997) described that the vulnerability of society to windstorm is assessed as a combination of
incidence (intensity and frequency of events) and societal exposure (people, preparedness and
properties). Improving building resilience to these events reduces society’s vulnerability.
Empirical and engineering based vulnerability models have been developed in the US to assess
the damage to the buildings and to improve the construction of residential houses. As described
by Walker (2011), engineering based models require a large amount of detailed statistical
information on the structural behaviour of buildings at component, sub-system, and whole of
building level. There have been major advances in this area during last decade. The studies by
Unanwa et al. (2000), Pinelli et al. (2004), Vickery et al. (2006b), Ellingwood et al. (2004), and
Li and Ellingwood (2006) are some of these studies and the details are discussed later in this
Chapter. The outcomes and methodologies used in these studies are important for developing

vulnerability models for Australian housing.

2.2 Damage to Australian houses from windstorms

The report by Geoscience Australia (2007) provides an overview of the damage sustained by

residential structures from natural hazards in Australia. The report indicates that windstorms
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cause most of the damage. These events can result in major disruptions to communities,
significant insurance payouts and loss of lives. Tropical cyclones Althea and Tracy impacted the
Northern Australian towns of Townsville in 1971 and Darwin in 1974, respectively. Tropical
Cyclone Tracy caused significant damage to domestic housing as detailed by Walker (1975) and
Leicester and Reardon (1976). A major factor in the wide-spread damage was the loss of
roofing materials which led to a significant loss of strength in many houses, leading to collapse
and the production of a large amount of wind borne debris, causing further damage to the
buildings. The roof cladding fixings in these houses proved to be inadequate with fatigue under
fluctuating wind loads causing a reduction in strength. A major consequence of these events was
the implementation of a nationwide requirement for housing to be structurally designed to the
same codes and standards as larger buildings. The zoning of cyclone regions, fatigue failure of
cladding fastener systems and increased internal pressure for housing design were the most
radical impacts from cyclone Tracy on building regulations, as described by Walker (2010).
This was a revolutionary change as the previous improvements in design had been based on

correcting the observed weaknesses of components/connections.

Evidence of the resulting improvements to housing design standards and codes in Australia is
found from the comparatively better performance of newer construction in recent windstorms,
such as Cyclone Larry (Henderson et al. (2006)), Cyclone Ului (Henderson et al. (2010)),
Cyclone Yasi (Boughton et al. (2011)) and Brisbane Thunderstorm (Leitch et al. (2010)). These
reports show that most of the damage occurred to houses built before the new standards were
introduced (pre-1980°s houses). Contemporary housing performed considerably better than
older housing, reflecting marked improvement of construction detailing and better structural
condition, and satisfactory performance of relevant standards (AS/NZS 1170.2 (2011) and AS
4055 (2006)). In some cases, houses that did not have appropriate fixings to account for higher
wind speed caused by topography on or near hill-tops had significant damage. Overall,
contemporary houses performed well by resisting the wind loads (for wind speeds that were less

than the regions’ design wind speed). Generally, these new buildings had damages mainly to
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roller doors and attachments such as guttering and fascias which have not been designed to meet
requirements given in the codes. Where structural failures were observed on contemporary
houses, they were associated with poor construction practice or application of incorrect site
classification (i.e. low design wind speed). Breaches in the building envelope (from failed doors
or windows, or debris impact) exacerbated the potential for failure from the resulting high

internal pressure. Corrosion or rot of connections and framing elements initiated failures.

2.2.1 Structural Reliability

Structural reliability forms the basis of many current design codes and standards (AS/NZS
1170.0 (2002), AS/NZS 1170.1 (2002), AS/NZS 1170.2 (2011) and ASCE 7-10 (2010)). As
described by many researchers such as Thoft-Christensen and Baker (1982), Melchers (1987)
and others, structural reliability theory is concerned with the rational treatment of uncertainties
in structural engineering and methods for assessing the safety and serviceability of structures.
Uncertainties that exist in most areas of civil and structural engineering should be taken into
account so that rational decisions can be made. These methods are applied to determine the
reliability against extreme events such as collapse or fracture and also the breaching of any
structural engineering requirement which the structure is expected to satisfy. The basic
reliability theory used is discussed in Chapter 3, where the loads and the capacities of structural

components in contemporary houses are given in probabilistic terms.

Current structural design codes and standards are based on concepts of limit state design, with
safety checks based on structural reliability theory. These reliability concepts were applied by
Galambos et al. (1982), Ellingwood et al. (1982), Leicester et al. (1985), Holmes (1985), and
Pham (1985) for developing structural design standards to a limit state format (AS/NZS 1170.0
(2002), AS/NZS 1170.1 (2002), AS/NZS 1170.2 (2011) and ASCE 7-10 (2010)). The concept
of a reliability index (or safety index) was used in the assessment of structural design codes.
These studies defined the reliability index as a measure of evaluating uncertainty, performance

and reliability of a building system subjected to loads. The studies also showed that the basic
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framework for probability based design is provided by reliability theory and the probability of
failure and the reliability index can be evaluated when the probability distribution of the loads
and resistances are known. Melchers (1985) and Tang and Melchers (1985) discussed the
applicability of reliability theory and Monte Carlo simulation techniques for obtaining the
reliability of large structural systems. Pham et al. (1983) and Holmes (1985) described a
probabilistic model for wind loads to enable reliability indices to be computed for structural
design. These approaches and the concepts have been used by others to assess the vulnerability

of residential constructions to wind events.

2.3 Wind loads on houses

Low rise structures fall within the layer of aerodynamic roughness on the earth’s surface. Here,
turbulence intensities are high and the highest loading on the surface of a low rise building are
generally the suctions on the roof, where many structural failures initiate. In the early 1970’s,
the Building Research Establishment of the United Kingdom carried out full scale
measurements of wind pressures and forces on two storey houses at Aylesbury. Eaton and
Mayne (1975) described an extensive full scale experiment on several two storied houses. The
principal contribution to wind engineering came from this project where extensive pressure
measurements were made from an isolated experimental building with a variable pitch roof.
Subsequently, comparative wind tunnel experiments were conducted in many laboratories (i.e.
Holmes and Best (1977), Holmes (1983), Sill et al. (1989) and Sill et al. (1992)) on 1:50 and
1:100 scale models of the Aylesbury house. Holmes (1983) found some good agreements in the
full scale and model scale results, but also identified deficiencies in the full scale experiments.
These comparisons also found variations in pressure coefficients measured across the

laboratories.

Following the Aylesbury study, full scale experiments have been conducted at Silsoe in the UK
(Richardson et al. (1990)) and the Texas Tech in the US (Levitan et al. (1991)). Richardson

and Surry (1991, 1992, 1994), Richardson and Blackmore (1995) and Richards and Hoxey
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(2008) compared the results of full scale measurements of the Silsoe Building with wind tunnel
model results and presented conclusions similar to those from the Aylesbury tests. They also
found that areas of high negative pressure tended to be underestimated in wind tunnel
measurements, as in the previous studies. A significant amount of data on the Texas Tech
building has also been obtained and a range of analysis has been carried out by Levitan et al.
(1991), Mehta et al. (1992), and Letchford et al. (1993). Wind tunnel simulations on this
building have also been carried at many laboratories worldwide by Surry (1991), Cochran and
Cermak (1992), Tieleman et al. (1996), Xu and Reardon (1996) and Ho et al. (2005). These
studies also found that most pressure coefficients measured on the models were in close
agreement with full scale pressure coefficients, but the largest negative peak coefficients at the
roof edge and roof corners were under-estimated by the wind tunnel tests, as in the Aylesbury
study. These studies have contributed to improvements in the wind tunnel simulation

techniques, and data specified in revised codes and standards.

Wind pressures acting on the roofs of houses are dependent on their geometry and the approach
wind direction. The wind pressure acting on the range of roofs given in the standards are based
on many of wind tunnel model studies carried out on low rise building with hip and gable roofs
having a range of slopes (Holmes (1981), Reardon and Holmes (1981), Meecham et al. (1991),
Xu and Reardon (1998) and Ginger and Holmes (2005)). Meecham et al. (1991) showed that
the hip roof house experiences smaller peak cladding loads compared to a gable roof of similar
dimensions. Damage investigations also confirmed that hip roofs perform better than gable
roofs. However, the wind resistance of roofs should be analysed based on the relationship
between the pressure distribution and the underlying structural framing, implying that roof
shape alone is not responsible for the performance (Meecham et al. (1991)). In addition, the
spatial distribution of the pressures relative to the structural framing should be taken in to
account. There is a large spatial and temporal variability of pressures, especially near windward
roof corners, where the most severe wind loading and damage normally occurs. These large

suction pressures are generated by the formation of conical vortices (Holmes (2007)). Several
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studies have been carried out to assess the variation of wind loads on roof corners (Mehta et al.
(1992) and Lin and Surry (1998)) and the influence of roof eaves (over hang) on the

characteristics of pressures (Robertson (1991)).

Ho et al. (1990, 1991, 1992) investigated the effect of surrounding buildings on the wind loads
on a low rise building and found that the results are considerably different from those predicted
from isolated building tests and the coefficient of variation of the larger loads were 0.6 to 0.7.
Furthermore, they suggested that the wind load specifications should be determined based on a
reliability approach considering such a variation in wind loads. Case and Isyumov (1998)
showed that a suburban exposure generates lower wind loads than those experienced in the open
country exposure as suggested by others (Holmes and Best (1979) and Ho et al. (1992)).This
reduction was most apparent on wall loads and roof suctions, with the reductions in local
suctions may be up to 30%. Vickery et al. (2011) also conducted a range of wind tunnel
experiments for hip and gable end roof buildings covering a wide range of roof slopes in open
and suburban terrain conditions and compared the results with the pressure coefficient values
given wind loading standard in the US, ASCE 7-10 (2010). They showed the changes in
pressure coefficients in different areas of the roofs from open terrain to suburban terrain, and
found that ASCE-7-10 generally underestimates the magnitude of the negative roof pressures

acting on components and cladding.

Codes and standards such as AS/NZS 1170.2 (2011) give the design wind loads on parts of a
building as a nominal peak design pressure based on a quasi-static pressure coefficient. The
variability of the peak pressure should be taken into account, when assessing the vulnerability
of components. Previous studies by Pham et al. (1983) and Holmes (1985) have investigated the
probability distribution of wind pressure on buildings. They obtained the probabilistic
descriptions of the normalized wind loading parameters through assumptions and wind tunnel
studies. The wind loading parameters were treated as random variables with probability

distributions and the product of these parameters was assumed to have a lognormal distribution.
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Li et al. (1999) also found that a Lognormal distribution compared favourably against Gumbel
and Weibull. Sadek and Simiu (2002) showed that the distribution of peaks can be represented
by the Extreme Value Type | (Gumbel) distribution. Holmes and Cochran (2003) used several
thousand extreme pressure coefficients from repeated time history samples from a wall tap and
a roof tap on a model of the Texas Tech University Test Building to determine the appropriate
probability distributions for the data. They found that the Generalized Extreme Value (GEV)
distribution with a small positive shape factor fits the data well. The GEV distribution is
described as Type I, Type Il or Type Il distribution depending on the value of the shape factor
(i.e. shape factor = 0, Type |, shape factor > 0, Type Il and shape factor <0, Type IlI). Cope et
al. (2005) also fitted several probability distribution functions for different regions on the roof
under different wind directions and found that the negatively skewed Type | distribution is the
best fit for most of the cases considered. Li et al. (2009) studied a similar type of full scale
building and found that the Type I1l Extreme Value Distribution matched the data measured on
a roof corner. Kasperski and Hoxey (2008) also found that Type Il distribution can be fitted to
the full scale test data on walls of 6m x 6m x 6m cube Silsoe building. Ben Ayed et al. (2011)
carried out a probabilistic approach to analyse pressure and wind load distribution on the roof of
full scale house. It was shown that the pressure coefficient time series follows a three parameter

Gamma distribution while the peak pressure follows a two parameter Gumbel distribution.

Structural wind load effects can be determined by incorporating influence coefficients with the
wind loads on the tributary area of interest, as shown by Henderson (2010) and Jayasinghe and
Ginger (2011). Holmes and Best (1981) described a method for estimating overall structural
loads which takes into account the correlation of pressures on a building using a covariance
matrix method. The covariance data was used to calculate structural loads such as total uplift,
drag and overturning moment. Ginger et al. (2000) also used the covariance integration method
to calculate structural load effects on roofing components of a gable end house. The design (or
peak) load effects of interest (i.e. roof hold down force) can also be statistically analysed for a

reliability assessment. Furthermore, wind loads are applied on a tributary area with the
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corresponding influence effect to determine the design load effects (uplift on cladding fastener,
batten-truss connection, and truss to wall connection). Kasperski and Niemann (1992) also
described a methodology called LRC (Load-Response-Correlation) to estimate the wind load

distribution in linear and non-linear structural behaviour.

Damage investigations such as those by Walker (1975), Henderson et al. (2006), Boughton et
al. (2011) and Leitch et al. (2010) have shown that large internal pressures arising from
dominant openings contributes to large load effects and damage to houses. Several studies have
been carried out on this subject to determine the internal pressure characteristics on the
buildings with differences in volumes, sizes of the dominant openings etc (Liu and Saathoff
(1981), Vickery (1986), Holmes (1979), Ginger et al. (1997), Ginger et al. (2008) and Ginger et
al. (2010)). Design internal pressure data given in standards such as AS/NZS 1170.2 (2011) are

based on results from similar studies.

2.4 Strength capacity of connections

In addition to the wind loads on the roof, dead loads (i.e. self weight) and the strength (i.e.
capacity) of connections need to be determined for a full reliability analysis. The dead loads are
usually based on material weights. Typically, the mean to nominal dead load ratio of 1.05 with
a COV of 0.10 based on the assumed weight of the roof system and other roofing materials has
been specified by Ellingwood et al. (1982), Galambos et al. (1982), Holmes (1985), Pham
(1985) and Rosowsky and Cheng (1999a,b). The assumed probability distribution function in
US studies (Ellingwood et al. (1982), Galambos et al. (1982) and Rosowsky and Cheng
(1999a,b)) was Normal while Lognormal distributions were assumed in the Australian studies

(Holmes (1985), Pham (1985) and Leicester et al. (1985)).

As described by Rosowsky and Cheng (1999a, b) the capacities of connections in light-frame
wood construction in the US were found from engineering approaches such as individual nail

capacity tests as well as non-engineering approaches (damage investigations and experience).
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These statistics on connection capacities have been used by Rosowsky and Cheng (1999a,b),
Ellingwood et al. (2004), Lee and Rosowsky (2005), and Li and Ellingwood (2006) for fragility
assessment of light-frame wood construction. They used the Normal probability distribution for
roofing component strength characteristics. Vickery et al. (2006b) used the Lognormal
distribution for sheathing panel behaviour and the Normal distribution for strap and toe nail
uplift resistance in truss-to-wall connections in their study. Shanmugam et al. (2009) derived
probabilistic descriptions of the capacity of connections for light-frame wood construction in
the US. They derived uplift capacities for roof-to-wall connection and sheathing units from field
and laboratory tests and found that the Lognormal distribution is the best fit from statistical
analysis to model uplift capacities of the nail connection types considered. Lognormal
distributions were used by Holmes (2007) and Henderson and Ginger (2007) in Australian

studies to describe the probabilistic characteristics of the connection strengths in older houses.

The capacities of a range of components and connections of contemporary houses in Australia
have been tested by Cyclone Testing Station (CTS). The CTS data-base contains the capacity of
connections for new and old types of constructions subjected to static and cyclic tests based on
several test regimes. The major component damage during Cyclone Tracy was caused by low
cycle fatigue cracking of the cladding under the fixings which resulted in extensive loss of light
gauge roof cladding (Walker (1975)). Consequently, research by Mahendran (1989, 1995),
Jancauskas et al. (1994), Xu (1995a,b) and Henderson (2010) have demonstrated through
extensive test programs that the interaction of the cladding and fixing is a crucial part of the
cladding’s fatigue response to the applied loading. These studies have shown that the fatigue
strength of cladding connections is less than the static capacities. Similarly, the fatigue strength
of the top hat battens is also less than the static capacities as shown by Fowler (2003). The
strength capacity of truss-to-wall connections on contemporary houses has also been studied by

Cummins (2002).
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2.5 Wind related full scale housing and sub assembly testing

The assessment of vulnerability (i.e. structural failure of connections/components) of a house
type to wind loads requires on understanding of the load sharing and structural interdependency
between components. The Cyclone Testing Station at James Cook University, Townsville has
carried out studies on a range of full scale house types and tests on sub-assemblies of houses.
Boughton and Reardon (1982) tested a forty year old house by applying simulated wind load in
both uplift and horizontal directions in a total of 8 tests and measuring approximately 200
deflection readings. They were able to draw conclusions from this work on both the feasibility
of testing full scale houses, and the mechanisms they used to resist wind loads. Those tests were
valuable for evaluating analysis methods and were also used as a reference point for checking
test results. However, the small amount of data collected limited the conclusions that could be

drawn from those tests.

In order to rectify that problem, an instrumentation system was built to enable direct recording
of response data on a digital computer. Boughton and Reardon (1983, 1984) showed the
importance of testing a complete house to simulated winds by testing a new high set house
designed for 42m/s, built according to the standard. Their analysis identified the load transfer
and load sharing between elements, and pinpointed the areas of weakness or excessive strength.
They applied uplift loads on the roof and determined the capacities and failure modes of the
connections subjected to progressively increasing static and cyclic loading. These studies and
many other studies such as those by Reardon (1986, 1990) and Reardon and Mahendran (1988)
have pointed out the importance of the interactions between subassemblies of houses, the effect
of boundary conditions, contribution of the non-structural components, and load-sharing
mechanisms. Reardon and Henderson (1996) and Reardon (1996) have also demonstrated the
strengths and weaknesses in conventional house construction in respect of wind forces and
found that non-structural lining materials provide significant racking strength and stiffness as
shown in Figure 2.1. The strength of the house was determined from combined racking and

uplift loading and it was shown that the strength and stiffness of the house was increased with
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the addition of various structural and non-structural components as shown in Figure 2.1. The
behaviour of the individual components in the whole structure was highlighted in these studies.
These studies have also shown that the behaviour and the failure modes of the components in
the whole structure are different from isolated testing of the components. Thus, the studies
indicated that the isolated component test results and their interpretations should be validated

with full scale tests.
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Figure 2.1: Change in Lateral response with addition of elements
(Reardon and Henderson (1996))

Henderson (2010) carried out roofing subassembly tests to determine Australian metal clad
roofing response to wind loading. The study found that the peak pressure measurement on a
single pressure tap satisfactorily represents the load on a roof cladding fixing. It was also
confirmed that the cladding fixing load is equal to the pressure on the tap multiplied by the
tributary area of the fixing. Further, the study conducted tests for several cyclic and static tests

and found that the cladding fastener response follows the applied load spectrum with minor
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change to stiffness until failure, and then the load is transferred to adjoining fixings. These tests
showed that static tests satisfactorily represent loading on fasteners from the wind load
fluctuations. Furthermore, the spatial variations of wind loads can be captured by conducting a

series of point load tests (i.e. application of point load on the pressure tap locations).

Realistic structural testing of building and building components can be conducted using
Pressure Load Actuators (PLAS) developed at the University of Western Ontario. The roof of a
full scale two story house built (as shown in Figure 2.2) to the Ontario building code was tested
using 58 PLAs to examine the performance of the toe nailed roof-to-wall connection (Morrison
and Kopp (2009)). Toe nail connection is the most common type of primary roof-to-wall
connection of residential houses in the US and Canada. The loadings for the test were obtained
from a wind tunnel study conducted on a 1:50 scale model of the test house. Furthermore, the
toe nail connections were found to fail on the leeward side of the roof first. Hill et al. (2009)
described the structural behaviour of wood roof sheathing panels subjected to realistic wind
loading in order to determine whether dynamically tested panels respond in a similar manner to
statically tested panels. It was found that dynamic loading of wood roof sheathing panels causes
a reduction in capacity. Henderson (2010) studied the performance of roof cladding fastener
connections used in Australian housing using similar real time pressure loading system and
found similar results. Morrison and Kopp (2011) also obtained the uplift capacity of toe-nailed
connection under realistic wind induced pressures. Morrison et al. (2011), Henderson et al.
(2011) and Kopp et al. (2011) described the response of truss-to-wall toe nail connections in hip
and gable roofs subjected to realistic wind loading. They determined the influence functions of
toe nail connections from the application of patch loads (i.e area loads). These studies also have
shown that the load is transferred to the adjacent connections with the progressively increasing

failure of truss-to-wall connections.
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Figure 2.2: Test house at UWO (Morrison and Kopp (2009))

Datin and Prevatt (2007) experimentally determined the load transfer functions for a scaled
wood frame gable roof residential structure with wind tunnel derived pressure coefficients to
determine uplift reactions at roof to wall connections. A roof section was constructed at one
third scale trusses with load cells at roof-to-wall connection. The roof sheathing was modelled
with oak strips scaled to the appropriate flexural stiffness to provide scaled load transfer
between trusses. Eighteen loading points per truss were used to develop the influence surface.
Time histories of the wind pressure coefficients obtained from a wind tunnel were converted to
wind pressures and combined with the influence functions developed to generate wind load
time histories for the truss-to-wall connections. Mensah et al. (2011) and Datin et al. (2011)
derived influence functions normal to the roof on a 1/3 scale light frame wood structure shown
in Figure 2.3, which was then subjected to a wind flow, while the surface pressures and
structural reactions at roof-to-wall and wall-to-foundation connections were simultaneously
recorded. They investigated the applicability of the database assisted design methodology which
utilizes influence functions and wind load time histories to predict structural reactions of light
framed wood structures subjected to fluctuating wind pressures. However, the scaled model
used for these studies cannot be used to predict the non-linear behaviour and the progressive

failure modes of the structural components.
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Figure 2.3: 1/3 scale model building (Mensah et al. (2011))

2.6 Vulnerability studies based on engineering approach outside Australia

The engineering based vulnerability assessment to windstorms requires a good understanding of
approach wind speed, the actual forces imposed on buildings by the wind and the structural
behaviour of buildings under the wind loads up to failure. This requires the response of
individual members in the elastic region, the post-elastic yielding, failure of individual
elements, and the redistribution of loads through the structure as a result of local failures
including time dependent effects such as fatigue. In practice there is usually insufficient
information to develop a comprehensive engineering based vulnerability model and the most
advanced models are from a combination of engineering science and expert opinion (Walker

(2011)).

The majority of residential construction in the US is light-frame wood construction. The roofs
of these houses consist of roof sheathing panels and rafters/trusses. The roof panels are
connected to the rafters/trusses with nails. The rafters/trusses are connected to the wall/top plate
with nails or Hurricane clips. The vulnerability defined in this study is also described as
fragility in the US studies. The fragility of light-frame construction in the US to wind loads has
been assessed using reliability and probability theories such as those described by Galambos et

al. (1982), Ellingwood et al. (1982) and Ang and Tang (2007). Rosowsky and Cheng (1999a,b)
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studied the reliability of roof system components of these houses subjected to high wind uplift
loads. They selected three base-line structures and wind load statistics were determined using
the historical wind speed records of three coastal regions. The statistics for other parameters in
the wind load equation were obtained from a Delphi investigation by Ellingwood and Tekie
(1999). A Lognormal distribution was assumed for wind loads in their reliability analysis. The
statistical descriptions of strength were obtained from a combination of experimental and
analytical investigations conducted previously. The results of the study identified a relatively
small number of connections that dominate the modes of failure of these house types. It was
determined that the critical sheathing panels were located at the edges of the roof, and critical

roof-to-wall connections were located near the gable end.

Rosowsky and Ellingwood (2002) described an overview of the concepts of performance based
design applied to residential construction and efforts taken to develop usable fragility (i.e.
vulnerability) models and system reliability tools for assessing probable response in light-frame
housing. A major driving force for this has been a move towards the development of
performance based design of structures. Lee and Rosowsky (2005) presented a fragility
assessment for roof sheathing in light-frame constructions built in high wind regions. The
fragility curves show the probability of failure of a particular component or system with
increasing wind speed. They developed a fragility model for individual and complete roof
sheathing uplift using available fastener strength data, wind load statistics, and a code based
approach for evaluating pressures. In this approach, they investigated five simple base-line
structures with different wind directionality profiles, geographic locations, nail types and
enclosure conditions using reliability concepts and probability theories. Ellingwood et al.
(2004) also developed fragility curves for sheathing and truss-to-wall connections in light-frame
wood construction subjected to wind hazards using similar theories. Li and Ellingwood (2006)
proposed a probabilistic framework to evaluate reliability of low rise houses to wind hazards.
Similar to previous studies, the fragility models were developed for the housing components.

Figure 2.4 shows the fragility curves obtained for roof sheathing panels for different nails in
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single story residential construction, and it shows the variability in curves with the nail type and
roof overhang. It was assumed that damage results from breach of envelope, and roof panel and
truss damage were due to wind uplift or higher wind pressure due to dominant openings. The
study assessed the applicability of Lognormal cumulative distribution function in risk
assessment of light-frame wood construction. The impact of uncertainties on structural
reliability due to the use of different wind speed models expressed in probabilistic parameters
(Weibull distribution with different parameters by others were used) was also studied and
showed that the choice of different wind speed model for risk assessment purposes has a

significant impact on structural reliability and on engineering decision analysis.

Many of these studies have focused on the behaviour of individual components. However,
increasingly these studies also integrated this information to model the fragility of sub systems

such as roof system and the whole house (Li and Ellingwood (2009) and Lindt and Dao (2009)).
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Figure 2.4: Roof panel fragility of two typical houses (Exposure B (ASCE 7-05))
(Li and Ellingwood (2006))

2.6.1 Damage prediction models

Unanwa et al. (2000) recognized the inherently probabilistic nature in the development of
engineering vulnerability models. They presented a more detailed account of the process

including modelling consequence of the failure of one component on the probabilities of failure
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of other components. They outlined in considerable detail a framework for establishing a fully
probabilistic engineering based vulnerability model for a building using fault trees to link all the
possible modes of failure and interaction with each other, which they then applied to different
classes of the buildings to obtain the damage to each class as a function of wind speed. This
study incorporated a relatively large amount of expert engineering judgment especially in
relation to the consequent failure of one component on the probabilities of failure of other

components.

Pinelli et al. (2004) described a probabilistic framework for developing a practical probabilistic
model for estimating damage from hurricane winds for residential structures in Florida, USA.
Their study essentially followed the basic approach outlined by Unanwa et al. (2000) but
describing it differently in terms of intersecting Venn diagrams to explain the interaction
between the different modes of failure utilizing information on statistical characteristic of wind
loads and structural behaviour. Their framework assured that all significant and possible types
of wind damage scenarios were accounted and interaction between various types of damages
were included in the calculations. They also described that the probabilistic input data should be
based on laboratory studies, post damage surveys, insurance claims data, engineering analyses,
and Monte Carlo simulation methods. The prediction model focused on various types of
residential construction most common in Florida. The model also incorporated the uncertainties
in loss calculations, based on uncertainties in the estimation of probability matrices, hurricane
wind speeds, structural behaviour, component properties and costs, and building population.
Later, the model was expanded to several commercial, residential and medium-rise buildings
(Pita et al. (2009)). As described by Pinelli et al. (2008), the loss prediction model considered
exterior damage (such as openings, roof cover, roof sheathing, walls and roof to wall
connections), interior and utility damage and contents damage. The assessment of hurricane
induced internal damage to low-rise buildings was also discussed by Pita et al. (2011). The
combined results of external, internal and contents damages produced a set of probabilities of

various level of overall damage ratio (expressed as a % of replacement cost) for a series of
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prescribed peak 3s gust wind speeds. Figure 2.5 shows a set of vulnerability curves for weak,
medium, and strong populations of masonry homes in central Florida and Figure 2.6 shows the
contribution of different components of building damage to its vulnerability. Figure 2.6 shows
that the interior and utility damages are also large contributors to the building vulnerability. The
loss prediction model was validated and calibrated against the insurance claim data. A summary
of the main components of the Florida public hurricane loss evaluation model is described by

Hamid et al. (2010).
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Figure 2.5: Vulnerability curves for masonry buildings in central Florida (Pinelli et al. (2008))
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Figure 2.6: Components of the vulnerability for a masonry medium strength structure (Pinelli et
al. (2008))
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Vickery et al. (2006a) developed the HAZUS-MH hurricane model using wind engineering
principles to enable detailed estimates of possible damage and loss to buildings and their
contents due to windstorms. This hurricane hazard model was an improved version of the model
developed by Vickery et al. (2000), and had undergone further validation studies. The wind
hazard model provides the necessary inputs to estimate wind induced damage and loss, as
described by Vickery et al. (2006b). Their model embodies most of the relationships described
in previous studies. The damage to residential buildings was defined in four stages: minor,
moderate, severe and destruction, and the failure probabilities were discussed with the
increasing wind speed. The loss model estimates the costs associated with repairing the
damaged building, replacing damaged contents, and estimating the costs associated with
inability to occupy and use the damaged building. The vulnerability curves were developed in
terms of variation of loss ratio (building and content loss divided by building and content value)
with increasing wind speed. Their model has been validated through comparisons of modelled

and actual insurance losses associated with hurricanes.

2.7 Vulnerability studies in Australia

A review of the current state of vulnerability modelling by Walker (2011), describes the
evolution of techniques since the 1970°s and the present state of capabilities. Most of the
models used in the insurance industry are empirical models, based on fitting curves to data on
damage, in the form of damage loss ratio versus the wind speed. The most common way of
expressing the damage, damage loss ratio, is defined as the ratio of the damage repair cost to the
replacement cost of the property. The most extensive development of empirical vulnerability
models has been in the US by utilizing relatively large amount of data from losses from
windstorms. However, the direct application of models developed in the US to other counties is
unreliable due to the lack of data on local losses, the use of different forms of construction and
different regulatory conditions. In general, buildings are classified according to classes which

may include age, type of building, the form of structure and type of material, with separate

Page 39 of 202



models for each. This approach was used by Walker (1995) to produce empirical damage
curves that are used for estimating the damage and loss for pre-1980 and post-1980 houses built
in cyclone regions of Australia. For a chosen wind speed, these models simulate the pattern of
wind damage, in terms of the cost of repairing or replacing the damaged building. Empirical
models are modified based as much on expert opinion as statistical analysis to accommodate
significant changes that are made to house construction standards or when data is not available.
A typical approach is to assume the shape of vulnerability curves for buildings of similar types,
and validate these using available loss data or engineering judgment. As damage data at the
higher wind speeds is often unavailable, considerable amount of expert opinion is needed to
generate these curves. Henderson and Harper (2003) and Stewart (2003) produced vulnerability
curves for a range of house types in cyclone regions of Queensland using similar methods and

empirical approaches.

Following a series of discussions, Geoscience Australia (2007) produced vulnerability curves
for a range of house types in Australia. They facilitated a series of wind vulnerability expert
workshops to consolidate available information. The Australian residential building stock was
categorized based on the wind region, the building age, and the building envelope materials. An
expert group was engaged in a relative ranking exercise using the reference vulnerability curves
in Figure 2.7. The overall ranking of vulnerability was expressed as a relative positioning to the
curves in Figure 2.7. In order to be used reliably, these models based on expert opinion need to

be validated with reliable data.
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Figure 2.7: Reference curves for heuristic ranking process by expert group engaged through
workshop activity, N and C classification according to AS 4055(2006) (Geoscience Australia
(2007))

Compared to studies done in the US, limited work has been carried out on housing vulnerability
in Australia using the engineering approach. Thus, only a few studies have been carried out
using statistical descriptions of capacity of roofing components (based on test data) and wind
loads considering the load transfer and interdependency between structural and non-structural
components for Australian conditions. Henderson and Ginger (2007) studied the vulnerability
of a high-set 1960’s house with low pitch gable roof built in the northern part of Australia to
wind speeds experienced in tropical cyclones by using reliability concepts. They assessed a
common house which is of rectangular plan, timber-framed, elevated on piers about 2m high.
The roofing is metal sheeting on a low or flat pitch roof. The metal cladding is screw fixed to
the timber battens which are connected to the timber rafters with nails. The rafters are
connected to the wall plate with skew nails. In these houses threaded steel rods tied down the
top plate to the base of the houses at about 3m spacing around the perimeter. The vulnerability
of each connection type was determined by using reliability methods incorporating probability
theory and reliability concepts described by Holmes (1985), Leicester et al. (1985), Pham
(1985), Pham et al. (1983), Melchers (1985), and Tang and Melchers (1985). The study
estimated the likely failure mode and percentage of failure for a representative proportion of
houses with increasing wind speed. The wind load and the component connection strengths
were treated as random variables with Lognormal distributions. It considered the
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interdependency between the structural components in the house, when estimating the types and
percentages of the overall failures in the population of these houses. The load sharing between
components were based on very limited testing and damage investigation results. The
progressively increasing percentage of houses being subjected to high internal pressures
resulting from damage to the envelope was considered. Figure 2.8 shows the typical
vulnerability curves obtained from their study for different parts of the house with increasing
wind speed. Results from their study also compared favourably with levels of damage and

related modes of failure for high set houses observed in post cyclone damage surveys.
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Figure 2.8: Estimated probability of failure of components in the modelled houses (Henderson
and Ginger (2007))

Geoscience Australia in collaboration with Cyclone Testing Station and JDH Consulting, have
commenced developing a software tool, called VAWS, to quantitatively model vulnerability of
residential buildings to severe wind in Australia. Wehner et al. (2010b) described the software
package and presented typical results. The software package is used to specify a type of house
with values for component/connection strengths, external and internal pressure coefficients,
shielding coefficients, wind speed profile, building orientation, debris damage parameters, and
component weights sampled from pre-determined probability distributions. Then, for successive

gust wind speed increments, it calculates the forces in all nominated connections and identifies
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the connections that have failed and translates it into a damage scenario which is cost to
calculate a damage index (expressed as the total repair cost) for that wind speed. The software
package has been developed to model the damage to roof sheeting, roof battens, roof structure,
wall cladding, damage from windborne debris and damage from water ingress. The model has
been validated for a single house type: a timber frame high-set, fibro clad house type in
residential building structures in the 1960°s and early 1970’s cyclone regions of Queensland to
Darwin, as analysed by Henderson and Ginger (2007). It was implied that future work involved
extending the scope of the tool to include damage to wall structure as well as calibrating results

against damage observed during post-storm surveys.

2.8 Summary and Discussion

Recent damage investigations have shown that the structural system of contemporary houses
generally performs satisfactorily in windstorms approaching the design wind speed. However,
shortcomings in some aspects of design and construction mean that there is still an increased
risk to contemporary housing from windstorms. The increasing population in cyclonic areas and
the uncertainty regarding the potential effects of climate change on the frequency and

magnitude of windstorm has increased this risk.

If the nature of the disaster risks is to be fully understood and cost effective measures taken to
mitigate them, a better understanding of the structural response of contemporary houses to
windstorm is required. Studying the response of the roof structure (i.e. the most vulnerable part
of the house) to wind loading will provide data for assessing house performance in a windstorm.
The response of the roof is dependent on the transfer of load from cladding to batten to truss to
wall, the redistribution of load with progressive failure and the interdependency of structural

elements, with increasing wind speed.

Most studies on reliability were primarily focused on individual component behaviours and

consequence of their failure. The overall vulnerability of a house type is concerned with the
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behaviour of whole house structural system including progressive damage with increasing loads.
It is about the integration of the response of many components acting together as a structural
system. The assessment of reliability for a complex structural system (such as the roof of a
house) has to consider the interaction of all the structural components and members of the
system. Furthermore, the number of possible failure modes can be quite large. These issues

should be addressed by studying the load sharing and interdependency between components.

In order to develop vulnerability models for contemporary houses, it is essential to have
knowledge of the variability and uncertainties of load actions and building response. The
statistical parameters of connection strengths can account for the uncertainty and variability
associated with loads. The structural system and the connections in the contemporary houses in
Australia are different from previous studies on older Australian houses and other overseas
studies. Most of those studies have used Normal and Lognormal distributions to describe the
strength data. The probabilistic descriptions of connection strengths based on cyclic and static
test data of are required to accurately assess the performance of houses of a selected type.
Furthermore, accurate representation of load transfer among these connections is also

significant.

Full scale and wind tunnel studies of low rise buildings have shown that the approach wind flow
generates spatially and temporally varying pressure on roofs, and these loads are dependent on
the approach wind direction and also the terrain and topographic features. A boundary layer
wind tunnel test is the most effective means of obtaining appropriate pressure or force
coefficients for use in wind loading standards. Standards such as AS/NZS 1170.2 (2011)
provide a nominal design wind load on a structure and the direct use of such values in
vulnerability assessment is a conservative interpretation. Several previous studies have
determined the wind load acting on a range of house types, but studies on the area averaged
pressure acting on individual components/connections over different areas of the roofs in
probabilistic terms are scarce. Therefore, it is necessary to obtain the probabilistic descriptions

of the wind pressure acting on connections in different areas of the roof in order to determine
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vulnerability of its components and connections. The structural components of the buildings
should be clearly identified and the wind loads acting on these elements needs to be determined.
A dedicated wind tunnel model test on this type of house is carried out to provide an accurate

representation of the wind loads.

Research on the structural response to wind loading has been focused on improving design
procedures and design codes. Full scale and sub-assembly tests conducted by the Australian and
international researchers have produced data on the overall response of houses to wind loads.
However, there is limited test data available to describe the load sharing, progressive failure and
resulting interdependency between components in contemporary Australian houses. A series of
tests on a specimen roofing sub-assembly is carried out covering a range of scenarios to
produce data that can be used in structural vulnerability models. The results from experiments
can be used in combination with analytical results obtained from structural analysis models for
assessing the structural response to a range of loads. Linear and non-linear behaviour of
structural components are studied in order to predict the behaviour of housing components

subjected to windstorms.

The vulnerability assessment of houses in Australia to windstorms has mostly been based on
empirical approach and expert opinion. Only limited studies have been carried out on actual
probabilistic nature of the damage to the housing from wind which is needed if a reliability
performance based approach to design is to be developed. Some of the vulnerability models
described use the codified values which may be conservative interpretations, for determining
the load actions of the buildings. The use of these values can provide unreliable vulnerability
estimates of houses or housing components. Furthermore, current vulnerability models do not
satisfactorily account for load sharing, load distribution and progressive failure in house
components. Physical tests carried out on a structural system provide data required for
calibrating and validating the vulnerability models. Statistical descriptions of wind loading and
component strength can be combined with sub-assembly test data to improve vulnerability

models.
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3 ROOF STRUCTURE OF A CONTEMPORARY HOUSE AND ANALYSIS
METHODS

This chapter presents the structural system, roofing components and connections of a common
masonry block house, based on a survey of housing in a cyclonic region of Australia.
Furthermore, the capacities of roofing connections are presented in terms of probabilistic
parameters. This chapter also describes theories and methods used in this thesis to calculate

nominal design wind loads and to assess vulnerability of roofing connections.

3.1 Masonry Block House

A survey was carried out by a team from CTS including the author in cyclonic region of North
Queensland in Australia, to obtain the structural characteristics of contemporary houses under
construction. The features such as size, shape, cladding, roof shape and pitch, method of
construction, type of connections and structural system were surveyed on approximately 100
houses. In addition, certified drawings of houses submitted to the local authorities were also
reviewed. More than 90% of the houses surveyed were of masonry block type. A typical house
of this type is constructed on a concrete slab on ground with masonry block walls filled with
concrete and continuous reinforcement at regular intervals from the bond beam at the top of the
wall to the slab. These houses have either gable or hip roof shape or a combination of these.
This study focuses on the gable shape roof, as they experience larger wind loads and post

disaster surveys reveal that they are more vulnerable to damage in windstorms.

Figure 3.1 shows a masonry block house under construction (i.e. a house with a hip roof shape)
and Table 3.1 provides a summary of the survey data in statistical terms. Based on the survey
data, a single story gable end 10m x 19.8m x 2.7m low rise house with 0.6m roof overhang and

22.5° pitch represents a common contemporary house.
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Figure 3.1: Masonry Block house under construction (Hip roof shape)

Table 3.1: Characteristics of Masonry block Houses

Feature Mean Coefficient of variation
Length 19.7m 0.10
Width 11m 0.26
Roof Pitch 22.5° 0.14
Roof overhang 613mm 0.13
Wall Height 2.67m 0.18
Batten spacing 886mm 0.10
Truss spacing 915mm 0.07
Every crest or every 2™ N/A

Cladding fastener spacing

corrugation (152mm)
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3.2 Roofing connections

The roof structure of masonry block house consists of timber trusses and top hat battens clad
with metal roof sheeting. The trusses and battens are spaced nominally 900mm apart with an
overhang of 600mm to fit the house dimensions. Figure 3.2 shows a schematic of the trusses
and battens in a masonry block house. The timber trusses are manufactured from machine grade
pine (MGP12) 90mm x 35mm components joined with toothed truss connector metal plates and
connected to the bond beam at the top of the wall with a metal cleat bolted to the truss, as
shown in Figure 3.3. In some cases, straps or angle brackets are also used to connect the truss to
the wall instead of cleats. Top hat battens, (40mm x 40mm), manufactured from G550 steel
with a base metal thickness (BMT) of 0.75mm are fixed to the top chord of these trusses with
two Type-17 screws (Nol4-10 x 25mm), as shown in Figure 3.4. The metal roof cladding is
usually corrugated profile with a base metal thickness of 0.42mm and is attached to the battens
using Type-17 cladding fasteners (No14-10 x 50mm) without cyclone washers, as shown in
Figure 3.5. The spacing of the cladding fasteners is every second crest of the corrugations
(152mm) but sometimes different spacings are used in the edges and middle of the roof. Ceiling
sheeting (usually plasterboard) is fixed directly to the trusses or to metal ceiling battens

connected to the bottom chord of trusses.

o g :
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Figure 3.2: Battens and trusses in Masonry block house
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Figure 3.5: Roof cladding-to-batten connections

3.2.1 Connection Strengths

The variability of strength of components and connections in houses are associated with
differences in design, materials, construction practices and workmanship. This variability that
exists even in connections that are designed to the same specifications and other uncertainties

are represented in the probabilistic models. This study analyses the responses and failure of

¢ Roof cladding fastener
e Batten-to-truss connection
e Truss-to-wall/bond beam connection
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The Cyclone Testing Station (CTS) has compiled a database of strength capacities for a range
of connection types, based on experiments, structural analysis and damage investigations. The
capacities of these connections are derived from static and a range of cyclic test regimes by
considering the full scale behaviour of roof systems. This database was used to obtain the
statistical properties for the capacity of each connection. The particular probability distribution
function (PDF) for each connection type was defined from fitting the available data with
various distribution types (i.e. Normal, Lognormal, Rayleigh, Gamma and Weibull) and using
the Anderson-Darling (A-D) goodness-of-fit test. The A-D test is particularly useful when the
tails of a distribution is important (Ang and Tang (2007)). The values of the capacities are
normalized by the design value of each connection, $Ryn. Where ¢ is the capacity reduction
factor (¢=0.8 was used in this study) and Ry is the nominal capacity of the connection. The
design values were obtained from codes and product manuals. Table 3.2 shows the statistical

descriptions of the capacity for each connection.

Table 3.2: Connection Capacity Statistics

Connection Mean(R/$Ry) Ccov PDF

Roof cladding-to-batten connection 1.22 0.15 Lognormal
Batten—to-truss Connection 1.30 0.30 Lognormal
Truss-to-wall connection 1.40 0.30 Lognormal

The Lognormal distribution was found to be the best fit for all three connection strengths. It
satisfied all the considered levels of significance (1%, 2%, 5%, 10% and 20%) for the cladding-
to-batten connection (p-value 0.55). The batten-to-truss connection was most strongly a
Lognormal distribution with p-value 0.995 (the higher the p-value the stronger the assumed
distribution becomes) and truss-to-wall connection gave a p-value of 0.58 with satisfying all the

confidence levels.

Page 50 of 202




3.3 Design of houses

Structural design of houses is required in order to protect building occupants against injury or
loss of life. Therefore, the main objective of current codes (BCA (2011)) and standards is to
prevent building failures, leading to loss of life during extreme events. Over the past years,
performance based design has been acknowledged as a rational approach in the design of
structures, and is gradually becoming accepted around the world. In Australia, AS/NZS 1170.0
(2002), AS/NZS 1170.1 (2002), AS/NZS 1170.2 (2011) and AS 4055 (2006) are mainly used
for deriving dead, live and wind load actions. AS/NZS 1170.0 (2002) stipulates combinations of
loads including wind actions to be applied on structural system components that are checked
against their design strength. Failure occurs when the combined load exceeds the component’s
strength. The limit state design takes a more rational approach to structural safety by defining

partial load factors for each type of loading and separate resistance factor for the resistance.

The typical design relationship is given by

OR > S* (3.1)

Where S*- Factored structural load effect given by the adverse combination of loads, R-

Structural resistance, and @- Capacity reduction factor

The ultimate design relationship for the wind load effects on roofing connections is given by

Equation 3.2.

OR > y4D + y,W (3.2)

Where D- Dead load, W- Wind load, y, - Dead load factor, y,,, -Wind load factor

3.3.1 Design approach for wind loads

The wind load standard AS/NZS 1170.0 (2002) used in Australia is based on the limit state
design approach introduced in the 1980’s. AS/NZS 1170.2 (2011) provides data for calculating

the design wind speeds related to the return period, for the class of structure specified in BCA,
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for cyclonic and non-cyclonic regions. The wind loads for housing standard AS 4055 (2006) is
based on AS/NZS 1170.2 and uses a 500yr return period wind speed for ultimate limit state
design. The 10 m height gust wind speed (Vg) as defined in AS/NZS 1170.2 (2011), for a
1:500yr probability in cyclonic region C and D is 69m/s and 88m/s, respectively. These wind
speeds have a specified nominal probability of exceedance of about 10% in 50 yrs. In most
cyclone and non-cyclone regions, the determination of wind loads for housing is carried out

using the standard on wind loading for residential housing, AS 4055 (2006).

Wind loads for the design of cladding fixings on buildings can be calculated from pressures
derived from nominal shape factors or pressure coefficients, provided in Standards such as
AS/NZS 1170.2 (2011). The design pressures are calculated from Equation 3.3, where p is the
density of air, V, is the design gust wind speed at mid-roof height given in Equation 3.4 and
Crig is the aerodynamic shape factor. Quasi-steady, external pressure coefficients, C,., and
internal pressure coefficients, Coiy combined with factors for area-averaging, K,, surface-

combinations, K., permeable cladding, K.

»» and local-pressure effects, K;, are used to

determine Cy;, values for external and internal pressures as shown in Equations 3.5 and 3.6.

Pdesign = 0.5pVi Crig (3.3)
Vi = VRMqM,cqe MsM; (34)
Crig = Cpe (Kg X Ko X K; X Kp) (3.5)
Crig = CpiKe,i (3.6)

Where, V; — Regional gust wind speed at 10m height in Terrain Category 2 for a specified
return period, My. wind directional multiplier, M, ., — terrain /height multiplier, M. shielding

multiplier, and M,._topographic multiplier
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Nominal external and internal design pressures, py acting over the tributary area, Ay are
combined to get the nominal, design wind load, W)y on the component as indicated in Equation

3.7.
Wy = pnAn (3.7)

The most critical load combinations, S*, which are used for ultimate limit state design as per

AS/NZS 1170.0 (2002) is given in Equations 3.8 and 3.9.
1.2Dy + Wy -downwards (3.8)
09Dy + Wy -upwards (3.9

Where, Dy is the nominal dead loads acting on the structure or particular connection being

considered.

3.4 Reliability theory

A measure of resilience of a connection to wind loading is estimated by the probability of
failure of the connection as a result of its strength being exceeded by the wind load. The load
and the resistances are taken as random variables and the required statistical information is
assumed to be available. In this process, the load effect, S and corresponding structural
resistance, R are analysed statistically and the probability of failure calculated. The information
required are the mean and coefficient of variation (COV) values of S and R or their probability
density functions f5(S) and fz (R). Failure occurs when the load effect exceeds the resistance of
the connection (S > R). This approach can be used for estimating the vulnerability of roofing
components to wind loading as shown by Henderson and Ginger (2007). The dead load value is

combined with the wind load in assessing these failures in this study.

Assuming that S and R are statistically independent, the probability of failure is given by

Py = [7 Fr(S) fs(S) dS (3.10)
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Where Fr(R), is the cumulative probability distribution, such that Fz(S) = f_soo fr(R)dR.

3.4.1 Dead load

The dead loads influencing each connection type are based on the weight of cladding, battens
and trusses. The dead load can be modelled by a Lognormal distribution with calculated mean
value based on the material weights and an assumed coefficient of variation (0.1 was used by

Holmes (1985) and Leicester et al (1985)). The following values are used in this study.
Mean (D/Dy) = 1.05 COV (D/Dy) =0.10

Where D - dead load, Dy -nominal value of dead load.

3.5 Wind load probabilistic model

Wind loads, W, acting on components of a building can be given by the probabilistic model in
Equation 3.11, where V is the maximum gust velocity at 10m height in standard terrain
category 2 in 50 yrs (life of structure) and the parameter B includes all the other parameters
including the pressure coefficients used for calculating the wind load as described by Holmes

(1985) and Henderson and Ginger (2007).

W = B2 (3.11)
Here, B is a parameter combining all variables of the wind load except the basic wind speed.
The product of the variables shown in Equation 3.12, gives parameter B.

B =1A.(C.E262.G.P/) (3.12)
Where:

C is the quasi-steady pressure coefficient, (i.e Cy or Cy)

E is a velocity height multiplier that accounts for the exposure and height, (M cs)
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6 is a factor for wind directionality effects (Mg)

G is a factor that accounts for gusting effects and is related to K, and K|,
p is the density of air,

A is the tributary area, and

A is a factor to account for modelling inaccuracies and uncertainties in analysis methods

(unknowns)

The nominal design load is made up of nominal values of all the above parameters together with
the wind speed as shown in Equation 3.13. This probabilistic relationship can be presented in

non dimensional form of Equation 3.14.

Wy = ByVy (3.13)
v, = [B/BN] [V/VN]2 (3.14)

where, [3/5, | = [ 2, 14 a7 e/ ) 1% 6,) [/ 6, )17 4]

Each of normalized terms in the brackets is treated as random variables with probability
distributions, mean, and coefficient of variation obtained from analysing available data. The
estimation of the values of mean and coefficient of variation is a difficult procedure. It requires
statistical data which in many cases is virtually nonexistent. However, these can be estimated
from survey data, Delphi analysis and wind tunnel model studies. In cases when this data does

not exist, assumptions are made.

3.6 Summary and Discussion

The study identified the structural system, roofing components and connections of a common
masonry block house, based on a survey of housing in the cyclonic region of Australia. The

capacities of roofing connections (i.e. cladding fastener connection, batten-to-truss connection
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and truss-to-wall connection) were obtained from available test data, and were found to be
greater than the capacities specified in codes and product manuals. The strength capacities used
in this study account for the fatigue strength of the connections determined according to the
current test standards (i.e. Low-High-Low (L-H-L) test regime etc). It was also found that the

uplift capacity of these connections can be described by Lognormal distribution.

This study focuses on commonly used connections related to these structural systems. The
structural systems of contemporary Australian house roofs are made up of timber and steel
materials with variability in engineering material properties. In addition, these structural
systems are designed and fabricated with a range of connections and fastener details, and
varying construction quality and code enforcement from building to building. Thus, the
variability of the connection strength changes with these factors and should be considered to
assess the vulnerability of these houses in more generalized manner. In order to achieve this, the
strength capacity of these connections with different fixing types should be determined
considering the full scale behaviour of the structure such as those used in this study. The
laboratory conditions under which individual roof connections are tested may also significantly
influence the resulting statistical parameters and probability distributions. This can be a major
source of uncertainty for vulnerability assessments. The individual connection tests can be
useful for specifying the connection design values which are usually conservative

determinations.
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4  WIND LOADING

This Chapter presents the wind load acting over the roof of the common masonry block house
obtained from a wind tunnel model study. Furthermore, the variability of these loads and the
probabilistic descriptions of wind loads over the connections on the roof are presented. These

results are also compared with the loads obtained using AS/NZS 1170.2 (2011).

4.1 Experimental setup

Wind tunnel model studies were carried out in the 2.0m high 2.5m wide 22.0m long boundary
layer wind tunnel at the School of Engineering and Physical Sciences, James Cook University.
The approach atmospheric boundary layer was simulated at a length scale of 1/50 over a fetch
by using a 250mm high trip board at the upstream end followed by an array of blocks on the
tunnel floor. Figures 4.1 and 4.2 show that the mean velocity (referenced to mean velocity at
25m) and turbulence intensity profiles measured fall between terrain category 2 and 3 profiles at

mid roof height as per AS/NZS1170.2 (2011), confirming the profiles obtained by Ginger et al.

(2000).
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Figure 4.1: Mean velocity profile

Page 57 of 202



20

|
I
—= 15 .|
£ ‘ e Measured
S
i | — —TC2
] |
2 10 o
()]
(]
\
E 5 ‘e
\ [ ]
\ .
0
0 0.1 0.2 0.3 0.4 0.5

Turbulance intensity

Figure 4.2: Turbulence intensity profile

The level of detail that can be incorporated in a wind tunnel model depends on the scale of
model and its size. In case of the low rise house studied here, a model of 1/50 satisfactorily
accommodates essential details such as the eaves, overhang etc. The information required for
design is the peak loads acting over the tributary area of interest. This is a significant factor

affecting to the structural behaviour.

A gable end 10m x 19.8m x 2.7m low rise house with 0.6m roof overhang and 22.5° pitch was
constructed at a length scale of 1/50. The batten and truss layout and the pressure tap locations
are shown in the Figure 4.3 (The isometric view is also shown in Appendix A). The battens
spaced at 877mm in general areas and 650mm on eave and the roof trusses spaced at 900mm
apart are identified from A to W. The wind pressures were measured on the pressure taps shown
in Figures 4.3. Each roof truss tributary area was divided in to sixteen patches identified as
1...16 as shown in Figure 4.4. These patches are the typical batten-to-truss connection tributary
areas that are named as B1...B16 for truss B, C1...C16 for truss C etc. The wind loads on

tributary areas representing cladding fixings in regions; P, Q, R, S, T shown in Figure 4.4, are
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also discussed in next section. Figure 4.5 shows the house model installed on the turn table in

the wind tunnel.
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Figure 4.3: Pressure tap layout

(All dimensions are in ‘mm’ unless specified)
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Figure 4.4: 10m x 19.8m x 2.7m gable end low rise house with 22.5°roof pitch

Figure 4.5: 1/50 scale model of the 10m x 19.8m x 2.7m house in the wind tunnel

External pressures were obtained for approach wind directions 6 = 0° to 360° in steps of 15°.
Pressure taps on each patch were connected to a transducer using a tubing system via a pressure

measurement system and pressures on 62 taps were measured simultaneously. The fluctuating
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pressures were cut off at 625Hz and sampled at 1250 Hz for 30 seconds, and presented as
pressure coefficients (C, (t) = p(t)/%pUﬁ). For a length scale ratio of 1/50 and velocity ratio

of 2/5, this results in an equivalent full scale observation time of 10 minutes and a time scale of
1/20. These pressure coefficients were statistically analysed to obtain mean (Cp), maximum

(C3) and minimum (C) pressure coefficients in a single run;

p 14 D
C‘ =1 - Cv =1 - C" =1 -

Where, %pl_]ﬁ is the mean dynamic pressure at mid roof height h. Five runs were conducted for

each angle to obtain repeat sets of pressure coefficients.

Henderson (2010) found that the wind pressure on series of cladding fixings can be represented
by a single pressure tap. Therefore, the loads on cladding fixings in regions P, Q, R, Sand T
were obtained using the individual taps in each region. The loads on batten fixings were
obtained by averaging simultaneous pressures acting on the group of taps representing each
batten-to-truss connection tributary area. However, the load transmitted to the batten-to-truss
connection is dependent on the cladding and structural support system including their
directional stiffness properties. Therefore, this area averaged pressure may not give a
satisfactory representation of the wind loads acting on the batten-to-truss connection. This is

determined in Chapter 6 combining structural tests results in Chapter 5 with the wind loads.

4.2 Experimental results

4.2.1 Pressure distribution-cladding

The variation of external pressure coefficients C5;, Cz and C5 for all five runs on taps
representative of cladding fixings with the wind approach direction (0), for regions P, Q and T
are shown in Figures 4.6, 4.7 and 4.8. The variation of external pressure coefficients for R and S

are also shown in Appendix A. Wind loading standards typically provide design pressure
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coefficients for wind directions perpendicular and parallel to the ridge. The nominal peak

pressure coefficients (Cp ) derived from Section 5 of AS/INZS1170.2 (2011) is Cp, = Cp, X K;
x G, where Cp, is the external pressure coefficient, K; is the local pressure factor and G, =

U, /U, is the velocity gust factor which was taken as 1.875 in this study as per AS/NZS 1170.2
(1989). Here, U, and U, are gust wind speed and mean wind speed respectively at mid roof

height. These Cp,, values for each region are also shown in Figures 4.6, 4.7 and 4.8 for wind

approach directions 0°, 90°, 180° and 270°. It should be noted that there are 20 values of
pressure in each region for each wind approach direction based on the number of repeat runs

(five) and number of pressure taps in each area (four).

These Figures show that there was a large variability in wind load at each wind approach
direction and the largest suctions were expected in region P for wind approach directions 135°
to 150°. The design of cladding fastener fixings are based on largest load stipulated in AS/NZS
1170.2. As shown in the Figures, the largest code design values occur at wind approach
direction 90° in region Q. Figure 4.6 shows that the peak pressures obtained for region P
exceeded the design values stipulated in AS/NZS 1170.2 (2011) for wind approach directions
120° to 150°. Hence, the design values underestimated the design of cladding fixing on region
P. Compared to P and Q regions, R, S and T regions have lower suctions. Thus, the roof
cladding at roof corners experience larger wind loads compared to those at middle regions and

cladding fixings in region P are more prone to failure.

These peak and mean values were in close agreement with values and patterns obtained from
the previous wind tunnel model studies such as those by Holmes and Best (1977), Reardon and
Holmes (1981), Meecham et al. (1991), and Lin and Surry (1998). However, there were some
differences due to variations in the experimental set up in those studies (i.e. Changes to the

basic dimensions of the houses such as roof pitch, height etc).
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Figure 4.7: Pressure coefficients vs wind direction - Q (cladding)
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