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ABSTRACT 
 
 Metal roof sheeting is one of the most vulnerable housing components under high wind uplift 
pressure. A fragility assessment for roof sheeting loss facilitates the risk assessment and mitigation for 
housing subjected to extreme wind loading. This paper aims to develop a reliability-based fragility 
methodology for metal roofing of a representative Australian contemporary house subjected to non-
cyclonic extreme wind loading. The fragility analysis considers roof sheeting loss due to overloading of 
cladding-to-batten and batten-to-truss connections. A Monte Carlo Simulation in conjunction with a 
finite element approach are proposed to carry out the wind fragility assessment for the entire roof 
envelope. It was found that, for a 500-year wind speed, the mean roof sheeting loss is negligible for 
the representative contemporary housing built in Melbourne, whereas considerable roof damage is 
predicted for those built in Brisbane when subjected to windward wall dominant openings. 
 
1. Introduction 
 
 Metal roof sheeting has been widely used in Australian residential construction, which is 
typically the most vulnerable component of timer-frame houses under high wind loads. The 
disengagement of metal sheets from roof structure may cause significant damage to building interiors 
and contents by allowing for rainwater intrusion. Metal roof sheets subjected to wind uplift pressure 
are often damaged by detaching from battens and/or separating from rafter/truss with battens 
attached. These two types of roof sheeting loss are predominantly attributed to the overloading of 
cladding-to-batten and batten-to-rafter/truss connections, respectively (Henderson and Ginger 2007).  

A wind fragility function typically expresses the damage state as a function of wind speed, which offers 
a convenient and effective metric to forecast the extent of wind damage. Most fragility methodologies 
developed for metal roof sheeting loss (e.g. Henderson and Ginger 2007; Sivapathasundaram and 
Mahendran 2016; Ji et al. 2018) only considered the probabilities of ‘first failure’ of connections. 
However, the load redistribution to neighbouring connections beyond the first failure and the 
consequent progressive failure were not explicitly examined by these studies, and therefore the 
redundancy of metal roof sheets could be somewhat underestimated. 

This paper develops a reliability-based fragility methodology to predict the damage progression of 
corrugated metal roof sheeting on Australian contemporary housing under non-cyclonic extreme wind 
loading. The fragility analysis considers roof sheeting loss due to overloading of cladding-to-batten and 
batten-to-truss connections. A Monte Carlo Simulation (MCS) in conjunction with a finite element 
approach were proposed to carry out the wind fragility assessment for the entire roof envelope, which 
enables the stochastic modelling of load redistribution and failure progression of roof connections 
under spatially varying wind uplift pressure. The developed fragility methodology was illustrated on 
representative contemporary housing built in the suburbs of Melbourne and Brisbane. 
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2. Reliability-based Fragility Methodology 

 
 The fragility of a structural component or system is typically defined as the probability of 
damage state DS conditional on a given hazard H. The damage state herein is measured by the 
proportion of roof sheeting loss and the hazard is gust wind speed. The wind fragility is therefore the 
extent of roof sheeting loss Rloss at a given gust wind speed v, which is expressed as  

Pr⁡(𝐷𝑆|𝐻) = Pr[𝐷𝑆 = 𝑅𝑙𝑜𝑠𝑠|𝐻 = 𝑣]    (1) 

This study considers roof sheeting loss due to overloading of cladding-to-batten and batten-to-
truss/rafter connections. The loss of a single roof sheet is assumed to occur when a critical number of 
cladding fasteners fail as inadequate fixings may lead to loss of functionality, stability and integrity of 
the roof sheet. The failure of a single cladding-to-batten or batten-to-truss/rafter connection is 
governed by the following limit state function 

𝑔 = 𝑅 − (𝑊 − 𝐷𝐿)     (2) 

where R represents the resistance of the considered connection against pull-out and pull-over failure, 
and W is the wind uplift load acting on this connection. DL is the dead load arising from the weight of 
steel battens and metal roof sheets. A connection fails if g ≤ 0. In this study, the uplift loads acting on 
roof connections are obtained by using a finite element analysis (FEA), which takes into account the 
load sharing and redistribution among connections under the spatially varying wind uplift pressure. 
The dead load is considered as deterministic in the finite element modeling by specifying the density 
of metal roof sheets and steel battens. The details of the finite element modeling are described in 
Section 4. 

The failure of a single roof sheet occurs when the number of failed fasteners on the roof sheet Nf 
exceeds the critical number of failed fasteners causing the sheet loss, Ncr. Ncr is equivalent to the sheet 
failure criterion (SFC) defined in Stewart et al. (2017). Note that the failure of batten-to-rafter/truss 
connections leads to load redistribution in other connections and cladding fasteners attached to a 
batten are assumed to fail when the batten detaches from rafter/truss. A triangular probability 
distribution proposed in Stewart et al. (2017) is employed here to model Ncr. The lower and upper 
bound for Ncr are 10% and 80% of the total number of fasteners on a single sheet, respectively. For 
more details of the triangular distribution model of Ncr, see Stewart et al. (2017). 

The assessment of Nf requires the fragility model to account for progressive failure of roof connections.  
An event-based MCS in conjunction with the FEA approach were employed in this study to evaluate 
the wind fragility for roof envelope. In each run of MCS, the spatially distributed wind pressures and 
structural resistances of roof connections are randomly generated as the input to the finite element 
model of the entire roof envelope. The wind uplift loads acting on roof connections are then obtained 
from the FEA. Both the overloaded cladding-to-batten and batten-to-truss/rafter connections are 
removed from the finite element model, and the FEA is further conducted to evaluate the load 
redistribution and failure progression. For each wind speed, the loss of a roof sheet is deemed to occur 
if Nf ≥ Ncr. The MCS and FEA approach proposed in the present study enables the developed fragility 
curves to relate the extent of roof sheeting damage with gust wind speeds. 

The fragility assessment methodology proposed in the present study is illustrated on representative 
contemporary housing built in the suburbs of Melbourne and Brisbane. The dimension, shape and 
construction type of the representative house were determined by field surveys completed by the 
Cyclone Testing Station (CTS) at James Cook University (JCU) (Parackal et al. 2016). Figure 1 shows the 
representative one-story house. It is a timber-frame construction with a 21.5° timber roof truss at 600 
mm spacings on a complex hip-end roof. Roof cladding is corrugated metal sheeting attached to metal 
top-hat battens using screw fasteners at 900 mm spacings. More details of the representative 
contemporary house can be found in Parackal et al. (2016). 
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Fig. 1. One-story representative contemporary house 
 

3. Probabilistic Modeling of Wind Loading and Resistance 
 

 The wind uplift pressure (PU) acting on the roof envelope is modelled probabilistically as 
(Holmes 1985; Stewart et al. 2017) 

𝑃𝑈 = 𝜆 ∙ (𝐶 ∙ 𝑇 ∙ 𝐸2 ∙ 𝐷2 ⋅ 𝐺 ∙
𝜌𝑎𝑖𝑟

2
) ∙ 𝑣2    (3) 

where v is the maximum 0.2 second gust velocity at 10m height in open terrain; λ is a factor accounting 
for wind loading modeling uncertainties; C is the quasi-steady pressure coefficient that is a combination 
of external (CPe) and internal pressure coefficient (CPi); T is the shielding factor; E is a terrain height 
multiplier that accounts for the exposure and height of the building considered; D is a factor accounting 
for wind directionality effects; G is a factor that accounts for gusting effects, and ρair is the air density. 
These parameters, except for C, are assumed to follow a lognormal distribution. The means and 
coefficient of variations (COV) for these parameters presented in Stewart et al. (2017) are used in this 
study. The nominal values for these parameters are obtained from Standards Australia (2011) for 
suburban housing below 10m height with no shielding. Nominal values of D could vary depending on 
wind directions at various sites to account for the wind directionality effect. λ, T, E, D, G and ρair are 
assumed to be fully correlated for all areas of the roof envelope. 

Wind tunnel testing was employed in this study to evaluate the external pressure coefficients in Eq. 
(3). The spatially and temporarily varying external pressure coefficients for the roof surface were 
measured in a wind tunnel test conducted in the Boundary Layer Wind Tunnel at JCU. The peak external 
pressure coefficients at a total of 320 pressure tap locations for each wind direction were modelled by 
a Gumbel probability distribution with the scale and location parameters estimated using a maximum 
likelihood method based on the wind tunnel observations. More details about the wind tunnel test can 
be found in Parackal et al. (2016) and Stewart el al. (2017). 

The failure of windows, doors and roof sheets during an extreme wind event may change the internal 
pressure and therefore affect the roof damage assessment. In this paper, two typical scenarios are 
assumed for the internal pressure evaluation, namely, dominant openings existing on the windward 
wall and effectively sealed building without any wall openings. Both of the two scenarios consider the 
increasing roof openings due to damage progression of roof sheeting. The internal pressure coefficient 
is assumed to follow a normal distribution with a COV of 0.33 (e.g. Sivapathasundaram and Mahendran 
2016). For the later scenario, the mean internal pressure coefficients would equal to the average of 
external pressure coefficients at roof openings. Derived from the mass conservation theory (Holmes 
2015), the mean internal pressure coefficient for the former scenario is calculated as 

𝐶𝑃𝑖 =
𝐶𝑃𝑊

1+(
𝐴𝑅
𝐴𝑊

)2
+

𝐶𝑃𝑅

1+(
𝐴𝑊
𝐴𝑅

)2
     (4) 

where CPW is the average of external pressure coefficients at windward wall openings and CPR is the 
average of external pressure coefficients at roof openings; AW is the total size of wall openings and AR 
is the total size of roof openings. Note that only roof openings due to the damage progression of metal 
sheets are considered in this study (i.e. ignoring possible effect of flashings, vents, etc). The 
approximate trend of Cpi change with increasing AR/AW for the windward wall dominant opening 
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scenario is depicted in Figure 2. The figure implies that the adverse effect of internal pressure is 
relieved with increasing roof sheeting loss.  

 

Fig. 2. Internal pressure evolution with increasing roof sheeting loss  
 

The pull-over and pull-out failure were considered as the failure modes for cladding-to-batten and 
batten-to-rafter/truss connections. A lognormal distribution was used to model both the pull-over and 
pull-out capacities (e.g. Henderson and Ginger 2007) for roof connections with the mean and COV 
estimated from the test data in literature. Refer to Stewart et al. (2017) for more details about the 
statistical parameters for the connection resistances. 
 

4. Finite Element Analysis (FEA) for Fastener Loads 
 

 A FEA approach is presented in this section to evaluate the wind uplift loads acting on roof 
connections and the load redistribution after the failure of one or more fasteners. Commercial FEA 
software ANSYS was employed to model the entire roof envelope including corrugated metal roof 
sheeting, steel roof battens, cladding-to-batten and batten-to-truss/rafter connections. Four-node 
quadrilateral shell elements including both bending and membrane stiffness were used to model the 
corrugated metal sheet with six degrees of freedom at each node. The roof envelope layout and a 
typical corrugated metal roof sheet in the finite element modeling are depicted in Figure 3. The typical 
corrugated metal sheet on the roof has five spans and each span has a length of 900 mm. The sheet 
has a width of 762 mm, base metal thickness of 0.42 mm and crest height of 22 mm. Roof sheets with 
other shapes were configured by trimming the typical sheets at ridgelines and hips. 

The proposed FEA approach is mainly aimed at evaluating the wind uplift forces in roof connections, 
which in conjunction with the sampled connection resistances are used to assess the overloading of 
fasteners in a MCS. To this end, localized dimpling, buckling and fracture of the metal roof sheet were 
not considered in the proposed FEA approach. In addition, according to Mahendran (1994), the 
majority of the corrugated metal sheeting are still in elastic range when the fasteners fail. Thus, the 
material properties for the corrugated metal sheets were assumed to be isotropic and linear-elastic. 
Two-node beam elements were used to model the steel roof battens under the corrugated metal roof 
sheeting with material and section properties obtained from manufacture’s specifications (Lysaght 
2014). The cladding-to-batten and batten-to-truss/rafter connections were approximately modelled 
by linear spring elements. The roof trusses were not modelled and pinned supports were assumed to 
represent the attachment points of batten fasteners to rafters. In each MCS realisation, the reaction 
forces of the spring elements obtained from a static FEA are compared with the sampled resistances of 
roof connections according to Eq. (2), and overloaded connections are then removed from the finite 
element model for further analysis of progressive failure. 
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Fig. 3. Roof envelope layout and a five-span corrugated metal roof sheet in the finite 
element modeling 

 
5. Results of Fragility Analysis  
 

 A fragility analysis was carried out for the representative house at suburbs of Brisbane and 
Melbourne using the proposed MCS and FEA methodologies. The fragilities were calculated up to gust 
wind speed of 80 m/s considering two wall opening scenarios as described in Section 3. Random wind 
direction and building orientation were taken into account for the fragility analysis by utilizing the wind 
directional multipliers given in Standards Australia (2011) for D in Eq. (3). The fragility curves for the 
representative house built in Brisbane and Melbourne considering random building orientation and 
wind direction are depicted in Figure 4. The figure shows that the fragility curves for the representative 
house in Brisbane are higher than those for Melbourne house. This is expected because the maximum 
gust wind speed is likely to appear in any wind direction of Brisbane but only a few prevailing wind 
directions of Melbourne. The maximum gust wind speed corresponding to a 500-year return period 
for Brisbane is 57 m/s (Standards Australia 2011). At this wind speed, the mean roof sheeting loss for 
the representative house in Brisbane is 4.14% for the windward wall dominant opening scenario and 
0.10% for the scenario without wall dominant openings. While the latter loss is insignificant, the former 
may result in a considerable economic loss, for example, roughly 15% of the total building and contents 
value as inferred from Stewart (2016). The mean roof sheeting loss for the representative house in 
Melbourne at the 500-year gust wind speed, i.e. 45 m/s (Standards Australia 2011), are negligible for 
both scenarios (i.e. with and without wall dominant openings). The progressive failure of fasteners for 
four selected roof sheets (i.e. A1, A2, B1 and B2) with increasing wind speed in one MCS realisation for 
a wind attack angle of 180° is shown in Figure 5, which implies that the ‘first failure’ may not necessarily 
lead to a cascading failure. First failed fastener that initiates at a relatively higher wind speed is more 
likely to result in a rapid failure progression of connections. 

 

Fig. 4. Fragility curves for the representative contemporary house  
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Fig. 5. Progressive failure of fasteners for four selected roof sheets in one MCS realisation 
 

6. Conclusions  

 

This paper describes the development of a reliability-based fragility methodology to evaluate the metal 
roof sheeting loss for Australian contemporary housing under wind uplift pressure. An event-based 
MCS in conjunction with a FEA approach were proposed to carry out the wind fragility assessment for 
the entire roof envelope, which enables the stochastic characterisation of spatially varying wind uplift 
pressure and failure progression of roof connections. The proposed fragility methodology was 
illustrated on representative contemporary housing built in Brisbane and Melbourne. It was found that, 
if no windward wall dominant opening exists, the mean roof damage is negligible under the gust wind 
speed corresponding to a 500-year return period for the representative house in both Brisbane and 
Melbourne. When subjected to windward wall dominant openings, considerable roof damage is 
predicted at the 500-year wind speed for the representative house built in Brisbane.  
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