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Tropical Cyclone Yasi: Structural damage to buildings

Executive Summary

Tropical Cyclone Yasi (TC Yasi) made landfall in the early hours of Thursday 3rd February 2011
with the eye passing over the Mission Beach region. The maximum wind gusts at the standard 10 m
reference height in flat open country (i.e. Terrain Category 2 per AS/NZS 1170.2), were estimated to
be 140 to 225
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Figure 1.1 Region of investigation

The field study commenced on Friday 4 February with the first phase complete on Friday
11 February 2011. A follow-up data collection phase was undertaken from Tuesday
22 February to Friday 25 February. The field study:
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e Used ,windicators” to estimate the peak gust experienced at a number of different
locations within the study area. This data would augment any anemometer data from
the bureau and lead to a better understanding of the wind field experienced in the
study area.

e Examined contemporary buildings to determine whether their performance was
appropriate for the estimated wind speeds they experienced. Where damage was
greater than that expected, common failures were documented in sufficient detail to
allow recommendations for changes to regulations or construction methods as
appropriate.

e Examined patterns of damage to determine whether there are any types of structure
that appear to have systematic weaknesses.

e Evaluated the performance of structures that had been repaired following Tropical
Cyclone Larry to determine whether the repair methods had offered any improvement
in structural performance.

e Investigated the performance of larger residential structures such as resorts or holiday
units.

e Assessed the ability of the building envelope to withstand wind loading and debris
impact loading.

e Determined the extent of structural damage from storm surge in the study area.

Page 3 of 127
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2. Estimation of wind speeds and directions

Three approaches were used to estimate the maximum values of 3-second gusts reached at the
main centres affected by Cyclone Yasi. These were as follows:

a) Use of anemometer data from the Bureau of Meteorology, or other agencies, where
available

b) A field investigation of failed and non

c) Use of the standard Holland wind field model to predict wind speeds.

Methods (a) and (b) were used to calibrate and adjust the parameters of the Holland model,
enabling it to be used as an interpolation tool to obtain realistic and consistent estimates of
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Sign with larger
surface failed — Plastic
hinge developed in
steel pipe just above
ground level

Figure 2.1 Failed road sign with increased signage area compared to upright sign in
background

Figure 2.2 Upright édiamondo road sign on Bruce Highway near Kennedy
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Table 2.2 summarises the results from the ,windicator” study. Figure 2.3 shows the location
of the ,windicators" and their readings over the study area (between Innisfail and Cardwell).

The averages of the lower and upper limits shown in Table 2.2, give a general indication of
the maximum expected gusts at the various locations —
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Figure 2.3 Upper and lower limits from fiwindicatorso (km/h)
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Figures 2.5 Wind directions and gust speeds from Holland model T at landfall
(Topographic effects not included and values rounded to 1 m/s and 5 km/h)
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2.3 Maximum wind gusts

The wind field on the land at the landfall of Cyclone Yasi has been assessed using a
combination of anemometer measurements, ,windicators" (i.e. failed road signs) and the well-
known Holland model of the vortex wind field of tropical cyclones. The model has been
»tuned®, and the variable parameters adjusted to give the best agreement with the measured
maximum gusts.

The model indicates maximum 3-second gusts of 225 kilometres per hour, with the highest
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2.4 Recommendations for wind measurements in future events

As detailed elsewhere in Section 2, there are various uncertainties in the estimation of the
cyclone®s wind speed when there are no anemometers. It is essential for these investigations
to know whether the wind speed is greater or less than the design wind speed — so, wind
speed estimates have to be made from what information is available.

2.4.1 Automatic Weather Stations

The availability of direct measurements of wind speeds and directions from anemometers is
very desirable. Harper et al. (2008) reported that less than 2% of all tropical cyclone peak
intensities in the Australian region have been directly measured from instrumented eye
passages. This event has again highlighted the inadequacy due to the sparse locations of
weather stations along the tropical coast for the purposes of reliably determining peak wind
speeds. Similar findings were also made in 1986 and 2006 following Cyclone Winifred and
Cyclone Larry, as well as many other events across the cyclonic regions of Australia
(Reardon et al., 1986; Boughton, 1999; Henderson et al., 2006).

Accurate measurements of wind speeds that impacted the built environment are crucial for
the continuing development of building regulations and Standards
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air for deployment out of NT and WA cities and towns such as Darwin, Broome, and
Karratha.

2.4.3 Options for improvement

The increased density of anemometers (both the proposed robust AWS chain and re-locatable
units)
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3. Structural wind damage to buildings

Section 2 indicated that maximum gust wind speeds of 225 km/h were experienced. Wind
damage to structures was observed across the Townsville to Innisfail region. At the
extremities of this area, the damage was very isolated with maximum wind gusts in the order
of 140 km/h, and in the main study area, the damage was more frequent with estimated
maximum wind gusts of 225 km/h.

Two levels of investigation into structural wind damage were carried out:

e Street Surveys: These used a one line evaluation of each building from the street to
obtain a rough, quantitative estimate of the extent of damage and the distribution of
building categories. These surveys were mainly performed from vehicles, but where
the damage was more concentrated or the community was judged to be very sensitive,
the surveys were undertaken on foot. The information gathered and the results of the
street surveys are presented in Section 3.1.

e Detailed studies: Specific buildings of interest were selected for careful assessment of
the order in which the failure took place, the identified weak points in the structure,
and any issues associated with compliance with building codes and standards. These
investigations required estimations of parameters that affect the site wind speed e.g.
shielding and topography, and measurements of key dimensions to enable engineering
analysis. The results of the detailed studies are presented in Section 3.2.

3.1 Patterns of damage
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Orientation of the building on site
Wall cladding materials
Whether the building had large windows (full height or greater than 3 m? per
window).
e Roof geometry and roof materials
e Three digit Damage Index (Roofing (R), Openings (O), Walls (W))

The Damage Index used in the study is shown in Table 3.1.
Table 3.1 Three category Damage Index

(No | Roof (R) | Openings (O) | Walls (W)
0 None none none
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3.1.1 Geographical location

The building and damage characteristics of each of the settlements have been presented in
Table 3.2. Appendix C presents the methodology of the analysis.

The building and damage characteristics of each of the towns have been presented in
Table 3.2. The table shows:

1. Number of Pre-80s houses is the number of buildings judged to have been built or had
the last substantial renovation prior to 1980.

2. Number of Post-80s houses is the number of buildings judged to have been built or
substantially redeveloped since 1980.

3. Average Damage Index for Roofing, Openings, or Walls was obtained by averaging
the digit representing that Damage Index category for all the houses within the
groups. (Refer to Appendix C for method).

4. Average topographic class was obtained by averaging the topographic class for all
buildings within the group as described in Appendix C.

Table 3.2 shows that in Tully and Hull Heads more buildings constructed prior to the 1980s
were inspected than Post-80s buildings. At Cardwell, roughly similar numbers were inspected
in each class. This somewhat reflects the demographics of the areas.

Table
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3.1.2 Performance of Post-80s buildings

As indicated previously, building standards in Queensland‘s cyclone prone regions
underwent a step change in the early 1980s with the introduction of Appendix 4 of the
Building By-laws. As a result, buildings constructed since the 1980s would have been built to

Report TR57

a very similar level as that required in the current Codes and Standards.

Table 3.2 showed the differentiation between damage sustained by Pre-80s and Post-80s

construction. It is further illustrated in Figure 3.2.

Figure 3.2 presents the data for all buildings contained in the Street Survey. The buildings
have been subdivided into Pre-80s and Post-80s buildings and the Damage Index is for roofs

as detailed in Table 3.1.

Damage index

e B0rcAntans hu ronf Damane Inday

SEA R | ekl

4.0%

3.5%
3.0%

BPre-80sR
OPost-80s R

Figure 3.2 Comparison of roof Damage Index
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Figure 3.3 Estimated gust wind speed as a percentage of design speed for houses
(Map also shows percentage of Post-80s houses in street surveys with roof DI >3)
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3.1.3 Effect of topography

Table 3.2 showed that a greater percentage of Post-80s buildings in the street surveys had
higher topographic classes than Pre-80s buildings. No Post-80s buildings were assessed as
having a topographic class greater than T1 in the towns of Wongaling Beach, Hull Heads,
Tully Heads, Cardwell and Upper Murray.

Figure 3.4 shows a comparison between the damage to buildings and their topographic class
as derived from AS 4055:2006, in the towns of Bingil Bay, Mission Beach, South Mission
Beach and Tully, where there were some buildings in the street survey that were assessed a
topographic class of T2 or higher.

Post-80s buildings (fraction of population in
each topographic class)

1
0.9
0.8 1+
0.7 T
0.6 7 aTl
0.5 T BT2
0.4 aT3
0.3 T
0.2 T
0.1 T

) i

0,1 2,3 4+
Roof Damage Index

Figure 3.4 Roof damage and topographic class for Post-80s houses
(Refer Table 3.1 for Damage Index values)

Figure 3.4 shows that the roof Damage Index for Topography class T1 and T2 are similar, but
that for T3, the extent of serious damage (Damage Index 4 or more) is 9% compared with 3%
and 2% for T1 and T2 respectively. The incidence of serious damage was 3 times as great on
exposed sites compared with normal sites.

Figure 3.5 shows a very similar trend for window Damage Index. The more serious DI for

openings (4 and above) shows that around 9% of buildings in Topography class T3 sustained
this level of damage, compared with less than 2% for both T1 and T2 Post-80s buildings.
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3.2.1.1 Innisfail

TC Larry gust wind speeds in Innisfail were estimated at between 55 and 65 m/s (Henderson
et al, 2006), and 60 m/s will be used as a reasonable approximation. The estimated gust wind
speeds in Innisfail during TC Yasi were around 45 m/s. This is 75% of the wind speed
experienced at the same location in TC Larry and around 56% of the wind load experienced
in Larry. Wind directions were different in each of
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Figure 3.7 Roof and batten loss for a second time

In Kurrimine Beach, where damage occurred it was greater as the wind speed was higher. In
a number of cases there was loss of a substantial part of the roof (for example the house
shown in Figure 3.7). Comparative success rates for new construction were higher than those
for repairs in both Innisfail and Kurrimine Beach. However, the higher wind speeds
experienced in TC Yasi at Kurrimine Beach reduced the success rates of both.
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1960s and 1970s Houses
In the pursuit of reducing construction costs further, houses became simpler and smaller. A
typical house of this period was of rectangular shape, timber framed, elevated on stumps
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Figure 3.9 Batten to rafter failure at 55% design wind speed

Figure 3.10 shows an ocean front 11x6.5 m flat roofed house in Cardwell
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Figure 3.12 Batten loss

Figures 3.13 and 3.14 show some of the older houses that appear to have sustained only
minor or negligible structural damage. There are a number of reasons for this;
¢ In most cases, the envelope of the house was intact and hence resulted in low internal
pressures or considerable venting occurred e.g. via large vented eaves etc

Page 36 of 127



Cyclone Testing Station Report TR57

" ™
" ‘

e

Figure 3.14 mixed performance of Pre-80s housing

Hidden damage in a structure that externally appeared undamaged in the form of separation
of some of the battens from rafter within the roof was observed in TC Larry (Henderson
et al. 2006). As the battens had not separated from the rafters, the damage was not obvious
from an external examination, and it did not become apparent until several months later
during reconstruction. Evidence is mounting following TC Yasi of cases with partial
separation of the battens from the rafters in roofs, which look fine when viewed from the
outside (see also Section 3.2.8.1). The presence of this type of damage can only be detected
by a roof space inspection. If not repaired, this type of partial damage may precipitate early
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e The side windows of the unit (visible just to the left of centre of the photograph) had
both had the glass broken. None of the broken glass was inside the unit, it was all
outside indicating that the glass had broken under the differential pressure from the
inside to the outside of the building.

In both of these cases, there was no sign of any debris impact. Both types of failures had been
caused by differential air pressure.

Figure 3.16 Sliding door and window glass failures

There were some other cases reported where window glass that was protected by undamaged
security screens failed due to high wind pressure.

3.2.3.2 Separation of frames

Window and door frames must be securely anchored to the building fabric to ensure that the
building envelope is secure. Where the window or door frame became separated from the
building, a large opening was created. In some cases the large opening led to other failures.

Figure 3.17 shows a modern house in an exposed location in which a number of window
frames on the side wall (aerodynamically) of the building were sucked out of the building. A
failure of some window glass under wind pressure on the windward wall allowed internal
pressurization of the building that contributed to the failure of the large frames. This house
was in a very exposed location and the frames should have been anchored against the
required higher pressures.
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securing the keepers for these bolts all failed (see Figure 3.6) and allowed the doors to swing
inwards. In this case the load on the doors was substantially less than the design loads on the
house. Significant water damage followed the failure of the door latch.

Figure 3.19 Door furniture failure

While this detail was very simple, a similar sized opening with semi concealed barrel bolts in
a pair of solid doors failed because the bolts broke out of the door under lateral loading as
shown in Figure 3.20. There did not appear to be any contributing impact damage on the
doors. The swinging of the now unrestrained doors contributed to one the doors tearing off its

hinges. In both of these cases, the failure of the furniture contributed to a dominant opening
in the building envelope.

i3
i3

sms see sae (]
PP v )
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Figure 3.21 shows a door furniture failure that caused damage to the entire hollow core door.
Here the forces on the lock had pried the inner and outer faces away from the frame.

Figure 3.21 Failure of door around the lock

These failures demonstrate that dominant openings can develop following damage to fittings
not often regarded as structural elements.

The investigation also found window furniture failure associated with locks and movement of
windows within frames. Figure 3.22 shows a sliding window that had been lifted by the
applied wind pressure, causing it to become jammed in the opening. While it did not create a
large opening, a narrow opening (highlighted by the pen) will contribute to water ingress.

i =4

Figure 3.22 Jamming of window in the frame

Figure 3.23 shows some catches that opened during the maximum winds without causing any
permanent damage to the latch, the window or frame. The latch m
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Figure 3.23 Window latch disengagement

3.2.3.4 Consequences of window or door damage

Damage to window and doors during cyclones can create a dominant opening and allow large
internal pressures that may lead to the failure of the roof system. Figure 3.24 shows a
building in which windows 7.7m wide were blown in. The loss of windows allowed the wind
to internally pressurise the units causing loss of the roof cladding and failure of the first
internal beam connection to the wall.

Figure 3.24 Consequences of window failure

The structural design principle of robustness AS/NZS 1170.0(2002) indicates that the
consequences should be related to the initial failure. The principle of robustness implies that:
e Itisreasonable to expect to replace a window after it has failed.
e Itis not reasonable to expect to replace the whole roof after a window has failed.

Even in cases where openings are protected, the failure of door or window furniture under
wind loads can lead to the development of a dominant opening. Dominant openings cause
significant increases in loads on other elements in buildings.
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Even where windows failure did not cause damage to the roof system, evidence of substantial
water ingress through these openings was observed in the investigation. Consequences of
water ingress itself are investigated in Section 3.2.11.

3.2.3.5 Options for improvement

Because doors and windows are part of the building envelope they are important elements for
separating internal and external pressures in buildings. They should be designed to resist the
differential pressures that may exist across them. This includes not only the glazing, but also
the frame and any furniture that secures opening panels.

However, the study has demonstrated that they can be damaged by impact from wind-borne
debris or blow open due to failure of fittings/furniture and so in order to ensure that the
building as a whole remains robust, the structure should be designed to remain intact in spite
of the development of a dominant opening by failure of a door or window.

3.2.4 Large Access Doors Including Roller Doors
Roller and sectional doors were the most
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(b) sectional door

%

(c) tilt door (d) side-hinged door
Figure 3.25 lllustrations of large access doors.

Previous reports on wind damage in cyclonic and other high wind events have reported on the
generally poor performance of large access doors (Henderson et al, 2006; Leitch et al, 2009).

The Street Surveys showed that across the study area, less than 3% of Post-80s housing

sustained significant roof damage. This can be compared with 6% of sectional doors that
were damaged and 29% of roller doors. The discrepancy in performance of the roller doors is
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3.2.4.1 Forces on Doors
There are some simple principles that are relevant to the ability of all doors to resist wind
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Figure 3.27 Roller door detachment from drum

It was observed that roller doors that incorporated wind locks to restrain them in the guides
offered better performance than those that did not have these devices. However, some failures
of large doors where wind locks had been fitted were observed, but in most of these cases, the
doors had torn the guides away from the rest of the structure as shown in Figure 3.28.

Wind locks anchor the edges of the door curtain to the guides and enable the deflected door
to develop in-plane tensions. The deflected door uses bending and catenary action to carry the
wind forces to the sides of the opening. The tension force develops secondary forces in the
guides that must be successfully transitioned to the rest of the structure and safely carried to
the ground. Where wind locks are used, it is essential that the guides and the supporting
structure are designed to accept the large lateral forces (forces in the plane of the door) than
can occur in a severe wind event.

Figure 3.28 Roller door guide failure

Another failure mode for roller doors fitted with wind locks or supported with struts involved
generation of cracks in the door itself. The combined tension and bending in the door curtain
and the repeated loading can lead to the development of cracks.
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Figure 3.29 Failure of door curtains under repeated combined bending and tension
loads

3.2.4.3 Sectional Door Performance

The Street Surveys indicated that sectional or panel-type doors that are used commonly in
house garages had a significantly lower failure rate
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Section 3.2.10 indicates that all Region C and D low-rise structures will satisfy robustness
provisions if designed for dominant opening internal pressures. Hence internal pressures
obtained from dominant opening assumptions should be used in determining the wind
requirements for large access doors. A number of cases were observed in TC Yasi where side
windows on garages had failed and the roller doors had been lost. Similar observations were
made in other recent events.

While these options have been presented in the context of damage caused by TC Yasi, they
apply for all large access doors in Wind Regions C and D. Damage to doors has been
observed in all recent major wind events.

3.2.5 Tiled roofs

Damage to concrete and terracotta tile roofs was observed in some parts of the study region.
Figure 3.31 presents an analysis of the Street Survey data which shows that damaged tile
roofs are over-
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the battens next to the heavier gauge galvanized clips installed for the re-roof after Cyclone
Larry. A neighbouring tiled roof house also suffered loss of tiles.

il ‘“"’ o
(. = \ -‘\.

.1
'

Figure 3.32 Failed tile réof with clips fro’:initial installation and an upgrade

3.2.5.2 Ridge tiles

A number of damaged tile roofs had lost ridge (both apex and hip) capping. An example of a
house in a C2 site is shown in Figure 3.33. On this house and on most that had lost ridge
capping, no mechanical fixings such as clips or screws on the ridge tiles were observed. The
fixing method appeared to be the flexible pointing adhesive. The dislodgement of the ridge or
other tiles generally led to additional damage to the tile roof and to adjacent structures. The
barge tile fixings can be seen still in the fascia.

Figure 3.33 Failure of ridge capping

Page 51 of 127






Cyclone Testing Station Report TR57

tiled roofs are significantly greater than those in Post-80s sheet roofs on exposed sites.
A close examination of tile anchorage in very exposed sites is necessary.

¢ Inthe event of tile damage, the tile could bend the clip or slide out from under it, and
become wind-borne debris. Fastening systems that do

Page 53 of 127






Cyclone Testing Station Report TR57

Page 55 of 127






Cyclone Testing Station Report TR57

3.2.7.1 Construction

The separation of the shed type into “hot rolled” or “cold formed” is derived from the
primary framing elements of the shed"s portal frame which are either of hot rolled steel
members or cold formed steel elements.
e The hot rolled steel members typically had welded base plates and knee and apex
joints.
e The cold formed sheds generally were smaller than the hot rolled sheds. The smaller
portal frame joints in cold formed sheds typically employed screws through gusset
plates to connect members at knees and apexes.

Both the hot rolled and cold formed sheds used cold formed purlins and girts. In many cases,
large cold formed top-hat batten sections were used as purlins and girts in the cold formed
sheds compared to the C and Z sections that used a cleat plate to connect to the hot rolled
portal frames.

3.2.7
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W

Figure 3.38 Loss of roofing envelope after purlins buckled
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Figure 3.39 Buckling of purlins and loss of cladding.
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Figure 3.40 loss of end wall under lateral loads

Figure 3.41 Farm sheds with footings removed intact
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Sheds should be designed for dominant openings. In a number of cases, the shed is
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3.2.8.2 Corrosion of steel elements

Corrosion of cladding and purlins was observed in rural sheds and coastal properties. The
loss of the soffit lining on a beach frontage house revealed corrosion of the eaves top hat
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In coastal locations, sea spray is contained in the wind stream from the tropical cyclone, so
salt can be blown well into the structure including the roof space. This salt remains even
though
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1

Figure 3.47 Tension perpendicular to grain failure in rafter

3.2.8.5 Reinforced masonry construction

A few issues were observed with reinforced masonry block construction. Figure 3.48(a)
shows a bond beam that has large plastic conduits running inside the core filled wall which
would significantly reduce the bending capacity of the bond beam at that point. Like all other
design and construction details, masonry construction needs to be compliant with codes,
Standards and industry recommendations.

With the large number of masonry block houses in the study area, many buildings had used

expanding masonry anchors to resist wind loads. A number of these failed. Cases observed
included:
[
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3.2.8.8 Damage to houses from fallen trees

The cyclone caused widespread tree damage. There were many cases observed of damage to
structures caused by falling trees. Figure 3.52(a) shows a house on which two trees had
fallen. Both had caused damage to the roof and ceiling leading to significant water damage.
Other examples are given in Figure 3.52(b).

Figure 3.52(a) Tree damage to housing
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Figure 3.52(b) Tree damage to housi

3.2.9 Topographic effects
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The higher incidence of damage on sites that were assessed in the investigation as T3 sites
could have been due to:

e Problems with the method presented in either AS 4055 or AS/NZS 1170.2 to classify

the topography of sites.

e Incorrect use of the standards to classify the topography of the site.

e Selection of incorrect details for the topographic class.

e Mistakes in installation of structural details.
These are investigated in the following sections.

3.2.9.1 AS 4055 topographic class

The philosophy of AS 4055 is to take a non-directional approach to all aspects of the site
wind categorization. The designer is required to look at all three components of the wind
classification independently:
e Terrain category is the representative of the lowest roughness category in any
direction averaged over 500 m from the site.
e Topography class is based on the average hill slope for the upper half of the hill and is
assessed independently to the terrain.
e Shielding is assessed based on the general building density around the location and
again is assessed independently to the other two categories.

A single wind categorization (equivalent to a wind speed) results for the whole building.

The simplified methods in AS 4055 can be contrasted with the methods in AS/NZS 1170.2
where the terrain, topography and shielding must be assessed separately for eight directions,
combined for each direction and then in design, the separately evaluated wind speeds for each
direction are used to evaluate wind loads on the structure.

The simplification uses some conservative assumptions and some unconservative
assumptions to ensure that the final wind classification is on average quite close to the value
found from AS/NZS 1170.2.

In evaluating the terrain category, the selection of the lowest roughness direction for the

whole site is a conservative assumption, but for the topography and shielding, the selection of
the average with ETBTOles
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Figure 3.53 View from ridge with T2 classmcatlon in AS 4055 but more severe wind

loads

A more appropriate representation of topographic class is found by using the maximum slope
rather than the average slope at the top of the topographic feature. This gives minimal change
in the classification of sites on hills, but means that sites at the top of ridges and escarpments
will be appropriately designed for winds that are normal to the ridge or escarpment.

3.2.9.2 Site wind classification and construction

For many buildings it was not possible to determine which site wind classification had been
allocated in design, but in visiting a few houses that had been built on exposed sites in the
past 10 years, the owners volunteered to show the drawings for the house. These drawings
made no mention of topography or even a C rating but referred to a Category 1 site. This is
not enough to have given the structure sufficient strength for the design winds at the site.
Clearly there is a need for continuing
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The view shown in Figure 3.53 indicates that an engineer should have specified all of the
anchorage requirements of the house at this location. Use of AS/NZS 1170.2 gave design
wind speeds equivalent to a C4 classification.

3.2.9.3 Consequences of incorrect site/wind classification

Where the site wind classification is understated, then the construction will not have the
required strength to resist the design winds.

As well as the correct classification and appropriate detailing on the design drawings, the
installation of all of the important structural elements (including connections) must be correct
to avoid failure in wind events that have speeds less than the design wind speed for the
region.

3.2.9.4 Options for improvement

At present AS 4055 underestimates the topographic class of sites on ridges and escarpments.
It is recommended that the Standard be amended so that the maximum slope is considered
rather than the average of the maximum and minimum slope.

Training in the correct allocation of site wind classification is still needed throughout the
industry. It is particularly important that designers, certifiers and builders can assess a site
correctly. It is also of value if the trades working on the site also have an understanding of the
needs of different wind classifications and rough ways of assessing them (e.g. the view
approximation presented in Section 3.2.9.2)
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Figure 3.55 Roof as wind-borne debris

3.2.10.1 Tiles as debris

Observations were made of a number of tiled roof houses with significant number of tiles
missing (see Figure 3.56). Many of these became wind-borne debris and impacted other

houses, breaking windows (see Figure 3.15) and in one case penetrating a metal roof as
shown in Figure 3.57.

il w o —

Figure 3.56 Damaged tiled roof, each lost tile being a potential missile
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Figure 3.62 Very large debris
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less than the design event and the significant consequence of damage resulting from the
impact of large debris.

3.2.10.4 Consequences of debris impact

The instances above highlight the danger that is posed to building occupants by wind-borne
debris. Seeking shelter in a small internal room, ideally without windows, is highly
recommended for reasons of personal safety.

As well, debris impact has the potential to “snowball”, or cause a cascade of additional wind-
borne debris. Where the impact causes significant structural damage, this can cause more
debris to be released into the air stream, which in turn increases the likelihood of even more
damage to down-wind buildings. No evidence of “snowballing” of wind-borne debris was
observed in this study but it remains a strong possibility where wind speeds are close to the
design velocity.

3.2.10.5 Options for improvement

The structural performance of buildings in communities can be improved by minimizing the
debris in the air stream. This can be achieved using two main strategies:

o Early preparation in the removal or securing potential objects and structures that could
become wind borne debris was evident in most areas. These actions certainly played a
part in minimising debris damage. However, in some cases the removal and securing
of objects had been neglected, resulting in debris available to become airborne. It is
essential that communities continue the practice of cleaning up prior to the cyclone
season, and then again as cyclone warnings are issued.

e The risk of potential “snowballing” of the amount of wind-borne debris can be
reduced by ensuring that all buildings can perform structurally after the impact of
debris. It is clear that normal structures cannot remain sealed after the impact of very
large debris. To achieve this, all buildings in cyclone regions should be designed for
dominant opening internal pressures. This will minimize consequential damage after
debris impact.

Having recognized that impact from large debris is possible in an ultimate limit states event,
and that if impacted by large debris, the building envelope will be breached, consequential
damage to structure will be minimized by designing it to resist the worst case scenario
assuming dominant openings. However, there are two important implications that follow
from this recommendation:

e Recognizing that large debris can penetrate well into a building as shown in
Figure 3.62, an option for further minimising the threat to life by windborne debris
would be to incorporate strong, specially designed shelter rooms into any newly
constructed residential dwellings. Retrofitting existing buildings with components
suitable to resist current testing standards could be rather difficult and costly and
therefore it may not be feasible to implement. However, to integrate such a strong
compartment
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o If the concept of a strong
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envelope had been damaged through either impact of debris or structural loss of
cladding, water could bypass all of the normal water-tightness features of the
building. Significant quantities of water entered the building by this method.

(a) roof ventilation (b) window weep holes

(c) valley gutter (d) envelope penetration
Figure 3.63 water ingress routes

3.2.11.2 Entry of Wind-driven Rain through Roofs

Regardless of the cladding material, roof complexity adds to the potential for water ingress.
Valley gutters, box gutters and parapets, all require additional flashings and therefore more
potential locations for water to be driven into the roof space

Sarking under tiled roofs can redirect water that has been driven under tiles by a combination
of wind drag and differential pressure, back to the eaves gutter. Sarking under tiled roofs has
also been able to redirect water that has overflowed valley gutters and flashings into the eaves
gutters. Particular care is needed in detailing of the sarking into the gutters if water entry into
the building is to be avoided. However, in some cases where the tiles had been lifted or
broken, the sarking was also damaged and this allowed water to penetrate the sarked building.

Regardless of how water enters the roof space, it saturates the ceiling. Where plasterboard is
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3.2.11.4 Consequences of rain-water damage

Even small quantities of water ingress can affect furnishings such as curtains, carpets and
bedding. Other types of potential water damage include some timber fibre products such as
particle board or craft wood, where the uptake of water swells the wood and necessitates
replacement.

Some wall and ceiling linings such as plasterboard are sensitive to water ingress. Where the
ingress has been into the roof space, then the water saturated ceilings and ran down the inside
of walls. Plasterboard ceilings and wall linings became saturated and within one week of the
event had enabled mould growth in the linings and in some cases had separated from the
framing. In previous events, these problems have rendered the buildings unsuitable for
habitation and contributed to homelessness in the affected communities. Wet insulation holds
water in the roof space and can prolong the high humidity conditions that encourage the
growth of mould.

Other effects of water ingress include damage to electrical wiring and potential for corrosion

of connections and other metal components in the structure. At the very least, once the
structure has been soaked, an electric
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Where more rigorous water proofing requirements are not adopted buildings can be made
more resilient to the effects of wind-driven rain by selection of materials for linings and
furnishings (e.g. floor coverings) that do not deteriorate when they get wet.

3.2.12 Ancillary items

Along with the main structural elements of buildings that include cladding and structural
frame, there are a number of other elements that also impacted on the performance of
buildings during or after the event. These are discussed in this section. Figure 3.66 shows
some examples.
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Figure 3.67 Guttering loss

Figure 3.68 shows a building that has started to lose some flashing. In this case water ingress
meant that power could not be reconnected to the building before the building was made
water-tight and an electrician®s safety certificate was obtained.

In some cases, the loss of flashings had created a sail area that was sufficient to lead to the
loss of roof sheeting. In these cases, the structural damage was as a consequence of damage
to flashings. Any flashing damage will lead to water ingress during and after the event and
therefore contribute to the problems discussed in Section 3.2.11.
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3.2.12.4 Television aerials and satellite dishes

There were many television aerials and satellite dishes through the study area. Many of the
aerials were undamaged as shown in Figure 3.73(a), but in a number of cases, when the aerial
suffered some damage, which
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sheeting loss. The inset shows a rare case of a satellite dish that had become detached from
the roof.

Figure 3.74 Satellite dishes

3.2.12.5 Fencing

The study area did not have a particularly high number of boundary fences and there were
few cases observed of fences that had caused structural damage. Some had been damaged by
wind, others by storm surge and others remained undamaged in spite of damage to buildings
around them as shown in Figure 3.75.
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4. Structural damage from storm surge

4.1 Introduction

The storm surge accompanying a tropical cyclone is a temporary but dramatic change in sea-
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Figure 4.5 Back lawn at Port Hinchinbrook

As a consequence of the low elevation of houses at Tully Heads, water surged through
properties up to a depth of over a metre on the seaward side of the street and up to 0.8 m on
the landward side of the street, cleaning out the ground floor of 2 storey houses as shown in
Figure 4.6. Single storey houses were also cleaned out if not totally washed away as shown in
Figure 4.7. In the Mission Beach and Cardwell areas, the maximum levels of inundation

reported were of the order of 200 mm with minimal structural damage and generally only
moderate damage to contents as shown in Figure 4.8.

-
f

Figure 4.6 Two store
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Figure 4.8 Marks on chair leg and cane settee show depth of storm
surge inundation at Port Hinchinbrook

The upper floor and roof of most 2 storey homes on the beach front at Tully Heads had
suffered little or no structural damage due to storm surge, and one single storey house shown
in Figure 4.9 appeared to have no observed structural damage as a consequence of its slightly
elevated position and raised floor level. Significantly this latter house was on stumps which
allowed the surge at this level to go under the house without putting significant forces on it.
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Figure 4.9 Undamaged house at Tully Heads close to the sea

The following structural damage was observed:
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from combined storm surge, tide and wave set up which has an average frequency of
exceedence of less than once on 500 years.

The insurance industry could be encouraged to insure buildings designed and constructed to
the Australian requirements for construction in the storm surge zone.
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failed used flexible pointing as the only fastening method, and more resilient systems for
anchoring ridges need to be developed. Failures in Post-80s tiled roofs were particularly
frequent in exposed locations with more than half of the tiled roofs in C3 locations and all of
the tiled roofs in C4 locations suffering some damage.

Structural damage to sheds

Wind damaged sheds were observed in rural, suburban and commercial settings. In very few
of these settings could a shed have been classed as an Importance Level 1 building either due
to the proximity of other habitable structures or because the shed was being used as a
dwelling. Some failures had been initiated by prior roller door failures and in other cases, the
sheds were open on one or more sides. Design and construction to resist pressures derived
from dominant openings would have reduced the level of damage considerably.

Non compliance with codes, standards and industry information

Failures of most structures could be tracked to detailing that was not in compliance with
current Codes, Standards and industry information. Some of the areas in which improvement
is needed were found to be:

Determining the wind classification of sites.

Selection of the right connections for use with the given wind classification.

Selection of sufficiently durable materials for use in near coastal environment.

Installation of sheeting and tiles fasteners in accordance with the manufacturer®s

recommendations.

e Connection of window frames to the supporting members to transmit wind forces to
the rest of the structure.

e Detailing windows to resist the wind pressures.

e Selecting appropriate door and window furniture to transmit wind loads without
allowing the door or window to open.

e Care in installation of connections to ensure that the correct size of fastener and the

correct number of fasteners is used for the Wind Classification. In a number of

connections, care is also needed to ensure that the fastener is driven into the innermost

member (particularly with roofing fasteners where the installer cannot see the batten

or purlin into which they are fixed).

A study of the effectiveness of repairs after TC Larry showed that many repaired structures
were able to safely resist the loads from similar wind speeds in the Kurrimine Beach area.
However, from the limited survey sample, the results indicated that the performance of
repaired buildings had a lower success rate than newly constructed buildings.

Damage and topographic exposure

There was a positive correlation between damage to buildings and the topographic exposure.
For Post-80s houses, higher topographic class sites generally had more damage.
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6. Recommendations

In general, buildings constructed since the 1980s performed well in TC Yasi, but this
investigation has highlighted some potential problems in buildings of all ages and the
following recommendations aim to improve future performance of buildings in tropical
cyclones.

6.1 Buildings in storm surge zone

Addressing the risk to the building stock through either avoiding or resisting the loads
induced by storm surge will require both planning and building design considerations.
Requirements have been written for other jurisdictions and these need to be examined to see
if they can be modified to suit the Australian built environment.

Observations on the performance of buildings in the storm surge zone in TC Yasi indicated
that only those buildings with a floor level above the surge height and with open areas that
allowed the unimpeded flow of water and debris around, under or through the building fared
well in the storm surge experienced. However requirements should recognize that in events
where the design storm surge level is exceeded, the damage can be catastrophic for the
affected communities.

6.2 Recommended changes to Standards

6.2.1 AS/NZS 1170.2 Structural design actions —wind actions

At present, Clause 5.3.2 allows the ultimate limit states design internal pressures to be
calculated assuming that all openings that can be protected against wind-borne debris, are
closed and unbroken, provided it can be demonstrated by a test that the protection is
adequate. This study has shown that the size of many items of observed wind-borne debris is
significantly larger than the test pieces of debris and the larger items would have significantly
more energy and momentum than the current and revised debris tests in AS/NZS 1170.2.

A detailed study should be undertaken to examine the costs and benefits of revising
AS/NZS 1170.2 so that low-rise buildings in wind regions C and D should only be designed
for wind pressures obtained using potential dominant openings. Such a requirement is
compatible with the robustness provisions of AS/NZS 1170.0 which require that the repair of
a structure be a function of the extent of damage to it. In other words, if a window is broken
by any means, the owner should only have to repair the window rather than replace the whole
roof.

6.2.2 AS 4055 Wind loads on housing

At present AS 4055 underestimates the topographic class of sites on ridges and escarpments.
It is recommended that the Standard be amended so that the maximum slope is considered
rather than the average of the maximum and minimum slope.
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Roof space inspections should be undertaken to look for partial or hidden failures of
structural connections within the roof. If these are not repaired at this stage, the strength of
the structure will have been compromised with the potential for reduced performance in the

next cyclonic event.
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differential pressures at the design wind speed. This includes not only the glazing, but also
the frame, connections to the structure and any furniture that secures opening panels.

Care is required that metal sheet roofs are installed in accordance with recommendations.
Failures of incorrectly installed sheet roofing systems, indicates that there is a continuing
need for education of installers and certifiers. Installers must be sure that all fasteners
penetrate the purlin or batten properly so that they can be relied on for their full capacity.

For both tiled roofs and secret fixed steel roofs, particular care is required in following
installation guidelines as it is practically impossible to inspect the anchorage systems for
compliance once the roof construction is completed.

6.5.2 Maintenance
All building materials deteriorate with time. Investigators observed signs of deterioration in
some buildings that had been classified as Post-80s buildings. It is particularly important that
builders be trained to inspect structural elements for deterioration, tighten bolts and reapply
any protective coatings when the elements are visible. Inspection and maintenance of
structural elements within the roof space should be undertaken for all buildings:

e after any event in areas where the applies loads were near the design ultimate wind

loads, or
e whenever the roofing is removed (eg for replacement of roof sheeting), or
e ata maximum of ten yearly intervals.

These recommendations will need to be understood and in some cases, implemented by
building owners, and they must be informed of the need to undertake this work.

6.5.3 Curriculum changes

It is particularly important for all practicing trades that are involved in constructing the
building structure to be aware of the importance of connections in the structural system, and
the need to match capacity to wind load requirements. These topics should also be included in
trade training programs and syllabuses.

Training in the correct determination of site wind classification should be included in courses
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6.6 Measuring wind speeds

Anemometer records are vital to reassess the design wind speeds used in Australia, and the
peak gusts in the zone of maximum winds were not measured by anemometers in TC Yasi.
Systems should be implemented to take more anemometer readings in tropical cyclone
events. This can be achieved by:
e Establishing additional robust AWS stations in populated parts of the cyclone affected
area with the maximum spacing between stations of around 50 km.
e Setting up a number of portable anemometers and providing resources to use them so
that they can be deployed just before an event makes land-fall, and the wind speeds
recorded at a number of strategic locations for the duration of the
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secondary loads to the structure and the structure must be designed and constructed to
carry these loads to the ground.
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Appendix A

Al

Holland wind field model

In order to provide a more complete picture of the wind field generated by Cyclone Yasi at
landfall, the well-known Holland model (Holland, 1980) was employed, primarily as an
interpolation tool for the anemometers and ,windicators".

The Holland model requires a number of parameters to be provided:

The central pressure of the cyclone, p.. In this case, it was taken as 930 hPa, based on
the measurement at Clump Point, close to the point of landfall of Cyclone Yasi.

The ambient pressure, far from the centre of the cyclone, po. In this case an average
value of barometric well before the cyclone made landfall was used. Thus at 3 a.m.
on February 2, the barometric pressures at Cairns, Townsville, Lucinda Point and
South Johnstone were respectively: 1006 hPa, 1008 hPa, 1007 hPa and 1007 hPa. An
average value of 1007 hPa was used for p.

The radius of maximum winds, rmax. This is somewhat greater than half the diameter
of the eye as visible from radar (estimated as 30 nautical miles, or 50 kilometres) and
a value of 62.5 kilometres was used for rmay.

Holland ,B* parameter. This is a non-dimensional exponent that depends weakly on
the central pressure. It is an adjustable parameter that can be used to ,best-fit" the
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It should also be noted that both the standard and ,double® versions of Holland model are
based on the assumption of axisymmetric vortices. Real-world tropical cyclones may not
necessarily be of this form, especially after landfall, due to factors like topography and

surrounding meteorological constraints.

A.2 Use of road signs as “windicators”
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A.2.1 Relating wind speed to sigh measurements
The peak net wind load (F,) across the sign can be given by Equation A.3.

F =1V2C.,.A (A.3)

Here: Cr,, is the net drag force coefficient, equivalent to Crg in AS/NZS1170.2. [2]

A is the area of the plate (i.e. road-sign)
p is the density of air = 1.2 kg/m®

\7h is the 3s gust velocity at the centroid (ie. | = h; +0.5h;) of the sign

where the plastic hinge is at ground level.
The resulting maximum (i.e. base) bending moment Mpa On the post(s) is given by
Equation A.4, where the lever-arm | is the distance between the base and centroid.

Mo = Byl = & 2V, 2.Ce . A (A4)
| is the distance from the hinge in the posts to the centroid of the sign

The plastic moment capacity of the posts M, is given by Equation A.5 where f, is the yield
strength of the material and s is the plastic section modulus.

f,=M_,/s; M =1 (A.5)

P y
A plastic hinge in the post(s) is created when the bending moment generated by the wind load

exceeds the plastic moment capacity M, of the post(s), as shown in Equation A.6. The failure
wind speed at centroid height is then determined from Equation A.7.

Mpa =M, 5 GAV,2Co A 2 f s (A.6)

V,2 2 £ s/(3pCp A1 5V, = [T,8/G ACe, A) ] (A7)

This wind speed is then factored by accounting for the approach terrain and topography to
obtain the post failure wind speed in Terrain Category 2 at 10m height, V.

Importantly, wind tunnel measurements on a flat plate indicate that for a plate of near square
planform, the normal force coefficient, Cg, is almost constant for winds approaching within a
range of directions within +45° from the normal to the plate. This means that these road signs
can be used as robust indicator of wind speeds for winds approaching from two 90° sectors on
opposite sides of the plate.

The calculated values of V. are dependent on the dimensions of the sign and posts, the
strength of the post material, and the values of Cg, and Terrain Roughness (M;ca). POSts
from five failed signs were supplied to the CTS by the Main Roads QIld. Sample lengths of
these posts were subjected to 4 point bending tests at the CTS to determine their plastic
moment capacities Mp. Following an analysis of these parameters, failure wind speeds are
estimated as V..

This process was used to determine upper and lower bounds to wind speed for a number of
signs in the investigation area as detailed in Table A.3.
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B.1 Plots of wind speed and direction
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The following graphs show the variation in maximum gust wind speed and direction as a
function of the position of the centre of Cyclone Yasi with respect to its position at landfall.
Graphs are given for ten different locations in the event. The data was produced by the
standard Holland model with factors for terrain and weakening after landfall, calibrated
against anemometer readings and ,windicators" as discussed in the main text. However, no
account of possible topographic effects, or local effects such as downdrafts, has been made in

developing these plots.
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Table C.2 Damage classification for each town

Difference between Post-80s and Pre-80s

Locality avg R sigavg R avg O sig avg O avg W sig avg W
Bingil Bay -0.45 0.03 -0.61 0.01 -0.19 0.02
Mission Beach -1.84 0.00 -0.13 0.00 0.05 0.92
Wongaling Beach -0.21 0.02 -0.04 0.19 0.06 0.99
South Mission Beach -0.66 0.01 -0.28 0.01 -0.32 0.00
Hull Heads -0.52 0.00 -0.19 0.06 0.00

Tully Heads -0.99 0.04 -2.43 0.02 -1.17
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relationship between the classes is not necessarily linear (but it is close to linear), 2 represents
higher velocities than 1. Therefore the higher the multiplier, the higher the topographic
effects and the higher the design wind speed.

Thus in averaging the topographic class across a group, if the topography is generally flat, the
average will be a low number and if it is generally steep, then the average will be a higher
number. The average topographic class cannot and should not be related to AS 4055, but it
does give a general indication of the effect of topography on the design wind velocity across
the class.

For example in Tully Heads, all houses had a 1, so the average was 1.000. This indicates that
the topography across the whole group was flat. In South Mission Beach there were quite a
number of T2s and even some T3s. The average was a humber between 1 and 2 1.581 for
Post-80s houses and 1.231 for Pre-80s houses. Comparing the three items of data shows that
generally South Mission Beach had more houses on hills and ridges than Tully Heads. It also
indicates that the older houses (Pre-
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equal to zero of 1 x 10 which is very low. This is saying that the probability that the
difference is actually zero is miniscule, and the difference we h
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Appendix D on Storm Surge

D.1 Background information on storm surge

Well away from the coast the surge is predominantly a mound of water which mirrors the
pressure drop, the increase in sea-level being approximately 1 cm for every drop in surface
pressure of 1 hPa (Stark, 1980). As this mound of water approaches the coast it is amplified
due to frictional effects associated with the shallowing of the water and high wind stresses on
the sea surface which push water towards or away from the coast. The storm surge tends to
be highest on the edge of the eye where the winds are strongest falling away either side of
this. Along the eastern Queensland coastline this would typically result in a profile of storm
surge north and south of the eye as shown in Figure D.1

Peak Storm Surge

Mean Sea Level

Surge Height
|

Cyclone
Landfall

w e

Coastline South

North

Figure D.1 Schematic of variation in height of storm surges along the east coast of
Queensland

The actual storm surge height at the shoreline depends on the characteristics of the tropical
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superimposed, and the associated wave action, which increases the actual water level at the
coastline due to wave set up. This combination is depicted schematically in Figure D.2.

Figure D.2 Schematic of Combination of Storm Surge, Tide and Waves at Coastline
In regions where the tidal range is small such as the Gulf coast of the southern US the timing

of the crossing of the tropical cyclone is not very critical, but in regions like the east coast of
Queensland where the tidal range is of the order of metres the timing of the landfall of the
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Since 1918 and prior to Cyclone Yasi there have been a number of severe cyclones cross the
coast with peak storm surge heights between 2m and 3m which could have produced major
damage had they crossed near high tide but they didn“t. Cyclone Althea produced a storm
surge of the order of 2.8m which if it had occurred at high tide would probably have resulted
in the loss of several hundred lives because of the lack of recognition of the threat at that
time. One consequence of this long period with no significant losses due to storm surge has
been a tendency to ignore the threat in relation to buildings, although it is well recognised in
terms of warnings when cyclones are threatening.

Page 127 of 127



