Application of simulated cyclonic wind loads on roof cladding
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ABSTRACT
Severe tropical cyclones can subject low rise building roofs to large fluctuating pressures.
These fluctuating wind loads can cause failure of building elements susceptible to low cycle
fatigue. Following the devastation caused by Cyclone Tracy to Darwin, cyclic loading test
criteria, such as TR440 and DABM, were developed to enable cladding to be tested for their
potential to fail due to low cycle. The previous test criteria have been replaced by the recent
introduction of the cyclic Low High Low (L-H-L) test, based on the “design” cyclone derived by
Jancauskas et al [1]. The research was conducted using line load sinusoidal loading systems.
With the development of real time simulated wind loading actuators (PLA) the performance of a
cladding specimen is examined during a simulated “design” cyclone.

INTRODUCTION
The roofs of low-rise buildings are subjected to large pressures during windstorms. The creation
of a dominant opening by debris impact, door failure, etc, in the windward wall can generate
positive internal pressures, which, in combination with suctions at the edges of the roof, will
generate large net pressures. Cyclone Tracy caused catastrophic damage to housing in Darwin in
1974 [2]. A major component of damage was caused by low cycle fatigue cracking of the
cladding under the fixings, which resulted in extensive loss of light gauge metal roof cladding.
Fatigue of cladding was also observed following more recent events [3]. Low cycle fatigue was
defined by Beck and Stevens [4] as failure typically within 10000 load cycles. Since then,
various test regimes and test methods have been proposed and implemented in codes for
evaluating cladding systems for Australian cyclonic wind regions. These different test criteria,
which were meant to represent the same loading, could result in different outcomes [5]. For
effective building code regulation and efficient product design manufacture, a consistent and
representative test criteria for evaluating the performance of these building elements is essential.
Researchers such as Mahendran [5, 6] and Xu [7, 8] 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. However, the testing programs were conducted using
equipment, which was best practice at that time (15 to 25 years ago), that simulated the wind
loads using a sinusoidal load patterns and applied the loads to the cladding using line loads as
opposed to air pressure. With the advent of sophisticated loading systems capable of applying
realistically varying pressures directly to the cladding surface, the interaction of the cladding and
fastener connection is reanalyzed in this paper.

LIGHT GAUGE METAL CLADDING
Low rise buildings (houses, commercial premises, light-industry sheds, etc), in the northern
regions of Australia, predominantly have roofs clad with light gauge pierced fixed metal
sheeting. The most common pierce fixed light gauge metal cladding profiles are either

corrugated or rib-pan profiles. The cladding is typically rolled from 0.42 mm base metal
thickness (bmt) G550 coil. “G550” refers to the specified characteristic minimum yield strength
of 550 MPa. Typically the yield strengths are much higher, in the order of 700 MPa, due to the
cold reduction manufacturing process that rolls the steel from say a 2.5 mm thickness down to
0.42 mm, for example.
For domestic construction, the metal cladding is screw fixed to battens spaced typically
no more than 900 mm apart. The battens were traditionally made from hardwood but G550 light
gauge metal top hat shape battens are becoming common. The battens are screw fixed to trusses
which are generally spaced at 900 or 1200 mm. The roof has a slope (pitch) typically in the
range of 15 to 25 degrees. Light-industry and low rise commercial buildings typically have flat
(3 to 10 degree) pitch roofs. The metal cladding is fixed to purlins that are spaced about 1200 to
1500 mm apart. The purlins span several metres between portal rafters.

Figure 1: Corrugated cladding on low rise commercial building

Metal roof cladding used in cyclonic regions of Australia are required to be evaluated by the
recently introduced Low-High-Low (L-H-L) test, specified in the BCA [9], to ultimate limit state
design wind loads. The loads applied in the L-H-L and previous test methods (e.g. TR440 and
DABM) are cycled from zero to the nominated test pressure for about 10000 cycles. The
definition of failure for a test is the disengagement of the cladding from fixings, typically
resulting from cladding cracking at its connections. Revisions to these tests were based on
research carried out on external pressures measured on a building model in a wind tunnel
experiment by Jancauskas et al [1]. However, these studies did not incorporate the effects of
internal pressure resulting from dominant openings in the building envelope.
The fatigue behaviour of cladding is dependent on the load causing local plastic
deformation (LPD), seen as dimpling under the screws around the fastener holes. This is around
600 N per fastener, for corrugated cladding fixed without cyclone washers. This LPD strength
strongly influences the fatigue life. The resistance to fatigue of the corrugated cladding increases
markedly if the cyclic load per fastener is kept below this LPD load [4, 5, 8].
Research into the static and cyclic performance of pierced fixed cladding by Mahendran
[5] and Xu [8] used a then state of the art load control, double span test rig (Figure 2) that
simulated the pressure acting on the cladding by applying a line load across the profile in each
span. Simple beam theory was used to equate the test line loaded double span with a double
span that is uniformly loaded on the basis that the main region of concern was the interaction of
the cladding and fastener at the center support. Therefore, by assuming the cladding acts as a
stiff continuous double span beam, the central support reactions and moments for the two
loading-span cases are equated. Thus, Mahendran [10] and Xu [8] approximated a uniformly
loaded double 900 mm span cladding to their test configurations of a double 650 mm test setup
with a single load in each span. Simple beam theory relies on the assumptions of small
deflections with plane sections remaining plane and no transmission of loads axially.

Reaction of central support of double span
test setup monitored by Instron

Line loading pads across ¾ width sheet
Figure 2: Line load test rig for cyclic loading of cladding sample [10]

In conducting line load tests with different cladding spans (equivalent to 900 and 1200 mm
uniform loading), Xu [8] showed that for corrugated cladding a reduction in the ultimate static
capacity of the screw/cladding was in the order of only 5%. However, for the rib/pan cladding
the reduction in the longer span was 15% highlighting the deficiencies of using simple beam
theory when non-linear membrane action is in play.
Cladding manufacturers generate product information (load span tables for multiple
spans) by assuming the reaction at the fastener is the critical parameter and use simple beam
theory to extrapolate test results from double span to multiple spans.

DESIGN CYCLONE
The wind load acting on a part of the roof of a building during a cyclone event will depend on
the parameters of the cyclone such as the peak and mean wind speeds, size and translational
speed of the cyclone, as well as building geometry and internal pressures. Buildings located in
the path of a cyclone near the radius of maximum winds just outside the eye of the cyclone
(where the highest wind speeds are usually found), are generally subjected to the largest wind
loads. The variation of external pressure (i.e. magnitude and cycles) will depend on the
characteristics of the cyclone, building shape, and orientation with respect to the passage of the
cyclone. For instance, a cyclone travelling slowly is expected to generate a larger number of
pressure cycles of the same intensity than a cyclone with the same intensity but moving faster,
whilst an increase in the wind speed is expected to increase the pressure as well as the number of
cycles in a given time span.
Jancauskas et al [1] analysed wind loads acting on a part of a roof by generating a mean
wind speed that varied with time and direction to simulate a mid-range category 4 cyclone (with
a peak 3 s gust wind speed of 70 m/s). Their parameters for the variation of 10 min mean wind
speed and direction with time is shown in Figure 3. The range of mean wind speed and angle of
wind was based on the analysis of parameters from destructive cyclones such as Cyclone Tracy

and Cyclone Winifred [1]. They used a 3 s peak to mean gust factor of approximately 1.7 in
analysing the wind speeds. Recent measurements and analysis, have shown that the gust factor
can be in the order of 1.4 to 1.7 for coastal open terrain depending on factors such as roughness,
on-shore or off-shore winds, etc [11]. A lower gust factor will give a higher mean wind speed
for the same gust wind speed. Mahendran [6] used this “design” cyclone to develop the L-H-L
test. The cyclone had a radius to maximum winds of 25 km and a translational speed of 15 kph.
The duration of a cyclone (i.e. slow or fast translational speed) will greatly affect the potential
for wind induced fatigue damage [3].

Figure 3: Mean wind speed changing with time and direction [1]

SIMULATED WIND LOADS
The variation of pressure on the roof for a low rise industrial building is analysed for wind
speeds and directions derived from the “design” cyclone for a peak 3 s gust wind speed of 70 m/s
with the variation of 10 minute mean wind speed and direction as shown in Figure 3. To enable
a comparison of results to the previous research a gust factor of 1.7 is used.
The pressure data has been taken from a model building with full-scale plan dimensions
of 38.1 m × 24.4 m, a gable end roof of slope 1:12 and an eaves height of 4.88 m which was
tested in the Boundary Layer Wind Tunnel II at UWO. The time series data forms part of the
data base of model scale measurements for use in analysing wind loads on buildings initiated by
the US National Institute of Standards and Technology (NIST).
The building configuration, shown in Figure 4, was tested at a length scale of 1/100 in a
simulated open approach atmospheric boundary layer. Details of the profile, measurement,
tubing and validation are described by Ho et al. [12]. External, point pressures measured at R1
and R2 on the roof and W1 on the wall, for approach winds over a 180o range in 5o intervals, are
used in this paper. The measured pressures at R1 and R2 are combined to give area averaged
pressure representing the 0.16 m × 0.9 m cladding fastener tributary area, A.
Measured mean and peak pressures are defined in terms of a pressure coefficient,
C  p ( 12 U 2 ) ; where, p is the pressure and 12  U 2 is the mean dynamic pressure at mid-roof
p
height. Area averaged mean and peak external pressure coefficients acting on taps R1 and R2
representative of the cladding fastener area, A, and the wall, W1, for wind directions θ = 0o to
180o are shown in Figure 5. The large suction pressures are generated on area A (taps adjacent to
the gable end) by the formation of conical vortices for  = 30o to 60o. Positive pressures greater
than 2 kPa are experienced on the wall area W1, for  = 45o to 110o.
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Figure 4: Tap locations on the NIST building including roof corner region C (Not to scale)

Figure 5: Peak and mean pressure coefficients on areas A and W1 as a function of wind angle

Figure 6 shows the variation of external mean and peak suctions on roof area A and mean and
peak pressures on wall area, W1, with the passage of the “design” cyclone, for a building
orientated such that the largest negative mean Cp occurs for the maximum mean wind speed (i.e.,
middle of the “design” cyclone). The peak pressures for areas A and W1 are -6.6 and 2.2 kPa.
For the building specified in Figure 3, situated in open terrain, AS/NZS 1170.2 [13] gives
external design pressures of -4.78 kPa for the edge area of the roof, and 1.86 kPa on the wall, for
a regional ultimate limit state design wind speed (V500) of 69.3 m/s.

Failures of building components leading to the loss of the structure is often associated
with a dominant opening in the windward wall [3]. A dominant opening can significantly
increase the internal pressure and also the net pressure for certain approach wind directions. For
the described building orientation, the net pressures across roof area A are calculated for a
scenario assuming that a dominant opening will occur on the long wall, near the position of the
wall tap, W1, at the peak of the cyclone. This is analogous to a windward window breaking or a
door blowing inwards at approximately the 2.5 hour mark.

25o

Figure 6: Peak and mean pressure for building orientated such that the maximum winds occur at 2.5 hours

The internal pressure is assumed to be “equal” to the external pressure at the dominant
opening. This is considered to be a satisfactory representation of the actual internal pressure,
notwithstanding that the internal pressure fluctuations will be dependent on the size of the
opening, volume of the building, and the approach wind speed [14]. The variation of the net peak
pressures on roof area A for the change in wind direction with the change in wind speed is shown
in Figure 7. The peak net pressure is -7.1 kPa. Figure 7 shows the highly fluctuating nature of
the pressures on area A, with an overall increasing and then decreasing trend. It can be seen that
the majority of the pressure fluctuations do not drop to zero pressure as specified in the
standardised cyclic test methods (i.e. TR440, L-H-L, etc).

TEST SETUP
Advanced real time pressure loading systems capable of high flow have been developed for the
“Three Little Pigs” (3LP) full scale house testing facility at the University of Western Ontario
(UWO) [15]. The pressure load actuators (PLA) permit the application of actual temporally
varying wind pressures to a representative test section of the building envelope connected to an
air-box.
The two main components for each PLA unit are a regenerative blower capable of
delivering flows with high pressures at a large volume, and a highly reactive four port valve. The
valve can be rapidly cycled between delivering positive pressure to the air box by connecting it
to the exhaust port of the blower and delivering negative pressure to the air box by connecting it

to the intake port of the blower. Details of the PLA performance and repeatability are given by
Kopp et al. [15].
Through a collaborative agreement with researchers at the University of Western Ontario,
a PLA unit has been provided to advance the Cyclone Testing Station’s research into cyclonic
wind induced fatigue of cladding. The PLA is connected to a 2000 × 890 × 300 mm air-box (test
chamber), shown in Figure 8. The cladding forms the “lid” of the air-box. Therefore the PLA
supplied pressure acts on the cladding surface facing the air-box. The air-box was designed such
that the cladding (test specimens) could be installed with either the top-side of the cladding
facing upwards (normal installation) or with the top-side of the cladding facing into the air-box
(inverted installation).

Figure 7: Net pressures for varying wind angle and mean wind speed over time for Area A

The applied pressure was monitored using a pressure transducer, with some tests having
load sensors to measure the reaction force at selected screws fixing the cladding to the central
batten. Figure 8 shows a JR3 three axis load cell in position above the air-box measuring the
reactions at a cladding screw, with FX being in the line of the batten (perpendicular to the
cladding run (crests), FY being along the cladding (parallel with crests) and FZ being the out of
plane load (uplift). Figure 8 also shows a standard S type load cell (STC) monitoring the axial
reaction at an adjacent screw. A Gig-E digital camera was used to monitor the crack growth of
the cladding adjacent to a screw head. The images can also be used to show the in plane
movement of the screw head.

LOADING THE ROOF
The derived pressure trace for the “design cyclone” on cladding area A (Figure 7) was applied to
a cladding specimen installed in the air-box test chamber. Slight plastic deformation of the crests
under the fixings was observed at approximately 80 minutes into the trace. Creasing (i.e.,
permanent deformation) of the crests adjacent to the fixings, occurred approximately 95 minutes
into the trace, as can be seen in Figure 8(a) with the sudden increase in FX as one side of the crest

creased first placing an unbalanced load on the screw. The increase in FX was approximately 30
% of FZ. Initial cracking was observed at the creases, six minutes later. Crack growth increased,
with cracks reaching lengths in the order of 20 mm, as shown in Figure 8(b). However, there
was no observed crack growth during the last quarter (~70 minutes) of the trace, during which
the pressure progressively dropped. Crack patterns are similar to those observed during damage
investigations [3].

Figure 8: Roof cladding fixed into air-box with JR3 and STC measuring loads at screws 3 and 4

(a)
(b)
Figure 8:(a) X Y and Z reactions at central screw, and (b) Cracking of cladding at screw fixing

The cladding resisted the “design” cyclone with its peak of 6.8 kPa, that is, did not
disengage from its supporting structure, which is defined as a successful outcome according to
Australian cladding test standards. However, there was considerable cracking and deformation
by the end of the test.
Figure 9 details a small portion of the “design” cyclone trace showing the applied
pressure (P) and the resultant vertical reaction (FZ) at one of the central fasteners. The figure also
shows the notional beam coefficient (B) defined as B = FZ /(A.P). In simple beam theory the
value of B = 1.25 for a uniformly loaded double span. Note that to make it easier to visually
compare the pressure and load traces in Figure 9, FZ has been inverted (i.e. multiplied by -1) and
scaled by 0.01.

Figure 9 shows that during the trace B varies with the magnitude of the pressure and with
the rate of change of the peaks. This variation in B is due to the stiffness of the cladding which is
function of accumulated cladding damage (plastic deformation and cracking) and overall
deflection including membrane action. Xu [8] showed that for a sinusoidal loading, cycling from
zero to 3.2 kPa, over several thousand cycles, B reduced by approximately 15 %, due to the loss
of stiffness from cladding damage. Xu [7] noted that cladding manufacturers were perhaps being
conservative in using the nominal 1.25 factor for B since the factor reduced with number of
cycles. Figure 10 details the relationship of B vs pressure for the first 60 min (a), middle 45 min
(b) and last 60 min (c) of the “design” cyclone trace. It can be seen that for the ‘peak’ pressures
during the respective time periods B does reduce over time and cladding damage (plastic
deformation and cracking) from the nominal 1.25 to almost 1.0 for time block (c). Although, for
higher pressures during block (b), B increases due to the overall deflection and increased
membrane stresses in the cladding increasing its stiffness. For pressures less than about 0.4 kPa,
the values of B are affected by both measurement issues (e.g. the resolution of the pressure
transducers and load cells and dividing a small number by another small number) and by the lag
in response of the cladding to the applied load as discussed later in Figure 12.

Figure 9: Applied pressure and FZ with beam coefficient

Figures 11 (a), (b) and (c) detail the spectrum of measured reaction and derived applied
load for the first 60 min, middle 45 min and last 60 min of the “design” cyclone trace,
respectively. The derived applied load is the applied pressure multiplied by the nominal cladding
tributary area of 0.9×0.16 m. The figures show that there is no observed resonant behavior of the
cladding during the “design” cyclone. Figures 11(a) and (c) show there is a reduction in the
response of the reaction to that of the applied load as seen in the divergence of the curves and by
the drop in the gain curves suggesting that these higher frequency load cycles do not add to the
fatigue loading of the cladding. However there is minimal reduction in the gain for the middle
time block (Figure 11(b)). The range of pressures and overall mean is greatest for this middle
block as shown in Figure 11(d). The effect of the stiffer cladding can be seen in the higher
frequency response over that of the lower loaded blocks at the start and end of the “design”
cyclone. With these higher pressures the cladding has deflected and stiffened considerably with
membrane action.

Figure 10: Variation in B with pressure and time

(a)

(b)

(c)
(d)
Figure 11: Spectrum (not normalized) of applied load and FZ for (a) first 60 minutes (b) middle 45 minutes
and (c) final 60 minutes, and (d) relationship of applied pressure and FZ for the three blocks.

Figure 12 plots the scaled rate of change of applied pressure (dP/dt) and the scaled rate of change
of the screw reaction (dFZ/dt). The pressure, reaction and B traces are also included in the plot
for comparison. It can be seen that there is a “lag” in the screw reaction compared to the applied
pressure during the unloading part of the trace. This also corresponds to the increase in B.

Figure 12: Difference in rate of applied load and rate of change in FZ

CONCLUSIONS
Fluctuating wind loads derived for the passage of a simulated five hour “design” cyclone acting
on the windward edge of the roof, representative of that on a cladding fastener on a low-pitch
low-rise building with a dominant wall opening, were applied to a sample of roof cladding. The
fluctuating pressures were generated from wind tunnel data for a building in the NIST low-rise
building database. The peak pressures were underestimated by AS/NZS1170.2 [13].
A real time pressure loading system (PLA) was used to apply the simulated cyclonic
wind pressure trace. Although sustaining plastic deformation and extensive cracking, the
cladding sample resisted the applied loads, which were in excess of the cladding’s design span
capacity. The cladding crack patterns generated during the test in the PLA were similar to those
reported in surveys following damage caused by cyclones. Due to the creasing of the cladding,
large lateral loads were measured at the screw locations. These unbalanced loads may have an
effect on the fatigue performance of cladding screws into light gauge metal battens.
No resonant effects of the applied pressure compared to the reaction at a cladding
fastener were observed. The stiffness of the cladding changes depending on cladding damage
and load level. The change in stiffness is related to the beam coefficient B. The use of B as a
constant in the derivation of cladding design tables is to be re-examined.
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