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ABSTRACT
A flat roof surface is known to be subjected to unusually high suction associated with a pair of
vortices created under diagonally skewed wind. Prediction of the wind load and its influence on
the roof system is an important engineering topic but wind tunnel testing of this situation is not
easy with a scaled model. Considering the physics of wind flow for the most critical case, a
possibility to use a full-roof configuration has been investigated. Results are found to be
encouraging, which allows the use of much accurate structural details of roofing system, such
as flexible membranes.

1 INTRODUCTION
A flat roof surface is known to be subjected to unusually high suction induced by a pair
of “horse shoe” vortices caused by the wind coming diagonally facing a corner of the building
(Kind and Wardlaw, 1979). This phenomenon can cause very serious damage to the roofing
system such as dislocation of concrete “pavers” or insulation boards. It is also known that
some architectural features of the building such as parapets varying by their height have some
influence on these phenomena (Baskaran, 1986). At the same time, wind tunnel testing of this
situation is a challenging task because the extent of damage depends a lot on the structural
details, which can hardly be modelled properly in a reduced scale.
Since the early 1970’s, several wind tunnel studies have focussed on this issue and
there are commonly observed difficulties in modelling the structural details (Kind, Savage &
Wardlaw 1988). Wind tunnel testing of a full scale building, on the other hand, would be nearly
impossible. By taking advantage of a very large test section of the 9m × 9m wind tunnel at the
National Research Council Canada (NRCC), Kind and Wardlaw carried out a series of
comprehensive studies of the wind effects on a variety of roof assemblies during the period of
1975 – 1990, which formed the basis for several roofing standards internationally. In wind
tunnel studies models had a rigid roof and its deformation due to wind suction was assumed
negligible. However, in a mechanically attached single ply roof, the membrane may be inflated
once high suction is applied, which in turn may give a different wind induced pressure
distribution. Another engineering concern is the structural detail of how the roofing system is
installed on the building. In order to examine these points, a pilot study was carried out.This
paper reports benefits to use full-scale roof component materials for the wind tunnel tests of
such roof sections.
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2 EXPERIMENTS
The models used for this series of tests are 1/10 in linear scale and equipped with full
scale roof component materials, as shown in the Fig.1. All tests were conducted at the 9m ×
9m wind tunnel. Two different types of roofing membranes were used for this experiment: one
is a reinforced poly-vinyl-chloride (PVC) membrane and the other is a non-reinforced
membrane made of ethylene-propylene-diene-monomer (EPDM). Physical, mechanical and
chemical properties of these two membranes are significantly different (Baskaran, Paroli &
Booth 1997). This is because PVC is a thermoplastic polymer whereas EPDM is a rubber
based thermoset material.
Fig.1: Roof assembly module with full scale components
A typical mechanical property of these membranes is shown in Fig. 2, which compares the
stress-strain behaviour of two materials under the same tensile stress rate. The PVC
membrane has significantly higher breaking load compared to EPDM. However, due to its
reinforced nature, it can stretch only about 1/8 of that of EPDM. Differences of two roofing
assemblies used for the wind tunnel study are summarized in Table 1. The membranes were
equipped with 89 and 100 special pressure taps for PVC and EPDM models, respectively, in a
way that their influence on mechanical properties of membrane would be minimum. For both
roof configurations, the influence of wind speed and direction and building height on wind
pressure were examined. Details of the wind simulation are found elsewhere (Savage et al.
1997; Baskaran et al. 1996).
Fig.2. Mechanical property of typical membranes
Table 1: Differences between PVC and EPDM roof assemblies
3 RESULTS AND DISCUSSION
Figs. 3 and 4 compare the PVC and EPDM system response. They present an overall
pattern of the mean pressure distribution for wind approaching normal to the building side and
for the 45° skewed wind for each of the PVC and EPDM cases. High suction near the up-wind
corner and moderate pressure distribution for the rest of the roof are commonly observed for
both systems. The characteristic “horse-shoe” vortex zone for the 45° wind case is again
clearly identified. These features are similar to the previous wind tunnel studies on rigid
models.
Wind induced suction over the assembly results in membrane deflection between the
attachments to the roof deck. As indicated in Table 1, the PVC roof is composed of four sheets
that are attached to the structural deck using mechanical fasteners. These four areas are
referred to as S1, S2, S3 and S4 in Fig.3. During wind tunnel investigations, four zones of
membrane ballooning were noticed. For the PVC roofs, maximum deflection was observed at
the sheet S3, which is wider than S1and S2 and it is not restrained along its edges as S4. For
the roofs with non-reinforced EPDM membrane, measured deflections were much higher than
the PVC roofs. It is critical to note that the observed pressure distribution pattern was totally
different from the deflected shape of the membrane. This indicates that neither the number of
sheets used nor the way the membranes are attached to the roof deck had any significant
influence on the wind-induced mean pressure distribution patterns. This also indicates that the
deflected shape stays inside of the low pressure separation bubble and it does not influence
the mean pressure distribution.
Fig.3: Mean pressure distribution with PVC roof membranes

EPDM roofs generally experienced higher mean suction than the PVC roofs for the
same wind conditions. Maximum measured mean suction coefficient for EPDM was –4.5
compared to that of −2.4 for the system with PVC membranes. Also, the spatial distribution is
different between the two cases. For the normal wind, as shown in Fig.3, the measured
pressure is about –0.5 when x/L = 0.4 in the case of the PVC roofs. For the same location, the
EPDM roof experienced –0.9 (Fig.4). Positive pressure on the roof assembly indicates
reattachment of the separated flow over the roof surface. Figs.3 and 4 indicate longer distance
before the reattachment for the case of PVC roofs compared to EPDM roofs.
Fig.4: Mean pressure distribution with EPDM roof membranes
In order to help understand the difference of wind effects between the two roofs,
spectral analyses were performed on the pressure time histories. Fig.5 shows the normalized
spectral density of typical pressure records with PVC and EPDM roofs, measured at the
perimeter region. A low pass filter with cut-off frequency of 50 Hz was used to eliminate highfrequency noise existed with the pressure records. The spectral density function of the
approaching wind is also included for comparison. Three distinct response regions have been
noticed at three different frequency bands as follows: 1) Up to a frequency of about 2 Hz, the
approaching wind and PVC record show similar energy distribution. In comparison to this, the
EPDM record has less energy in the same frequency range. 2) For the frequency of 2 to 10
Hz, both PVC and EPDM have similar energy distribution, which is also higher than the energy
of the approaching wind. 3) For frequencies above 10 Hz, the energy content of EPDM is
much higher than that of the approaching wind or the PVC. This is due to the fact that a
flexible membrane of EPDM tends to experience a greater fluttering effect compared to less
flexible membrane of PVC. The fluttering vibration is caused by the approaching wind.
To identify the effects of membrane motion on the induced surface pressures, the
above analysis could be extended to come up with the concept of a transfer function. This
provides the ratio of membrane response pressure to the applied flow pressure fluctuations, as
measured on rigid roof pressure models, at each particular frequency. The transfer function
developed as such could be used for the correction of pressure readings measured on rigid
roof models to include the membrane vibration effects. The success of this approach could
open up a much larger and more general database for analyses useful for the design of roofing
systems.
Fig.5: Comparison of pressure spectra from the PVC and EPDM roof assemblies
4 CONCLUSIONS
Wind tunnel studies were also carried out with the models on full-scale roof component
materials. Flexible roof membranes could change the geometrical shape of the roof under
suction and the resulteant shape varies depending on the direction of approaching wind and
the materials and layout of the membrane attachments to the deck. However, the overall mean
pressure distribution pattern on flat roofs was found to not be significantly influenced by the
materials. This provides the possibility of introducing a transfer function to take the dynamic
effects of membrane vibration into account as a correction factor applicable to the measured
results from rigid flat roof models.
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Fig.1: Roof assembly module with full scale components
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Fig.5: Comparison of pressure spectra from the PVC and EPDM roof assemblies

Table 1: Differences between PVC and EPDM roof assemblies
Component

Membrane

PVC

EPDM

45 mil (≈1.14 mm) thick

45 mil (≈1.14 mm) thick

Reinforced

Non-reinforced

Spot fastener

Bar attachment

Two perimeter (900mm) sheets One sheet
Two field (1800mm) sheets
Seams hot air weld
Factory seam
Insulation

25 mm ISO

25 mm XEPS

Underlayment

6 mil (0.2 mm) vapor barrier

6 mm support board

Deck

22-gauge steel

22-gauge steel

Total no. of tested
configurations

30

48

