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Abstract: A discussion is made of the wind force coefficients for designing the main wind force resisting systems of H.P.
(Hyperbolic-Paraboid)-shaped porous canopy roofs on the basis of a wind tunnel experiment. Roof models with a number of small
circular holes were made of nylon resin using laser lithography. The porosity was changed from 0 (solid) to 0.4. Besides the porosity,
the geometric parameters of the models were the rise to span ratio and slope of the roof. The overall acrodynamic forces and moments
acting on a model were measured by a six-component force balance in a turbulent boundary layer. The results indicate that the porosity
significantly reduces the wind loads. The design wind force coefficients for porous canopy roofs can be provided by those for solid
roofs with the same configuration multiplied by a reduction factor. The proposed wind force coefficients are verified by a comparison
of the load effect predicted by the proposed wind force coefficients with the maximum load effect obtained from dynamic analyses
using the time history of wind force and moment coefficients. The axial forces induced in the columns supporting the roof are
regarded as the load effect for discussing the design wind loads.

Key words: Canopy roof, hyperbolic paraboloid, porosity, wind tunnel experiment, main wind force resisting system, wind force
coefficient, codification.

1. Introduction design wind loads on H.P.-shaped canopy roofs are
provided in codes and standards. Although the AS/NZ
(Australia/New Zealand) Standard [1] provides the
wind force coefficients for such roofs, the range of roof
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- (a)
H.P.-shaped canopy roofs constructed of
pre-tensioned membrane (provided by Taiyo Kogyo

Corporation): (a) with no roof slope; (b) with roof slope.

Fig. 1

canopy roofs to provide shade. It is expected that the
porosity of the fabrics reduces the net wind forces, or
the pressure difference between the top and bottom
surfaces. However, there is little information on the
wind loading and structural response of suspended
porous shade structures. Donnan et al. [11] reported the
results of a wind tunnel experiment and structural
analyses of a greenhouse structure constructed of shade
cloth fabrics supported on cables. Letchford et al. [12]
measured the mean lift and drag forces on a range of
canopy roof forms with varying porosities. They used
gable, hip and mono-sloped roof models made of thin
perforated metal plates for three pitch angles, 7°, 15°
and 27°, for porosity range from 0 (solid) to 0.23. With
a similar technique, Uematsu et al. [13] measured the
overall wind force and moment coefficients on gable,
troughed and mono-sloped roof models with roof
pitches from 0° to 20° for a porosity range from 0 to 0.4.
Based on the results, they proposed the design wind
force coefficients for each of the three roof geometries
as a function of the pitch angle and porosity of the roof.
To the authors’ best knowledge, no study has been

[16=90°
S High

d\ .
~ High

=900
(a)

made of the wind loads on H.P.-shaped porous canopy
roofs.

The present paper investigates the effect of porosity
on the wind loads on H.P.-shaped porous canopy roofs
on the basis of a wind tunnel experiment. Focus is on
the main wind force resisting systems: cladding load
is outside the scope of the present paper. A similar
procedure that Uematsu et al. [13] used for planar
canopy roof models is employed. The design wind
force coefficients are provided as a function of the rise
to span ratio, slope and porosity of the roof for three
wind directions parallel to the diagonal lines of the
roof.

2. Experimental
Procedures

Arrangement and

2.1 Wind Tunnel Model

Three models with different rise to span (or sag to
span) ratios, as shown in Fig. 2, were tested. The
model shape was the same as that Uematsu et al. [10]
had used for solid roofs. Fig. 3 shows the notation and
coordinate system used in the present paper. The roof
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Fig. 2 Three roof shapes tested (unit: mm).

(b)

Fig.3 Notation and coordinate system: (a) coordinate system; (b) definition of roof slope.
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corners are labelled “I” to “IV”. The roof slope S,
obtained by rotating the roof about the x-axis, was
changed from 0° to 40° (Fig. 3b). The mean roof
height H was fixed to 80 mm regardless of f,.

Fig. 4 shows a model with A/a = 1/2, which was
used for the wind tunnel experiment. The geometric
scale A; of the models was assumed 1/100. The
models were made of nylon resin using laser
lithography: the thickness was 1 mm. The porosity
was provided to the models by making a number of
small circular holes. Uematsu et al. [13] measured the
pressure loss coefficients K for commonly used shade
cloth fabrics and many thin perforated plates. They
found that the value of K for the shade cloth fabrics
was in a range from approximately 9 to 45.
Furthermore, they derived the following empirical
formula for the relationship between K and porosity p,
based on the results for perforated plates:

K=052p>° (1)

Using this equation, we obtain the values of p equal
to 0.18 and 0.33 for K = 45 and 9, respectively.
Therefore, we used two models with p = 0.2 and 0.4 in
the present study, which roughly cover the range of K
for practical shade cloth fabrics. A solid model was
also tested for the purpose of comparison. The
diameter d of circular holes was 1 mm for both
models, while the spacing s was 2 mm for p = 0.2 and
1.4 mm for p = 0.4. The circular holes were drilled in
the vertical direction, not in the normal direction of
roof surface. The angle ¢ of the hole with respect to
the normal direction depends on the //a ratio as well
as on the location of the hole. The largest value of ¢ is
approximately 13° for h/a = 1/6, 25° for h/a = 1/3 and
35° for h/a = 1/2, which is observed near the roof
corners. In order to investigate the effect of ¢ on the
pressure loss coefficient K, two perforated plates with
different ¢ values, as shown in Fig. 5, were tested in a
small wind tunnel [13]. Fig. 6 shows the results, in
which K is plotted against wind velocity U. It is found
that the value of K is little affected by U. In the case of

p = 0.2, the value of K seems almost independent of ¢.

On the other hand, it is slightly dependent on ¢ in the
case of p = 0.4. Note that ¢ = 35° is the largest value
of ¢ among all models and locations. Furthermore,
only corner areas have such larger values. Therefore,
it is thought that the overall aerodynamic forces and
moments acting on the roof model are not affected by
the inclination of holes significantly.

2.2 Measurements of Aerodynamic Forces and

Moments

The experiments were carried out in a turbulent
boundary layer with a power law exponent of o = 0.21
for the mean velocity profile. The lift L, positive
upward, and the aerodynamic moments M, and M,
about the x and y axes were measured by a
six-component force balance (SSKLBW60-1). The lift
coefficient C; and the

aerodynamic moment

coefficients Cy, and C)y are defined as follows:

(a) (b)
Fig. 4 Wind tunnel model (h/a = 1/2): (a) f,. = 0% (b)

B =30°.
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Fig. 5 Section of the perforated plates: (a) normal holes;
(b) inclined holes.
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Fig. 6 Pressure loss coefficients K for the perforated
plates.
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where, gy = time-averaged velocity pressure of the
flow at the mean roof height H (= 80 mm); § =
projected plan area of the roof (=a”); a'= (ﬁ /3)a,
which is used as the reference length of the model and
a =150 mm. The wind direction 8 was changed from 0°
to 90° for B, = 0° and from -90° to 90° for g, > 0°
(Fig. 3).

The measurements were carried out at a wind
velocity of Uy = 9 m/s at the mean roof height H. The
turbulence intensity [,y at this height was
approximately 0.17. The velocity scale A, was
assumed 1/3, resulting in a time scale of Ay = 1/33.

The outputs of the force balance were sampled
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simultaneously at a rate of 200 Hz for a period of 19 s,
which corresponds to 10 min in full scale. The
measurements were repeated six times under the same
condition. The statistics of the aerodynamic
coefficients were evaluated by applying ensemble
average to the results of these six consecutive runs.
The wind forces on the three legs of 5 mm diameter
(Fig. 4) supporting the roof were measured separately
and were subtracted from the overall loads to produce

load on the roof alone.
3. Experimental Results

3.1 Effect of Porosity on the Aerodynamic Forces and

Moments

Fig. 7 shows the variation of C;, Cy; and CMy with
wind direction @ for #/a = 1/2 and f, = 0°. In the figure,
the mean and the maximum and minimum peak values

of these aerodynamic coefficients are plotted against
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Fig.7 Variation of C;, Cy_and CMy with wind direction (h/a = 1/2, . = 0°): (a) Cy; (b) C; © CMy.
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wind direction . The general features of these
coefficients may be summarized as follows. The lift
coefficient C; becomes the maximum (upward) when 0
~ 0° and the minimum (downward) when 6 = 90°.The
negative peak value of Cj, becomes the maximum in
magnitude when 0 = 90°, while that of CMy becomes
the maximum when 6 = 0°. The magnitude of C,, for
0 = 0° and that of CMy for 6 = 90° are relatively small.
The variation of C), with 6 is almost opposite to that of
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CMy. It is found that these coefficients significantly
decrease in magnitude with an increase in porosity
from O to 0.2. The results for p = 0.4, not shown here to
save space, showed a further decrease in magnitude of
these coefficients. However, the change was not so
significant.

Fig. 8 shows the effect of porosity p on the
non-dimensional axial forces induced by wind forces in

[IPE]

the corner columns (labeled “a” to “d”) supporting the

1.2
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Fig. 8 Variation of non-dimensional column axial forces induced by wind forces with wind direction (h/a=1/2, f, =0°): (a) NS

) N,; (€) N.'; (d) N,'; (e) notation.
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roof for i/a = 1/2 and f, = 0°, in which the maximum
(tension) and minimum (compression) peak values are
plotted against wind direction 6. The non-dimensional
axial force N;" (i =a—d) is defined as follows:

. N,
N, =—"~ (5)

q,(S/4)
where, N; represents the axial force induced in the
column by wind forces. It is clear that the porosity
reduces the magnitude of axial forces, particularly in

the cases where 6 = 0° and 90°.
3.2 Wind Force Coefficients

Uematsu et al. [10] proposed the wind force
coefficients for designing the main wind force resisting
systems of H.P.-shaped solid canopy roofs, which
provide the equivalent static wind loads together with a
gust effect factor Gy The roof'is divided into two areas,
1.e., the windward and leeward halves, as shown in
Fig. 9. The wind force coefficients CNW* and CNL* on
these areas were provided as a function of 4/a for three
wind directions (WD1 — WD?3) parallel to the diagonal
lines of the roof; WD3 corresponds to 6 = -90°, which
is considered only when S, > 0°. Two load cases (A
and B), generating the maximum tension and
compression in the columns, were considered for each
wind direction. The detail of the specification of the
design wind force coefficients is presented in [10].

Then, the effect of porosity on the wind force
coefficients was investigated. Figs. 10 and 11 show the
results for WD1 and WD2, respectively, when £, = 0°.
As might be expected from the results of Figs. 7 and 8§,
the values of CNW* and CNL* generally decrease in

magnitude with an increase in p. Hence, a reduction

Effect of Porosity on the Wind Loads on a Hyperbolic Paraboloid Canopy Roof

factor R, defined by the ratio of the CNW* or CNL* value
for a porous canopy roof to that for the solid roof is
introduced. The results for WD 1 and WD 2 are shown
in Figs. 12 and 13, respectively. Note that the data are
not plotted for the cases where the CNW* and CNL*
values for solid roofs are very small in magnitude,
because such cases provide unrealistic values of R. The
results of Figs. 12 and 13 indicate that the value of R
generally decreases with an increase in p. The effect of
h/a on R seems small. A similar feature was observed
in our previous study [13], where we investigated the
effect of porosity on the wind loads on planar canopy
roofs of various shapes (gable, troughed and
mono-sloped). Although the results for R were
scattered, we found that the envelope of the results

could be given by the following equation:

R — e—2.0p

(6)

That is, the wind force coefficients C NW* and CNL* for
porous roofs can be provided by those for solid roofs
multiplied by the reduction factor R. This relation is
represented by the solid curves in Figs. 12 and 13. It is
interesting to note that Eq. (6) can be applied to the
H.P-shaped canopy roofs irrespective of //a ratio. The
CNW* and CNL* values can be expressed as a function of
K by using Egs. (1) and (6).

3.3 Application of the
Coefficients

Proposed Wind Force

The application of the proposed wind force
coefficients provided by Uematsu et al. [10] and Eq. (6)
in the present paper is investigated from the viewpoint

of'load effect. The maximum tension and compression
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NW Cnw Cne
01 11 I IIQ I 11
(a) (b) (©

Fig. 9 Roof division and wind force coefficients: (a) WD1; (b) WD2; (c) WD3.
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Fig. 10 Wind force coefficients for WD 1 (8, = 0°): (a) Cyy (Load Case A); (b) Cy;" (Load Case A); (¢) Cyy (Load Case B);

(d) Cy." (Load Case B).
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Fig. 11  Wind force coefficients for WD 2 (5, = 0°): (a) Cyy' (Load Case A); (b) Cy;” (Load Case A); (c) Cyy' (Load Case B);

(d) Cy; (Load Case B).
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Fig. 14 Comparison between formula and time history analysis for column axial forces (8, = 0°, WD 1): (a) h/a = 1/2; (b) h/a
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induced in the corner columns supporting the roof are
obtained from a time-history analysis and compared
with the predicted values from the CNW* and
Cy; values for solid roofs together with Eq. (6). The
gust effect factor Gris assumed 2.0 according to our
previous paper [10], in which the gust effect factor was
discussed based on the load effect. Figs. 14 and 15
show the results for WD1 and WD2, respectively,
when £, = 0°. In the time history analysis, a range of
wind direction is considered. That is, WD1 and WD2
represent wind direction ranges from 0° to 45° and
from 45° to 90°, respectively. Therefore, the results for
several wind directions in each wind direction range
(WDI1 or WD2) are plotted in Figs. 14 and 15. The
predicted values are nearly equal to or somewhat larger
than those obtained from the time-history analyses for
various wind directions.

Similar comparison was made for roofs with slopes
(Bx > 0°). Figs. 16 and 17 show the results for £, = 20°
and 40°, respectively. Here, WDI represents a wind
direction range from -45° to 45° because the
measurements were carried out in a wind direction
range from -90° to 90° when S, > 0°, while WD2 and
WD3 represent wind direction ranges from 45° to 90°
and from -90° to -45°, respectively. It is found that the
formulas provide appropriate estimation of the
maximum load effects. The estimated values are nearly
equal to or somewhat larger than those obtained from
the time history analyses, as in the case of S, = 0°
(Figs. 14 and 15).

These results suggest that the wind force coefficients
proposed by Uematsu et al. [10] and the reduction
factor R defined in the present paper can appropriately
evaluate the design wind loads on H.P.-shaped porous

canopy roofs.

4. Conclusions

The wind force coefficients for designing the main
wind force resisting systems of H.P.-shaped porous
canopy roofs have been proposed on the basis of a wind
tunnel experiment with rigid porous models. The

overall aerodynamic forces and moments acting on the
roof models with rise to span ratios of h/a = 1/2, 1/3
and 1/6 were measured by a six-component force
balance in a turbulent boundary layer. The roof slope S,
obtained by raising one of the higher corners and
lowering the other corner was changed from 0° to 40°.
The porosity of the model was changed from 0 (solid)
to 0.4, and the effect of porosity on the wind loads was
investigated. For discussing the design wind loads,
focus is on the axial forces induced in the columns as
the load effect, assuming that the roof is rigid and
supported by the four corner columns.

The results indicate that the porosity of the roof
reduces the wind loads on the roofs significantly. The
effect is represented by a reduction factor R. That is,
the design wind force coefficients for porous roofs are
given by the product of the wind force coefficients for
solid roofs and the reduction factor. The wind force
coefficients for solid roofs were proposed by Uematsu
et al. [10] as a function of 4/a and S,. The reduction
factor is given by a simple exponential function of
porosity p in the present paper.

The wvalidity of the proposed formulae was
confirmed on the basis of a comparison between the
maximum load effects obtained from the formulae with
those computed from the time history analysis using
the time history of the aerodynamic force and moment
coefficients measured in the wind tunnel experiment.

In practical structures, the deformation and
oscillation may affect the wind loads. Furthermore, the
other roof supporting systems different from that
considered in the present study may be used, e.g., “post
and guy cable” system. The application of the wind
force coefficients proposed in the present paper to such
cases should be investigated. These are the subjects of
future studies. A CFD (computational fluid dynamics)

analysis is planned to investigate these subjects.
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