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SUMMARY:

This paper investigates the characteristics of wind pressures and wind forces on domed free roofs based on a wind
tunnel experiment and a CFD analysis using LES. The rise-to-span ratio, f/D, was varied from 0.1 to 0.4. The wind
tunnel models of 2 mm thickness were made by using a 3D printer. The distributions of wind pressure coefficients
along a centerline on both the top and bottom surfaces were measured. The wind pressure distribution on the whole
roof was obtained by rotating the model. The results indicate that the contour lines of mean wind pressure
coefficients, C,, and C,,, on the top and bottom surfaces and the resultant wind force coefficient, Cy, are almost
perpendicular to the wind direction. An empirical formula was provided for the distribution of mean wind force
coefficient, Cr, along the centreline parallel to the wind direction. The distributions of the maximum and minimum
peak wind force coefficients, Cf and Cf, on the whole roof were also obtained. The results obtained in this paper
may provide a useful guidance for structural engineers when estimating the design wind force coefficients.
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1. INSTRUCTION

Free-standing canopy roofs (free roofs) are widely used for buildings providing shade and
weather protection in public spaces. Since the roofs are usually supported by only columns, wind
action is directly exerted both on the top and bottom surfaces of the roof. As a result, the wind
forces on free roofs are rather complicated compared with those on enclosed buildings.
Furthermore, free roofs are generally susceptible to dynamic wind actions, because they are
generally light-weighted and flexible. Therefore, the wind resistance is one of the major concerns
of structural engineers, when designing these structures.

Regarding planar free roofs, such as gable, troughed and mono-sloped roofs, extensive
researches have been conducted by several researchers, and the wind force coefficients for these
roofs are specified in codes and standards, e.g., (ASCE 7, 2017) and (AlJ, 2015) and so on. By
comparison, only a few studies have been performed on the wind loading of curved free roofs.
For example, (Natalini et al. 2013) investigated the wind forces on vaulted free roofs in a wind
tunnel. They measured only the mean wind pressures acting on the roof. No discussion was made
of the dynamic load effect of turbulent winds. (Pagnini et al. 2022) measured the distributions of
mean and peak wind force coefficients on a vaulted free roof. (Uematsu and Yamamura, 2019)
investigated the wind force coefficients for designing the main wind force resisting systems of



vaulted free roofs based on the results of the overall aerodynamic forces and moments measured
by a six-component force balance. Hyperbolic paraboloid (HP) is often used for free roofs
composed of membranes. Wind loads on HP-shaped free roofs were studied experimentally by
(Uematsu et al. 2014), in which the dynamic load effects of turbulent winds were considered.
However, as for domed free roofs, only (Uematsu and Yamamura, 2019) made an experimental
study of wind loads on such roofs, to the authors’ best knowledge.

The purpose of this study is to investigate the characteristics of the wind pressures on domed free
roofs based on a wind tunnel experiment and a CFD analysis using LES. Only the wind tunnel
experiment is described here due to space limitation. The results may provide an important
reference for structural engineers when discussing the design wind loads on domed free roofs.

2. WIND TUNNEL EXPERIMENT

2.1. Wind Tunnel Flow and Model

The experiment is carried out in a turbulent boundary layer; the power-law exponent « for the
mean wind speed profile is approximately 0.27; and the intensity I, and the integral scale Ly of
turbulence at a height of z = 10 cm are approximately 0.2 and 0.2 m, respectively. Regarding the
details of the wind tunnel flow, see (Ding and Uematsu, 2022).

Fig. 1a shows a wind tunnel model with a rise-to-span ratio (f/D) of 0.3. The models used in this
study are the same as those used in (Uematsu and Yamamura, 2019). The models are made by
using a 3D printer. The notation and the coordinate system used in this paper are illustrated in
Fig. 1b. The geometric scale 4; is assumed 1/100. The span D and the mean roof height H are
fixed to 150 mm and 80 mm, respectively. The rise-to-span ratio f/D ranges from 0.1 to 0.4.
Therefore, the heights of roof top and eaves depend on f/D. The roof is supported by four
columns of 6.5 mm outside diameter. The roof thickness is 2 mm. Nine pressure taps of 0.6 mm
inside diameter are installed along a centerline both on the top and bottom surfaces, as shown in
Fig. 1c, to obtain the net wind forces acting on the roof. The wind direction &is changed from 0°
to 90° at an increment of 5°, providing the net wind force distribution over the whole roof.
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Figure 1. Experimental model

2.2. Experimental Procedure

The wind speed Uy at the mean roof height H is set to 9 m/s. The velocity scale A, is assumed
1/2.4, resulting in the time scale of A (= A,/Ay) = 1/42. The pressure taps are connected to a
multi-channel pressure transducer via flexible vinyl tubes of 1 mm inside diameter. The total
length of tubing is 1 m. Wind pressures at all pressure taps are sampled simultaneously at a rate
of 500 Hz for a time duration of 14.3 s, which is equivalent to 10 min at full scale. A low-pass
filter with a cut-off frequency of 300 Hz is used to remove high-frequency noise from the signals.
The distortion of the measured pressures due to the tubing system is compensated by the transfer
function of the measuring system in the frequency domain. The measurements are repeated 10



times under each experimental condition. The wind pressure P is converted to a pressure
coefficient C,,(= (P — P;)/qu), Where P; represents the static pressure and gy (= EpU,?,, with p
being the air density) represents the dynamic pressure of the approach flow at the mean roof
height H. The wind pressure coefficients on the top and bottom surfaces of the model are
represented by C,. and C, ,, respectively. The net wind force per unit area acting on the roof is
given by the difference between the pressures on the top and bottom surfaces, which is
normalized by qy. As a result, the wind force coefficient Cr is represented by C,; — C,p.

3. CHARACTERISTICS OF WIND PRESSURES AND WIND FORCES ACTING ON
THE ROOF

3.1. Mean wind pressure and wind force coefficients

Fig. 2 shows the distributions of the mean wind pressure coefficients, C_p,t and C_p,b, on the top
and bottom surfaces of the roof and the mean wind force coefficients, C¢, when f/D = 0.2, in
which the distributions are illustrated by contour lines. It is found that the contour lines are
roughly perpendicular to the wind direction. Similar results were obtained for the other models
with f/D = 0.1, 0.3 and 0.4. Then, the main focus is on the distributions along the centerline
parallel to the wind direction. Fig. 3 shows the distributions of mean wind force coefficients C_f

along the centerline. The C_f distribution can be approximated by the Eq. (1).

Cr=Xi-oa; cos = (1)

Smax

where the coefficients a; are determined by using the least square method, as shown in Table 1.
The empirical formula is compared with the experimental results in Fig. 3. The results can be
used for estimating the wind loads for the main wind force resisting systems of domed free roofs.
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Figure 2. Distributions of mean wind pressure and wind force coefficients on the roof (f/D = 0.2)

3.2. Maximum and minimum peak wind force coefficients

Roof cladding and components are generally designed based on the positive and negative peak
wind force coefficients. In this paper, we focus on the ensemble averages of the maximum and
minimum peak wind force coefficients, C; and C, obtained from the ten-time measurements in
the wind tunnel experiment. Fig. 4 shows the distributions of C; and C; over the whole roof
when f/D = 0.2. Similar results were obtained for the other /D ratios. It is found that very large
Cf values occur in the windward area, which are due to a combination of large C,. values

(positive) and large magnitude |Cp,b| values (negative). On the other hand, the magnitude of C‘f



becomes large in the top area. This is due to large peak suctions on the top surface in this area.
Because the values of C, ), in this area are negative, the magnitude of C} is smaller than that of
C; in the windward area.
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Figure 3. Distributions of mean wind force Figure 4. Distributions of the maximum and
coefficients along the centreline parallel to the wind minimum peak wind force coefficients (f/D = 0.2)
direction (experiment and formula)

Table 1. The values of coefficients a; in the empirical formula, Eq. (1)

fiID=01 f{/D=02 fiID=03 {fD=04

ay —0.265 -0.218 -0.101 0

a, 0.530 0.522 0.415 0.312
a, 0.586 0.511 0.584 0.545
az 0.144 0.081 0.167 0.158
ay 0.172 0.098 —0.033 —0.109

4. CONCLUSIONS

The characteristics of wind pressures on domed free roofs were investigated based on a wind
tunnel experiment and a CFD analysis using LES. The contour lines of mean wind pressure and
force coefficients were almost perpendicular to the wind direction. An empirical formula was
provided for the distribution of the mean wind force coefficients along the centerline parallel to
the wind direction. Furthermore, the distributions of the maximum and minimum peak wind
force coefficients were presented.
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