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Abstract. The design coefficients provided by a wind-tunnel campaign on in-scale models,
e.g. the pressure coefficients discussed in this paper, are always affected by physiological and
unavoidable uncertainties. On the other hand, wind-induced loads at the real scale (e.g. peak
pressure coefficients) may be provided, with a prescribed confidence level, by analytical
models that include stochastic characteristics of the wind field (mean values, standard devia-
tion, skewness, kurtosis) obtained by wind-tunnel tests. Based on aerodynamic tests on hyper-
bolic paraboloid models in the boundary layer wind-tunnel of the CRIACIV (Italy), this paper
discusses a typical example of experimental uncertainties, i.e. the asymmetries measured for
geometries and wind directions nominally symmetric, and investigates their effects on peak
pressure coefficients provided by analytical models. To this aim, experimental peak pressure
coefficients and their analytical prediction are compared for symmetrical geometries under
wind flow direction parallel to the symmetry axis, and it is noted that asymmetries shown by
experimental tests may be reduced by appropriate analytical models, that can therefore con-
tribute to filter out the effects of experimental uncertainties for design purposes.
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1 INTRODUCTION

Although computational fluid dynamics (CFD) has become more and more accurate and
reliable in the last years, and can therefore be an invaluable tool in the preliminary design
stage, wind tunnel tests on in-scale models are still the more reliable way to get the wind-
induced loads for structures with a complex shape.

Wind-tunnel tests, however, are always affected by several uncertainties, due to the meas-
urements chain, to the scaling of the real building at the model size, to the geometrical details
of the model and to its mechanical characteristics. The design coefficients provided by a
wind-tunnel campaign, e.g. the pressure coefficients discussed in this paper, are therefore also
affected by physiological and unavoidable uncertainties; this is the case, for example, of nom-
inally symmetric and symmetrically loaded models for which wind-tunnel tests turn out in-
stead asymmetric pressure fields.

As shown by the scientific literature, on the other hand, a sound prediction of wind-
induced loads at the real scale may benefit of analytical models (e.g. [1][2][3]) able to provide,
for example, average or peak pressure coefficients with a prescribed confidence level. To this
aim, analytical models may use the stochastic characteristics of the wind field (mean values,
standard deviation, skewness, kurtosis) obtained by wind-tunnel tests. This point has been ad-
dressed in a recent paper of the writers [4].

This paper is based on experimental results on hyperbolic paraboloid models tested in the
boundary layer wind-tunnel of the CRIACIV (Italy) [4-9] and is part of a wider research that
also deals with non-structural aspects of the design [10,11]. The paper discusses a typical ex-
ample of experimental uncertainties, i.e. the asymmetries measured for geometries and wind
directions nominally symmetric, and investigates their effects on peak pressure coefficients
provided by two of the analytical models discussed in [4], i.e. the classical Davenport model
and the modified Hermite model discussed in [1].

2 WIND-TUNNEL TESTS

Aerodynamic tests on a large set of hyperbolic paraboloid roofs were described in previous
papers of the writers [5-9]. Wooden in-scale models with 16 different geometries and 16 dif-
ferent wind angles were tested in the boundary layer wind tunnel of CRIACIV (Interuniversi-
ty Research Center on Building Aerodynamics and Wind Engineering), in Italy.

In particular, this paper is focused on results obtained by wind tunnel test on roofs with
square and rectangular plan and eight different geometries are discussed here.

The models represent closed buildings, e.g. as those of sports halls, and this paper discuss-
es the aerodynamic pressure field recorded on the roof surfaces. Due to the stiffness of the
models, that can be considered as rigid, roof displacements and therefore aeroelastic effects
are not considered; this is an usual step in the preliminary design of this kind of structures.

2.1 The sample square and rectangular models

Figure 1 describes the geometries discussed in Sect. 2.2 and Sect. 3.

The eight geometries considered here are denoted by three letters that refer to the model
plan shape (square, S, or rectangular, R), to the model height (higher, H, or lower, L), and to
the roof curvature (with smaller curvature or flatter, F, or higher curvature, C), respectively.

As reported in fig. 2, the roof surface consists of 89 and 95 elementary regions for the
square and rectangular plan, respectively. Pressure time-histories were recorded (details in [6])
for about 30 seconds with an acquisition frequency of about 250 Hz for several angles of inci-
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dence of wind. To explore situations nominally symmetric, only the wind directions 0° and
90° are discussed be' »w, as shown in fig. 1.

model |; [em] |, [em] f; [em] f; [em] H [cm] Hg [cm]
SLF 80 80 267 533 2133 1333

0° : SHFE 80 80 267 533 3466 26.66
| Jf SLC 80 80 444 889 2666 1333
N ‘ Lit SHC 80 80 444 889 3999 2666
- —1H RLF 40 80 267 533 2133 1333
90 H RHF 40 80 267 533 3466 2666
| /e RLC 40 80 444 889 2666 13.33
| RHC 40 80 444 889 3999 2666
[
2

Figure 1: The eight sample models

2.2  Pressure coefficients

For the pressure tap of each elementary region of the roof, the measured pressure time-
history p(t) is described by non-dimensional pressure coefficients ¢, (t), defined as

cple) = P =P ()
5 PV

where p denotes the air density and ¥, and p, the mean speed at the roof level and the static
pressure of undisturbed flow, respectively. Positive and negative values of ¢, represent pres-
sure larger than pg and suction, respectively.

Vo .

90° : ) 90°

Figure 2: Map of the pressure taps for square and rectangular plans. The two alignments of pressure taps on the
left and right edges of the roof with respect to the mean wind speed are highlighted in yellow
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other to discuss asymmetries shown by experimental tests.

‘ﬁmcun

C

mean

For each wind direction along a symmetry axis (angle 0° and 90°), Figure 2 reports the two
alignments of pressure taps (highlighted in yellow) on the left and right edges of the roof with
respect to wind direction, whose measured pressure coefficients will be compared to each

Figure 3: mean value cpmean 0f the experimental ¢, for the eight models in fig. 1 and 6 = 0°, measured by the
pressure taps along the roof sides on the left (black curve) and on the right (red curve) of the wind direction.
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Figure 4: standard deviation o, of the experimental c,, for the eight models in fig. 1 and 6 = 0°, measured by the
pressure taps along the roof sides on the left (black curve) and on the right (red curve) of the wind direction.

3 EXPERIMENTAL AND ANALYTICAL PEAK PRESSURE COEFFICIENTS

Fig. 3 and 4 report the mean cpmean and the standard deviation op, respectively, of the ex-
perimental ¢, for the eight models in fig. 1 and 6 = 0°, measured by the pressure taps along
the roof sides on the left and on the right of the wind direction.
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It can be observed that for 6 = 0° the differences between the mean cpmean Of the experi-
mental pressure coefficients (fig. 3) measured by the pressure taps along the two sides of the
roof are almost negligible for low curvature roofs (SLF, SHF, RLF, RHF). This can easily be
explained once considered that for O = 0° the wind flow impacts on the hogging curvature of
the model and it is confined by the across-wind sagging curvature, and this implies small de-
tachment regions. As also expected, on the other hand, for more curved models (SLC, SHC,
RLC, RHC) the differences become more relevant, because of more pronounced detachment
regions of the flow due to the larger curvature.

A similar trend has been observed for the standard deviations o, of the experimental pres-
sure coefficients (fig. 4).

The behavior becomes quite different for wind angle 6 = 90°, when the flow impacts the
models on their highest wall, with a consequent detachment of the flow for a large part of the
roof. In this case, as shown by results for square models reported in fig. 5 and 6 (cp,mean and
Gop, respectively), the differences between the two alignments of pressure taps are still negli-
gible for the lower model with smaller curvature (SLF). They are instead significantly larger
for more curved ones, as shown by both cpmean and ¢ for SLC and SHC, and also for the
highest model with smaller curvature (SHF), where significant differences of ¢ have been
found.
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Figure 5: mean value ¢, mean 0f the experimental c;, for the four square models in fig. 1 and 6 = 90°, measured by
the pressure taps along the roof sides on the left (black curve) and on the right (red curve) of the wind direction.

Due to the experimentally observed non-symmetric behavior already discussed with refer-
ence to Cp,mean and op, the differences between minimum (suction) values of ¢, along the two
alignments of pressure taps follow a similar trend or they are even more large, as shown for
example by the extreme values in fig. 7 for square models and 6 = 0°.

The difference is even more evident for the experimental values of the peak factor g corre-
sponding to the minimum values of ¢, (i.e. suction), reported in fig. 8.
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Peak factor g is defined as
Cpmin = Cp,mean — g Ocp (2)

where for each pressure tap Cpmean , 0cp and cpy™n are the mean, the standard deviation and the
minimum value of the ¢, time history recorded in wind-tunnel tests, respectively.

On the other hand, for the sample cases discussed here also maximum values of c, are al-
most always negative (suction) and smaller in absolute value than minima, and therefore they
have no practical relevance to design purpose and are no further discussed below.
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Figure 6: standard deviation o, of the experimental ¢, for the four square models in fig. 1 and 6 = 90°, meas-
ured by the pressure taps along the roof sides on the left (black curve) and on the right (red curve) of the wind
direction.

Figures 7 also show for square models and 0 = 0° the minimum values of ¢, evaluated ac-
cording to the classical Davenport model and to the analytical modified Hermite model [1].
Similarly, fig. 8 also show for square models and 0 = 0° the peak factor g evaluated according
to the classical Davenport model and to the modified Hermite model [1]. As expected, the
Davenport peak factor assume almost constant values around 3.5.

It can be observed that, when compared to experimental results, the analytical models gen-
erally reduce the differences between the extreme values cp™ of the two alignments of pres-
sure taps. This is not true for the peak factor g evaluated according to the analytical modified
Hermite model [1], which keeps maintaining significant differences between taps expected to
have a symmetric behavior. In the authors’ opinion, however, this difference should be re-
duced by evaluating g from the minimum expected values of c, according to a soundly based
statistical procedure (e.g. Cook and Mayne [12]), instead of assuming the minimum recorded
values cp™i" as done here, and this will be investigated in future research.

Although differences between the two alignments are not negligible, however, the average
value of cp™min provided by the modified Hermite model [1] for pressure taps nominally sym-
metric is closer, with respect to the estimation provided by the Davenport model, to the aver-
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age of their recorded extreme suction values. This can be explained by considering that in the
Davenport model g turns out to be almost constant, while a recent research [4] shows that for
this kind of geometries g may have quite large variations.

All in all, therefore, and according to these results for symmetrical geometries under wind
flow direction parallel to the symmetry axis, asymmetries shown by experimental tests may
be reduced by appropriate analytical models, that can therefore contribute to filter out the ef-
fects of these and others experimental uncertainties for design purposes.
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Figure 7: minimum value ;™" of the experimental ¢, for the four square models in fig. 1 and 6 = 0°, meas-
ured by the pressure taps on the left (broken black curve) and on the right (broken red curve) of the wind direc-
tion; peak values of c, obtained with analytical models (Davenport and modified Hermite [1]) are also shown
(dotted and continuous lines, respectively).

4 CONCLUSIONS

e Based on experimental results on hyperbolic paraboloid models tested in the boundary
layer wind-tunnel of the CRIACIV (Italy) [4-9], this paper shows that experimental val-
ues of pressure coefficients are affected by physiological uncertainties, as the asymme-
tries measured for geometries and wind directions nominally symmetric.

e Although the results reported require further investigation, they suggest that technical
codes should include asymmetrical load conditions also in case of nominally symmetric
geometries and wind directions.

e Experimental peak pressure coefficients and their prediction given by two analytical
models are compared for symmetrical geometries under wind flow direction parallel to
the symmetry axis, and it is noted that asymmetries shown by experimental tests may be
reduced by appropriate analytical models, that can therefore contribute to filter out the ef-
fects of experimental uncertainties for design purposes.
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Figure 8: peak factor g for the minimum values (suction) of the experimental c, for the four square models in
fig. 1 and 6 = 0°, measured by the pressure taps along the roof sides on the left (broken black curve) and on the
right (broken red curve) of the wind direction; peak factor g obtained with analytical models (Davenport and
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