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Abstract

A correct evaluation of wind loads on high-rise building cladding panels is essential to ensure safety while
avoiding costly over-design. The estimation of peak design loads from wind tunnel tests requires post-
processing pressure time histories to remove small-scale fluctuations that do not significantly affect the
total load on cladding elements. This post-processing commonly employs a low pass filter with a time-
scale that is linearly proportional to the ratio of a reference length scale and velocity. The objective of this
study is to analyze the equivalence between the moving-average filter and the spatial averaging procedure,
focusing on panels near the top corners and edges of a high-rise building. The real area-averaged pressure is
calculated using high-resolution pressure measurements and compared to estimates obtained from moving-
average filters with a range of time-scales. The error is within =1 C,, for most pressure tap locations and
panels analyzed, although some locations near the top edge result in overestimates of the peak suction up
to 3 C,. The optimal value of the proportionality coefficient defining the filter time-scale is shown to be
dependent on both pressure tap location and panel size, suggesting that accurate estimates of area-averaged
pressures based on single-point measurements require more advanced post-processing techniques.

Keywords: Wind Tunnel Tests, Pressure Measurements, Pressure Peak, Cladding Load, TVL

1. Introduction

Recent trends in architecture indicate an increase in the adoption of large glazed panels to cover building
facades. In many cases, the governing load for the design of these facades is represented by wind pressure,
making the calculation of the wind loads on facade elements a crucial issue. Accurate estimates of these
loads are not only relevant from a user safety point of view, but also from an economic point of view: the
cladding system can account for up to 25% of the total building cost [1]. In current engineering design,
one of the possible ways to estimate the wind design pressure is the application of building codes. Code
values are based on wind tunnel test results, and defined to be safely applicable to a wide array of building
shapes. As a result, they often provide overly conservative estimates. Wind tunnel tests offer an alternative
approach to obtain more accurate results, in particular for high-rise or unusually shaped buildings. These
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tests provide a more detailed understanding of the exact pressure field around the building and avoid costly
over-design.

The final purpose of a wind tunnel test is the assessment of the design load to be provided to the
facade designer. This design load has to represent the maximum correlated pressure over the panel surface
area (usually on the order of 5-10 m?). In principle, its value can be calculated directly from integration
of the pressure distribution over the area of interest. However, an accurate measurement of this pressure
distribution would require a very dense distribution of pressure sensors that is unattainable in practice. For
example, considering a high-rise building facade of 50 m x 100 m covered with panels of 3 m x 3 m,
550 panels would be required to cover this single facade. Even just placing one pressure tap at the center
of each panel would not be possible in most wind tunnels. Current practice is to distribute the available
number of pressure taps over the model surface, paying special attention to the edges and corners. The
resulting pressure tap resolution is on the order of one pressure tap every 10 m? or more. While this
resolution is sufficient when the quantities of interest are the global loads acting on the structure, it results
in highly under-resolved measurements of the spatial variability of the pressure field when the cladding
loads are to be estimated. At the same time, the high temporal sampling frequency employed in wind
tunnel measurements can capture pressure peaks of very short duration. These short-lived pressure peaks
are typically characterized by negligible spatial scales compared to the size of a cladding element, indicating
they might not be relevant for cladding design [2]. Hence, high-frequency fluctuations that are assumed to
not be representative of the total load acting on the panel are usually removed a posteriori.

A practical approach for estimating the real area-averaged pressure acting on an area of interest is to
assume that the duration of the peak pressure events is proportional to their spatial extent. This concept of
proportionality was first proposed by Lawson [3, 4] to address the fact that at that time most pressure tap
measurements were unrelated in time due to limited availability of pressure transducers. Based on full-scale
pressure measurements performed by Newberry et al. [S] on Royex House, a high-rise building in London,
Lawson suggested relating the averaging time T to the pressure signal’s spatial correlation, specifying T as
proportional to the ratio between the reference length L of the area of interest and the reference velocity V:

K-L
T=—0.

v )

In this equation, hereafter referred to as the TVL equation, K is a constant representing the exponential
decay factor in the spatial coherence function of the pressure signal, with the reduced frequency (computed
as fV /L) as independent variable. As such, the T value computed through Eq.1 represents the load duration,
or equivalent time averaging, for which pressure fluctuations are considered to act simultaneously on a
surface characterised by a reference length L. The full-scale measurements on the windward face of the
Royex House indicated K = 4.5. In 1997, Holmes [6] revisited the TVL equation, pointing out that the
correlation of the pressure between two points does not provide a measure of the reduction in total load over
an area; the total load should be obtained from multiplying the spectral density of a fluctuating point by the
local “aerodynamic admittance” function [7]. This function can vary from point to point and for different
wind directions, depending on the local flow regime. An experimental evaluation of the admittance function
would require a spatially-dense distribution of taps, similar to the resolution required to measure the area-
averaged pressure distribution itself. Instead, Holmes analytically derived an admittance function based
on the assumption of an exponential spatial correlation function. He translated this admittance function
into a moving average filter by matching their half-power frequencies, which suggested T = 1.0 % The
resulting moving average filter closely resembled the measured admittance function on Royex house, but
this equation is likely to vary considerably for facades other than the windward one [6, 8].

The possibility to account for the filtering effect of the area averaging through a very simple expression

2



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

920

91

92

93

%

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

is the main reason of the popularity of the TVL formula for cladding design, even if its basic assumption of
proportionality between the duration and spatial extent of the pressure peaks has not been extensively tested.
Recently, Li et al. [9] presented an evaluation of the TVL theory on a 40 m high building roof, focusing
on large-scale cladding using an average resolution of 1 pressure tap per 100 m?. The results indicate that
the value of K varies as a function of the position on the roof, although this conclusion should be further
verified for small-scale cladding. Wacker et al. [10]similarly demonstrated that leading edge roof tiles
in oblique wind flow revealed significantly reduced spatial correlations that can lead to a reduction of the
dynamic wind load. They also considered two cladding panels on a high-rise building and concluded that
the pressure signal measured at the centre tap of the panel was representative of the wind load on the total
element. However, the panels were located in regions of attached flow, and the temporal resolution of the
measurements was much lower than today’s standard practice, such that short-lived peak events might not
have been resolved. The reduction in spatial correlation observed on the roofs in both studies is attributed to
small-scale peak pressure events occurring just downstream of the leading edge of flat (or nearly-flat) roofs.
These events have been extensively studied using wind tunnel tests, in particular on low-rise buildings
[11, 12, 13, 14, 15]. However, it remains to be investigated whether these peak events, and the related
decrease in spatial correlation, could occur in other regions of separated flow, in particular near the corners
and edges of high-rise building facades.

The objective of the present paper is twofold. First, we aim to provide a detailed analysis of the equiv-
alence between the use of a moving-average filter in the time domain and the spatial averaging procedure,
including an evaluation of the optimal values of K in the TVL equation. Second, we aim to evaluate the
potential of an alternative approach to estimate the area-averaged pressure, using pneumatic averaging over
a few pressure taps distributed on a panel. The analysis focuses on locations that are critical for cladding
design, i.e. panels near the top corners and lateral edges of a high-rise building facade. Wind tunnel pressure
measurements in these locations are available from an experimental campaign performed at the Politecnico
di Milano wind tunnel; this data was first presented by Amerio et al. [16] and has been compared and
validated against a twin experiment in Florida International University’s Wall of Wind (WoW) facility [17].
In these experiments, a high-rise building model was instrumented with 448 pressure taps, placed with a
very high resolution in two areas of a lateral facade: one located at the top corner, and one located near
the edge at half the building height. The resolution of the pressure measurements on these tiles is suf-
ficiently high to support an accurate calculation of the real area-averaged pressure, allowing comparison
to the value obtained using a moving-average filter based on the TVL equation, or to the value obtained
from the pneumatic averaging over a few taps. The comparison is performed for different cladding panel
sizes, considering a range of values for the filter scaling parameter K for the TVL approach, and different
selections of the pressure taps for the pneumatic averaging approach. An additional purpose of the research
presented in this paper and in Lamberti et al. [17], is to make the high spatial resolution pressure data set
for the determination of cladding loads on high-rise buildings available to the scientific community.

The remainder of this paper is organized as follows. Section 2 presents a summary of the experi-
mental setup in the Politecnico di Milano wind tunnel, while Section 3 introduces the methodology for
post-processing the wind tunnel data. The results are presented in Section 4, first providing an initial com-
parison of time histories of the pressure signal, before focusing on peak value analysis based on the TVL
and the pneumatic averaging approaches. Section 5 presents the conclusions as well as suggestions for
further research.
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2. Experimental Setup

The experimental tests were carried out in the Boundary Layer test section of the close-circuit Politec-
nico di Milano wind tunnel. The facility has a cross-section equal to 14 m x 4 m and a length equal to 35 m
(Figure 1). The building model has a rectangular base with dimensions 1 m x 0.3 m and it is 2m high.
It represents a generic high-rise building at a 1:50 length scale, corresponding to a 100 m tall building at
full-scale. The choice of the 1:50 length scale supports obtaining a realistic representation of the reference
full scale boundary layer profiles (mean velocity, turbulence intensities and integral length scales), while
also enabling an accurate calculation of the area-averaged pressure on a typical cladding panel size given
the pressure tap resolution on the model. The results presented in this paper have also been verified for
a different length scale compatible with the ABL profiles adopted (e.g. using 1:100). The wind speed at
building height was 11.7 m/s in the experiment; considering a full-scale design wind speed of 27.5 m/s, this
implies a velocity scale equal to 1:2.35.

The measurements focused on the regions of the building where the highest peak pressures are expected:
two aluminum tiles with 224 pressure taps each were placed in the top corner (tile A) and at the middle of
the vertical edge of the model (tile B). The tap distance is 3 mm close to the building edges and increases
progressively when moving away from the edges. The model was instrumented with 8 PSI ESP-32 HD
high-speed pressure scanners, connected to a data acquisition system with a sampling frequency equal to
500 Hz. The outcome of each test is 300 s (model scale) pressure time histories — corresponding to more
than 3500 convective times referring for normalization to the wind speed at building height and to the 1 m
building width — , measured by the 446 pressure taps. The raw data for the pressure time-histories is post-
processed by dividing the signal by the tubing frequency response function to account for the distortion
introduced by the measurement system. The reference velocity is measured by a Pitot tube located 7 m
upwind to the model. The pitot tube is located 1 m above ground; the measured velocity was corrected to be
representative of the velocity at the building height. Table 1 summarizes the reference length and velocity
as well as the sampling time and frequency at model- and full-scale. The analysis presented in this paper
will focus on incoming wind directions in the range —15° - +30° and —135° - +150°, with a 5° resolution,
following the convention shown in Figure 1a.

+90°

+30° +150°
0° +/-180° A
Tile A, B
-15°
U at0°
—_— B
Turntable
Y
-90° L,
(a) Top view of the turntable, indicating the convention used for the wind (b) Side view of the building model

direction. Grey areas show the wind directions tested

Figure 1: Sketch of the building model.



Figure 2: Building model in the Politecnico di Milano wind tunnel test section.

Model scale Full scale

H,.r 2m 100 m
Uen,, 11.70 m/s 27.5 m/s
Sampling time 300 s 6380 s
Sampling frequency 500 Hz 23.5Hz

Table 1: Reference height, reference velocity, sampling time and frequency for the wind tunnel tests.
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2.1. Flow conditions

Correct scaling of the atmospheric boundary layer is essential to obtain representative wind pressure
measurements on a structure. To generate a representative wind field, the experiments employed passive
turbulence generators (a group of nine 2.5 m tall spires) at the inlet of the test section and roughness elements
(bricks) on the wind tunnel floor upstream of the model, as shown in Figure 2. Velocity measurements were
obtained across the test section at 5 different spanwise locations, spaced 0.6 m and symmetrically arranged
with respect to the centre of the turntable. 20 s time histories of the three velocity components have been
recorded using 3D hot-wires with a sampling frequency of 2000Hz.

3.0

L
25
20
E 15
2]
10
05
0.0 +
05 1.0 10 20 30 00 05 10

UfUref fu”w”w[ofé] L[-XJ"H[—]

Figure 3: Wind profiles used for the wind tunnel tests. Left: mean speed profile. Centre: Turbulence intensity. Right: Integral
length scales. Horizontal bars represents span-wise variation (min-max)

Figure 3 shows the resulting mean velocity (left), turbulence intensities (center), and length scales
(right), averaged over the five span-wise locations. The error bars represent the span-wise variability of
each quantity. The mean velocity profile U is normalized with respect to the reference velocity Uep,,,-
Comparison to a typical logarithmic mean velocity profile indicates that up to 2.4 m height good agreement
is obtained for a roughness length of 1 mm model-scale, corresponding to a zo/H value of 5-10~*. The
integral length scales are computed using Taylor’s hypothesis, taking the product between the mean stream-
wise velocity and the integral time scale obtained from integration of the normalized auto-correlation func-
tion. The resulting length scale profiles differ from the typical ones proposed by the Eurocode or any other
National Code, which normally increase with the height. This discrepancy indicates that the wind tunnel
spectrum will not reflect the larger scales expected in a typical Eurocode spectrum, as is common in larger-
scale model tests [18]. The absence of these larger scales is not expected to have an impact on the results
presented in this paper; it was shown by Tieleman et al. [19] and further discussed by Farell et al. [20]
that the mean and fluctuating pressures on the surfaces of rectangular prisms are primarily controlled by the
small-scale turbulence content of the incident flow and, to a much lesser extent, by the integral scales of the
turbulence, as long as the integral length scale is larger than the length scale of the area of interest (5Sm at

6
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Figure 4: Streamwise velocity spectrum at 1 m height compared to the Von-Karman spectrum

(a) Side view of the building model. The green areas in- (b) Side view of the building model. The red squares repre-
clude the 100 taps considered for the analysis. sent the square panels considered for the analysis, i.e. with
1.5 m, 3 m and 5 m sides at full scale.

Figure 5: Schematic of the analysed regions on the building model.

full-scale in this study). The normalized streamwise velocity spectrum measured at 1 m height, shown in
Figure 4, further indicates that a typical ABL turbulence spectrum is obtained; the spectrum compares well
to the Von-Karman spectrum normalized by the measured integral length scale.

3. Methodology

The objective of this analysis is to assess the accuracy of the TVL approach for estimating the area-
averaged pressure on cladding panels placed on the lateral facade of a high-rise building, at (1) the top
corner, and (2) the edge at half the building height. Specifically, the analysis will focus on the regions
indicated in Figure 5. We will consider the 100 taps closest to the top corner on Tile A, and the 100 taps
closest to the edge at mid-height on Tile B. These regions are known to experience highly negative pressure
peaks [17], and they have a sufficiently high spatial resolution of pressure taps to compute accurate area-
averaged pressures on square panels of three different sizes (sides 1.5m, 3m, and Sm, full scale).
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Table 2: Full-scale values of T [s] for different panel sizes and values of K

K=0 K=1 K=2 K=3 K=4 K=45 K=5

1.5Smx 1.5m nofilter 0.08 0.15 023 0.31 0.35 0.39
3m x 3m nofilter 0.15 031 046 0.62 0.69 0.77
Smx 5m no filter 0.26 051 0.77 1.03 1.16 1.29

3.1. Calculation of area-averaged and time-filtered pressure coefficients

Throughout this paper, the pressure will be reported in non-dimensional form as a pressure coefficient:

p(t) — Pref

CP (t) = qr€f

2
where p,.r is the static reference pressure and G.r is the average dynamic pressure measured at building
height, computed as G,y = %p((_]@Href)2 where p is the air density. To support assessing the accuracy of
the time-domain filtering technique and the pneumatic averaging technique, we will consider different time
series derived from the raw pressure coefficient data:

1. The area-averaged pressure coefficient on a panel, Cp, 44(t), calculated as:

».C i(1)A;

Cpaa(t) = A

3)
where C,; is the pressure coefficient recorded by the i-th tap, A; is its influence area and A is the
surface of the panel such that A = Z?’: 1A;. Since the tributary area of each pressure tap is only few
millimetres wide (model scale), the pressure is assumed to be constant on the tributary area.

2. The time-filtered pressure coefficient at a pressure tap, C,«(f), calculated by applying a moving
average filter to the raw data. The time span T of the moving average filter is computed according to
the TVL equation: T = K -L/V, with L equal to the diagonal of the panel, while V is the reference
velocity at the building height. The value of K is varied from 0, corresponding to the unfiltered raw
data, to 5; the corresponding full-scale values for T are summarized in Table 2.

3. The pneumatic-averaged pressure coefficient at a pressure tap, Cp, ,4(t), calculated by averaging the
signals obtained at 4 or 5 pressure taps on a panel, as depicted in configurations II and III in Figure 6.
Configuration I, which uses the raw data obtained at the center of the panel, is included for reference.

I II III

Figure 6: Configurations considered for the pneumatic-averaged pressure
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3.2. Calculation of peak pressure coefficients

The presentation of the results will first consider a few snapshots of these different time series before
focusing on the resulting estimates of the negative peak values C PAAS o) pu» and o) p.pa- The difference be-
tween the peak values, Cv',,,AA — Cv'm, can then be computed to quantify the accuracy of the design pressure
coefficient estimated from a single-point measurement using the TVL approach. Similarly, the accuracy of
the pneumatic averaging approach can be determined from the difference CV‘,,.AA — Cv‘,,’ pa- The peak values are
calculated following the extreme value analysis proposed by [21]. First, the 10 most negative uncorrelated
events are extracted from each time-history, where two events are considered uncorrelated if they are at
least 1 second apart in full-scale. Subsequently, these peaks are used to estimate the underlying extreme
value parent distribution and compute the expected extreme value over 10 minutes full scale. We note that
the resulting values have not been raised to any exponent; following the notation in [21] this corresponds to
the use a power-law transformation Z = X" with w = 1. While this approach was originally developed for
wind speed data, the underlying statistical methodology is valid for the estimation of the expected peak of
any stationary process [22]. The method is also closely related to the Cook and Mayne approach [7].

4. Results

As discussed in Section 3, the presentation of the results focuses on comparing real area-averaged
pressure coefficient data to the time-filtered TVL values and the pneumatically averaged values. The first
subsection presents snapshots of the time series of C, to highlight the main qualitative differences between
the time series. In the following two subsections, we focus on the quantitative differences in the peak
pressure coefficients obtained from the TVL hypothesis and the pneumatic averaging, respectively. Since
cladding design is often driven by the negative C,, values (suction), the analysis will primarily focus on
the wind directions that cause the extreme suction events, i.e. 10° for Tile A and 180° for Tile B [17].
Figure 7 shows the mean and negative peak pressure distribution on the two tiles for the considered wind
directions; the mean negative C,, values indicate that the tiles are in a region of flow separation, with the tile
dimension much smaller than the separation region. For Tile A at 10°, the tile is located in the downwind
top corner of the facade, while for tile B at 180°, the tile is located just downstream of the upwind corner at
the building mid-height. For completeness, the analysis of the TVL hypothesis also includes a presentation
of the differences in the envelope peak pressure coefficients that consider the minimum values across all
wind directions.

4.1. Comparison of time histories
4.1.1. Time histories on Tile A at 10°

Figure 8a presents 4 different snapshots of the time-histories recorded on tile A for the 10° wind direc-
tion. It considers a 1.5m by 1.5m panel, and compares the raw data acquired by a pressure tap placed near
the top corner of the building to the one obtained using the TVL equation, to the area-averaged value, and
to the pneumatically averaged pressure. The TVL approach used a full-scale time span T equal to 0.34s,
obtained by assuming K equal to 4.5 and L to the diagonal of the panel. The area-averaged value was
computed by averaging the signals of the 49 pressure taps available on the panel. Finally, the pneumatic
pressure was computed considering Configuration III (see Figure 6), by averaging 5 pressure taps on the
panel. Figure 8b shows the same comparison for a 3m by 3m panel size. In this case, the TVL approach
used T equal to 0.69 s, again obtained using K equal to 4.5 and L to the panel diagonal, and the area-averaged
value was computed by averaging data from 91 taps. In both figures, the x axis represents model-scale time.

The raw data exhibits several strong negative pressure peaks; the area-averaged time-history shows the
same events but with a reduced peak magnitude of approximately 2-3 C,,. This indicates that a large event is

9
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Figure 7: Mean and peak C), pressure distribution for Tile A (a, ¢) and Tile B (b, d)
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Event raw data TVL (K=4.5) area-average pneum. average

I1.5mx 1.5m El -4.43 -2.72 -2.36 -2.02
panel E2 -4.30 -2.20 -1.48 -1.42
E3 -4.23 -3.05 -2.02 -1.73
3mx 3m El -4.43 -2.00 -1.83 -2.12
panel E2 -4.30 -1.53 -1.09 -1.41
E3 -4.23 -3.06 -1.83 -1.74

Table 3: Comparison of negative pressure coefficients from raw data, from the TVL equation, and from area-average over a panel,
and from pneumatic averaging for three suction events (see Figure 8).

affecting the entire panel area. During these large events, a shorter event affecting only an extremely small
portion of the area with much higher amplitude is observed in the raw data. The latter are too small to affect
the area-averaged load as shown by the blue lines in Figures 8a and 8b.

Focusing on Figure 8a, a clear difference between the blue line (area-averaged signal) and the pink line
(TVL theory) is noticeable during the peak events. The signal processed using the TVL’s moving average
filter still presents more negative pressure peaks: in some cases, like events E1 and E2 in Figure 8, the peaks
have been reduced by the TVL filter compared to the raw signal. However, there are instances, like event
E3, where the moving average does not impact the magnitude of the peak. The area-averaged signal does
exhibit a reduced peak magnitude, indicating that these events, although longer-lived, are spatially small
and do not affect the area-average pressure significantly. Such finding indicates that for these events the
ratio between the spatial size and the time duration is much different from the one predicted by the TVL
equation: while their duration is larger than the value of 7, their size is much smaller than the panel size.

The pneumatically averaged signal compares well to the area-averaged pressure in the time intervals of
Figure 8. Focusing on peak events E1 and E2, the pneumatic average is able to reflect the area-averaged
signal, with a slight overestimation for the 3m side panel. In case of slower event E3, a small discrepancy
is found for the 1.5m panel.

Table 3 reports the peak values for the two strongest short-lived suction events in the second snapshot
(indicated by E1 and E2 in Figure 8), and for the longer duration event in the fourth snapshot (E3 in
Figure 8). For the short-lived events on the 1.5m panel, the TVL equation reduces the locally measured
peak value by 38% and 49%, while area-averaging results in a reduction of 47% and 66%, respectively.
When compared to the pneumatic average values, such reductions increase to 54% and 67%. For the longer
duration event, the TVL formula results in a negligible reduction of the peak value over most of the duration
of the event, while the area-averaged and the pneumatic averaged values are 50% and 60% lower than the
raw data. For the larger 3m panel, the same observation holds: the area-average peak value is significantly
lower than the values obtained from the TVL equation.

Overall, the time series presented in this section indicate that the raw data obtained at a single pressure
tap has high-frequency content that is not representative of the pressure acting over the surface area of a
cladding panel. The TVL equation with the standard value of K equal to 4.5 fails to make the single tap
signal an accurate representation of the area-averaged one; pneumatic averaging over a few taps seems to
provide a more representative result.

4.1.2. Time histories on Tile B at 180°
Considering Tile B for the 180° wind direction, Figure 9 presents a comparison of the raw data acquired
by a pressure tap placed at mid-height near the edge of the building to the values obtained using the TVL
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Figure 8: Comparison between the raw signal of one pressure tap on tile A, the same but filtered by the moving average operator,
the area-averaged value, and the pneumatic averaged value on a 1.5m by 1.5m panel (a) and on a 3m by 3m panel (b), wind direction
10°. The maps on the right show the selected pressure tap.
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equation, to the area-averaged values, and to the pneumatic averaged pressure. The latter is computed
considering 5 taps (Configuration III), as shown in Figure 6. For most of the time, the pressure time series
is largely unaffected by the area-averaging, and the TVL equation produces an accurate representation of
the area-averaged value. Only one event, at f = 116 s, is significantly affected by the area-averaging; during
this event the TVL equation remains relatively accurate with ~10% difference in the prediction of the peak
value. The pneumatic averaged pressure reflects the area-averaged value for any peak event.
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(b) Time histories comparison when the area averaged pressure is computed for a 3m by 3m panel

Figure 9: Comparison between the raw signal of one pressure tap on tile B, the same but filtered by the moving average operator, the
area-averaged value, and the pneumatic averaged value on a 1.5m by 1.5m panel (a) and on a 3m by 3m panel (b), wind direction
180°. The maps on the right show the selected pressure tap.

This result is strikingly different from the observations on Tile A for the 10° wind direction. The
raw data is significantly more representative of the pressure acting on a cladding panel, indicating that
the pressure signal in the separation region just downstream of the windward edge has a stronger spatial
correlation. The TVL equation with K=4.5 seems to provide an appropriate representation of the area-
averaged value, with the difference between the area-averaged peak events and the ones predicted by the
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Figure 10: Contour plots of the difference between the values of Cv‘vaA and Cv‘m for 10° on Tile A. Green dots show the position of
the taps listed in Table 4.

filtered signal always less than 10%.

4.2. Analysis of time-filtered peak values obtained using the TVL approach

In this section, we analyze the difference between the peak values estimated from the area-averaged
signal (C ».44) and the time-filtered signal (€ ».). For the area-averaging, we now consider three panel sizes,
i.e. square panels with a side of 1.5 m, 3 m and 5 m. For the time-filtering, we consider values of K
ranging from 1 to 5. The corresponding values of T for each panel size are computed according to Eq. 1
and reported in Table 2. This analysis will support identifying if there is a value for K that minimizes the
difference C DAA — C D

4.2.1. Comparison of area-averaged and time-filtered peak values on Tile A - 10° wind direction

Figure 10 shows the spatial distribution of the difference Cv'p, AA — Cv'm in the analyzed region of Tile A for
the 10° wind direction. The different rows present the results for the three different panel sizes considered,
while the columns depict different values of K. In this plot, a positive value for C PAA — C »x means that the
peak value computed by applying the TVL theory overestimates the magnitude of the real, area-averaged,
peak value (i.e. Cv‘pﬂ- is more negative than C ».AA). Vice versa, a negative difference means that the peak
value computed from the TVL theory is underestimating the magnitude of the area-averaged peak value (i.e.
ém is less negative than Cv’p7AA).

Figure 10 indicates that using the raw pressure signal (K = 0) recorded at taps in the top corner region
leads to severe overestimations of the area-averaged peak pressure magnitudes on a panel: the design value
obtained from the raw data can be more than 5 C,, more negative than the area-averaged value for all panel
sizes. The area where these high errors occurs increases with the panel size, since the spatial averaging
operation results in lower peak magnitudes as the averaging area increases. Moving away from the building
corner, the 1.5 m and 3 m cases have some pressure taps that are characterized by small differences, with
C PAA — o) pin the +0.5 C), range. For the 5 m panel, the differences remains shghtly hlgher over most of the
tile, in the range of ~ 2 C Considering the results for K = 1, the difference Cp am—C »¢ decreases, except
for the smallest panel. In th1s case the time-filtering has a negligible effect since the model scale value of
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tap location K=00 K=10 K=20 K=30 K=40 K=45 K=50

close to top corner 4.87 2.82 1.67 1.41 1.24 1.24 1.12
3m panel center 1.01 0.62 0.26 0.077 -0.083 -0.083 -0.17
3m panel edge 0.61 0.31 -0.038 -0.23 -0.38 -0.38 -0.43

Table 4: The difference C pAA — ¢ p,t for a tap close to the top corner, for a tap at the 3m panel center and for a tap further away
from the building edges (see Figure 10 for tap locations).

T corresponds to only twice the sampling time. As the K value - and, accordingly, T - further increases,
the overestimation of the area-averaged peak pressure further decreases. For the value proposed by Lawson
(K =4.5), the TVL estimated extreme values are less than 1 C,, different from the area-averaged values in
most pressure taps. Only in a small region close to the top corner, where the strongest negative peak events
occur, an overestimation of ~ 1.5 C), is still observed. For the 1.5m and 3m panels, a small (less than 1C),)
underestimation of the area averaged peak pressure at a few locations.

Table 4 reports the difference C PAA — C o for three tap locations the 3m panel, indicated by the green
dots in Figure 10: a tap close to the building edge, one at the center of the panel and another one placed in
the lower left corner of the same panel. The values confirm that taps close to the top corner of the building
lead to a severe overestimation of the area-averaged peak pressure for all values of K. Conversely, taps
further away from the corner and edges can predict a representative design C,, when the TVL formula is
applied, although the optimal value of K is dependent on the tap location.

To further visualize how the difference between C p.AA and C .« changes with K in different locations, a
violin plot [23, 24] is included in Figure 11. The figure only depicts the results obtained for the 3m panel,
since the observed trends are representative for all three panel sizes considered in this study. For each value
of K, a box plot is shown together with a kernel density plot, estimated for the error population. Each
subplot also includes the actual distribution of the error values, where the color of the points indicates the
spatial location of the pressure tap following the color code shown in the tile depicted on the right-hand
side. The plot identifies three groups of pressure taps, split along the panel diagonal, that behave differently
as a function of K. The blue colored pressure taps in the upper triangle exhibit both the strongest spatial
dependency and the strongest dependency on the time-filtering. As the value of T increases, the spatial
dependency decreases and the maximum differences C DAA — C »,¢ decrease from more than 5 C), to less than
2 C,. For all taps in this group and for all values of K considered, the use of the TVL assumption would
result in an overestimate of the peak design load. Moving down to the red taps in the lower triangle along
the vertical edge of the building, the results exhibit less spatial dependency as well as a less strong effect
of the time-filtering, The differences C D AA — C » remain in the range +0.5C, across all taps in this group
for values of K > 1. The pressure taps in this area define the lower tail of the distribution, resulting in an
underestimate of the peak design load for K > 1. Lastly, the green pressure taps along the diagonal and
farthest from the corner show a behaviour similar to the red taps, but with slightly higher values of C pe In
these locations, the TVL equation provides a good estimate for the peak design pressure using K = 3.

The distinctly different effect of an increase of T in the upper and lower triangles on the panel suggests
a difference in the physical nature of the peak events in these regions. Across the upper triangle, the
significant decrease in the variability of the values when T increases is indicative of short-lived peak events
that are strongly reduced by the time-filtering. Across the lower triangle, the reduced influence of T indicates
that the signals are characterized by peak events with a longer duration, for which the time-filtering is less
effective. Some pressure taps in the upper triangle consistently exhibit a large value of around 2 C, for
Cp am—C »0» independently from the value of K considered. It was verified that the dynamic part of the
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Figure 11: Violin plot of the difference between the values of Cv'p,AA and Cv‘pﬂ for 10° when a panel size 3m x 3m is considered on
Tile A region.

signal is the main source of the difference in the peak values by verifying good agreement (within +£0.2 C,)
between the mean values of the pressure time series recorded by a single pressure tap and the mean value
of the area-averaged signal. Consequently, the time-averaging procedure using the TVL equation might not
be applicable in the region near the top edge.

4.2.2. Tile A - envelope diagrams

In the previous sections, the analysis focused on a single wind direction. Since design values are gener-
ally computed as the most negative pressure occurring among all wind directions, this section presents the
envelope diagram. This diagram consider the difference between the lowest value of the area-averaged and
time-averaged peak pressure coefficients among all the wind directions:

Err = min Cpan(0) — min Cp<(0) 4)

Using this definition, the minimum area-averaged values across all wind directions are used as the reference
values. It is worth noting that Eq. 4 considers that the most negative values for C A4 and C p,r Ay occur
for different wind directions; this is intentional, since the objective is to analyse the error in the final design
value that is obtained when using time-filtered single pressure tap data versus when using the actual area-
averaged pressure on a panel.

Figure 12 shows the contour plots of the difference between the minimum values of C p.AA and C .1 ACTOSS
all wind directions. The different rows present the results for the three different panel sizes considered,
while the columns depict different values of K, and correspondingly T (see Table 2). For K = 0.0, i.e. the
raw data, the envelope peak pressure coefficients calculated from the taps experiencing the strongest peak
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events exhibit the highest difference from the area-averaged values. For the largest panel size considered,
the overestimation reaches a magnitude of 6 C,. When increasing the K value, the pressure taps in the
top corner region continue to show positive differences, indicating that the TVL theory still results in an
overestimation of the real area-averaged peak pressure magnitude. This finding holds across all panel sizes.
For pressure taps further away from the corner, an increase in the K value does reduce the difference with
the area-averaged values: in all gray-colored regions, the difference is in the range —0.5 - 0.5 C,.. For the
1.5 m and 3 m panels, however, several pressure taps exhibit negative values of the difference between the
minimum values of C ».AA and o) .1, in the range —0.5 to —1.5 C),, indicating that in these locations the TVL
theory results in an underestimation of the envelope design pressure coefficients.
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Figure 12: Contour plots of the difference between the minimum values of C‘,, A4 and Cv‘,,‘,T for all wind directions on Tile A.

The results in Figure 12 are consistent with those in Figure 10. They indicate that the “optimum”
value of K, i.e. the one that minimizes the difference between the peak value estimated from the time-
filtered signal (o »1) and the peak value estimated from the real area-averaged signal (C ».A4), depends on the
position of the pressure sensor and on the size of the panel. Figure 13 visualizes this dependency through a
contour plot of the value of K that minimizes this difference at each pressure tap. The optimal K value for
the pressure taps near the top edge is up to 5 times higher with respect to other locations. When avoiding
these areas, the optimal K values fall in the range 1 - 4.

4.2.3. Comparison of area-averaged and time-filtered peak values on Tile B - Wind direction 180 degrees

Figure 14 shows the spatial distribution of the difference C, 44 —C, . in the analyzed region of Tile B
for the 180° wind direction. The different rows again present the results for the three different panel sizes
considered, while the columns depict different values of K. Compared to Tile A at 10°, it is worth noting
that the differences between C p.AA and C »,x assume much smaller values. This could be expected since the
pressure signals on tile B do not exhibit the very strong, but short-lived and localized, peak events observed
on Tile A (see section 4.1 and [17]).

For K equal to 0, i.e. when C ». 18 equal to the raw signal, the difference with ¢ »,AA indicates a consistent
overestimate of the area-averaged peak pressure magnitude, but the difference never exceeds 1C,. When
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Figure 14: Contour plots of the difference between the values of Cv'prA and Cv'm for 180° on Tile B.

increasing the K value, the difference starts to assume both positive and negative errors in the range -0.3C,,.
For values of K higher than 4, the time series recorded at the taps closest to the building edge lead to an
underestimation of the area-averaged peak values for all the panel sizes considered; the data recorded at all
other taps matches the value of CV'I,VAA within £0.1 C,,.

Figure 15 presents the violin plot for the 3m panel to further visualize how the difference between C p.AA
and C, ; changes with K in different locations. For the other panel size, similar behavior was observed.
The plot confirms that for K equal to 0 or 1, C p¢ consistently overestimates the area-averaged peak pres-
sure magnitude, but the difference never exceeds 0.7C,. When increasing the K value, the value of C)
decreases, resulting in small differences with C .44 in the range £0.25C,,. For these higher values of K two
different regions seem to appear: the pressure taps closer to the edge (red dots) form the lower tail, rep-
resenting an underestimation of Cv‘p,AA while those further away from the edge (green dots) form the upper
tail, representing an overestimation of € p.AA. Comparison of the mean values of the pressure time series
recorded by a single pressure tap to the mean value of the area-averaged signal revealed an agreement within
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Figure 15: Violin plot of the difference between the values of ¢ p.AA and ¢ p.1 for 180° when a panel size 3m x 3m is considered on
Tile B region.

4.2.4. Tile B - Envelope Diagram

Figure 16 shows the contour plots of the difference between the minimum values of C, 44 and C,+
across all wind directions on Tile B. The different rows present the results for the three different panel sizes
considered, while the columns depict different values of K, and correspondingly T (see Table 2). The plots
confirm the findings of the analysis for the 180° wind direction in section 4.2.3: the differences are much
smaller (< 1.2 C)) than on tile A, and they vary from a consistent overestimation of the area-averaged peak
value for K = 0 (i.e. using the raw pressure tap data) to a slight underestimation for higher values of K, in
particular for the taps closest to the building edge.

Figure 17 presents the contour plot showing the optimal value of K for each pressure tap on the tile B,
for each panel size. In this case, the range of K is limited to 4 - 6, indicating that the original formulation
by Lawson (K = 4.5) is adequate for this region at the building mid-height.

4.3. Analysis of pneumatically averaged peak values obtained using a few pressure taps

In this section, we analyze the difference between the peak values estimated from the area-averaged
signal ((t’p7AA) and the pneumatic averaged signal (Cv‘p’pa). As in the previous section, we consider three
panel sizes, i.e. square panels with a side of 1.5 m, 3 m and 5 m. For the pneumatic averaging we consider
configurations including 4 and 5 pressure taps, as shown in Figure 6. The case with one single pressure tap
at the center of the panel is also included for reference.
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Figure 17: Contour plots of the value for K that minimizes the difference between the minimum values of CP_AA and Cv',m for all
wind directions on Tile B.

4.3.1. Comparison of area-averaged and pneumatically averaged peak values on Tile A - 10° wind direction

Table 5 presents the comparison of the peak pressure coefficients for the top corner of Tile A, consid-
ering the 10° wind direction. Configurations II and III are shown to offer significant improvements in the
estimate of C ».Aa compared to the use of only one pressure tap at the center (Configuration I). The latter
results in an overly conservative estimate of the peak pressure coefficient, with discrepancies between 1C,
and 2.5C), for the different panel sizes. In contrast, pneumatic averaging using Configurations II and III
correctly reflects the reduction in the area-averaged peak value as the panel size increases. The difference
between Configurations II and III in terms of peak pressure coefficients is small, indicating that for this
panel location, 4 pressure taps located in the corners of the panel can adequately represent the average
pressure.
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Table 5: Comparison of negative peak pressure coefficients of area-average and pneumatic average values for considered configu-
rations on tile A region. Wind direction is 10°.

v v v v

panel size Cp,AA Cp’pa I Cp‘,pa )ii Cme I

1.5mx 1.5m -243 -4.97 -2.16 -2.14
3mx 3m -1.97 299 -1.72 -1.74
S5m x 5m -1.56  -2.58 -1.43 -1.45

4.3.2. Comparison of area-averaged and pneumatically averaged peak values on Tile B - 180° wind direc-
tion

Table 6 shows the comparison between the area-averaged peak pressure and the pneumatic averaged
values for panels near the edge of Tile B, considering the 180° wind direction. For this location and wind
direction, the discrepancies when using a single pressure tap at the center range from 0.5C,, to 0.25C,,. When
using the pneumatic averaged pressure obtained with Configurations II and III, the maximum observed
difference is reduced significantly to 0.03C,. As on Tile A, the difference between Configuration II and
III is negligible, indicating the 4 pressure taps near the corners can provide a good approximation of the
area-averaged pressure on a tile in this location. The results presented in this section indicate the promising
potential of pneumatic averaging as an alternative to the use of the TVL theory for cladding design wind
tunnel tests.

Table 6: Comparison of negative peak pressure coefficients of area-average and pneumatic average values for considered configu-
rations on tile B region. Wind direction is 180°.

v v v v

panel size Cp,AA Cp’pa I Cp7pa 1 Cp’pa I

I.5mx 1.5m -1.80 -2.05 -1.78 -1.79
3m x 3m -1.75  -2.07  -1.76 -1.75
5m x Sm -1.68 -2.18 -1.71 -1.70

5. Conclusions

This paper has presented an analysis of high-resolution pressure tap measurements for peak cladding
load estimation on a high-rise building. The analysis focused on panels near the top corners and edges
of the building’s lateral facade, where suction peaks are the determining factor for cladding design. The
high-resolution measurements were used to calculate the real area-averaged pressure on the panels. This
value was then compared to the values obtained using a moving-average filter with a time-scale based on the
commonly adopted TVL equation and to the values obtained using pneumatic averaging over a few pressure
taps on a tile. The comparison was performed for three different cladding panel sizes. The evaluation of the
TVL equation considered a range of values for the filter time-scale T = K - L/V by varying K between 0 and
5. Previously proposed versions of the moving average filter have applied K = 4.5 (the Lawson formulation)
or K =1 (the Holmes formulation). The evaluation of the pneumatic averaging considered two different tap
configuration, either including 4 taps near the panel corners, or adding an additional tap at the panel center.

Considering the panel near the vertical edge at mid-height, the magnitude of the suction peaks is on
the order of -2 C),, and the results support the validity of the TVL equation. In this location, the standard
use of the Lawson formulation results in errors less than £-0.25 C,, for all pressure taps considered. The
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errors primarily result in an underestimate of the peak design load, which is largest when using pressure
taps closest to the building edge. In contrast, use of the Holmes formulation results in an overestimate of
the peak design load at nearly all pressure taps. The maximum difference of 0.4 C,, occurs when using the
taps closest to the edge. Use of pneumatic averaging can improve the accuracy of the peak estimates, with
errors below 0.03 C),.

Considering the panel near the top corner, stronger suction events with peaks on the order of -5 C,, are
observed, and the results reveal much larger errors when using the TVL equation. The high resolution of the
pressure taps allowed to investigate the extremely strong pressure peak events that affect the downstream
top corner region on the lateral facade at 10° wind direction. These events were shown to be localized in
the area above the corner’s bisector line. They are characterized by a spatial size significantly smaller than
the panel size, but their duration is longer than what would be expected based on the TVL equation. As a
result, the moving average filter does not correctly reduce the magnitude of these peaks in the signal. The
standard use of the Lawson formulation would lead to errors in the peak pressure coefficient of =1 C,, in
most locations, except for a few pressure taps closest to the top edge and corner where overestimates of up
to 2 C,, can occur. Use of the formulation by Holmes would mostly result in conservative design values, with
overestimates up to 4 C,, for pressure taps above the corner’s bisector line, and underestimates of less than
0.2 C), for pressure taps below that line. As a potential alternative to use of the TVL equation, pneumatic
averaging was found to improve the accuracy of the peak estimates, with errors below 0.3 C,,.

The severe errors that can occur when applying the TVL approach to pressure taps in the top corner
region are concerning, because in practice the results between the tap closest to the edge and the adjacent
tap that can be several metres (full scale) away are often interpolated. In this case, overestimation of the
design pressure by a single tap can cause a large portion of the cladding surface to be overdesigned. In the
authors’ experience, this type of behaviour and these events have been observed in several commercial wind
tunnel tests in proximity of facade vertices, leading to an over-conservative design that negatively impacts
the total building costs. A simple workaround could be to avoid to position pressure taps close to the building
edges, where the design values obtained using the TVL equation present the largest errors. However, further
analysis of the minimum distance at which taps need to be placed under different flow conditions has to be
performed. In addition, the results do suggest that the region closest to the building edge is affected by
extremely strong suction events with a very limited spatial extension. Hence, any structural/facade element
that would be placed in such region should be carefully designed to withstand the corresponding loads.

Finally, it is worth considering the implications of the fact that the optimum value of K, i.e. the one
that leads to the smallest difference between the estimated peak value and the real area-averaged value,
depends both on the location of the pressure tap and on the panel size considered. From a conceptual
point of view, this indicates that a moving average time-filter with a time-scale linearly proportional to L/V
cannot correctly represent a universal aerodynamic admittance function. At the very least, as also pointed
out by Holmes [6], the proportionality coefficient cannot be assumed to be independent of the panel size
or the region on the facade considered. In addition to the variability across the building facade, the wind
characteristics could further affect the optimal K values reported in this study. The pneumatic averaging
approach provided accurate results for all panel sizes and for both locations in this study, which indicates
that it could potentially provide a more robust approach to estimating cladding loads near corners and edges.
Further research should therefore focus on evaluating the accuracy of the estimates obtained with the TVL
hypothesis and with pneumatic averaging considering different high-rise building shapes, different locations
on the facades, and different turbulence characteristics.
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